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ABSTRACT 

Atriplex halimus L. plants were grown in nutrient 

culture solutions of full-strength Hoagland's, and full-

strength Hoagland's supplemented with either 0.174 M NaCl 

or 0.345 M NaCl. Observations were made on growth habit, 

net growth, and leaf cell ultrastructure of plants from 

the various treatments. Plants grown under control condi

tions (full-strength Hoagland's with no supplemental salt) 

had an erect habit with no lateral branching, but had a 

reduced net growth in comparison to plants in either of 

the salt treatments. Plants in the 0.174 M NaCl treatment 

were relatively erect (some recumbency was noted) and ex

hibited much better growth than either the control treat

ment or the high-salt (0.345 M NaCl) treatment. This is 

an indication of the plant's need for sodium chloride in 

the medium as either a nutrient or an osmoticum, and leads 

to the classification of A. halimus as a halophyte. Plants 

grown in the high-salt treatment showed a marked recumbency 

and a reduction in growth, but nevertheless showed a better 

net growth than plants in the control treatment. 

The fine structure of the leaf cells is correlated 

to salinity treatments. Plants grown in high-salt treat

ments showed swelling of organelles (chloroplasts and 

mitochondria) and other structural differences. The hair 

cells, which showed little ultrastructural response to 
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high-salinity treatments, were characterized by unique 

ultrastructural features directly related to salinity 

tolerance. 



CHAPTER I 

INTRODUCTION 

The influence of salinity on the growth and be

havior of halophytes (plants which exhibit a high degree 

of tolerance for substrate salinity) has been a topic of 

concern among scientists for many years (Waisel, 1972). 

Certain halophytes have a potential for agricultural use 

in areas characterized by saline soils (Bernstein and Hay-

ward, 1958). Several species of Atriplex exhibit high de

grees of salt tolerance and may be agriculturally useful 

because of their high protein content (Mozafar and Goodin, 

1970). 

The physiology of salt tolerance in Atriplex 

halimus L. was studied by Mozafar (1969), who investigated 

the ability of the plant to grow in saline media with os

motic potentials of -0.36 to -10.1 atm. He found that low 

salinity levels of NaCl and KCl stimulated the growth of 

the plant to an osmotic potential of approximately -4.5 atm 

and past that point, increased salinity began to have a 

negative effect on the growth of the plant. Blumenthal-

Goldschmidt and Poljakoff-Mayber (1968) showed also that 

low levels of NaCl stimulated the growth of A. halimus but 

an excess of NaCl in the medium, while tolerated to -12 to 

-16 atm, caused a decrease in growth. Mozafar (1969) and 

Mozafar and Goodin (1970) related the salt tolerance of 



the plant to the presence of vesiculated hairs on the upper 

and lower epidermis of the leaves by showing that the con

centration of salt in the bladder cell of the hair was 

much higher than that of the leaf sap and xylem exudate— 

evidence that the hairs served as salt reservoirs to which 

excess salts were pumped for storage and later released to 

the exterior of the leaf when the bladder cell burst. 

Other workers have assigned various functions to the hairs, 

including water absorption from the atmosphere and water 

storage (Wood, 192 5; Black, 1954). 

The hairs consist of two cells: a small dense 

stalk cell which contains chloroplasts, and a large, highly 

vascuolate bladder cell which is thought to be the primary 

salt repository cell in the leaf (Black, 1954; Osmond, 

Ltlttge, West, Pallaghy, and Schacher-Hill, 1969; Mozafar 

and Goodin, 1970). The transport of chloride ions into 

the bladder cell is dependent on a light-mediated transport 

mechanism (Ldttge and Osmond, 1970; Ldttge, 1971). Similar 

types of transport and related plant structures (glands, 

hydathodes, etc.) have been reviewed by Ldttge (1971). 

Smaoui (1971) described two types of hairs on 

A. halimus leaves: "vesicular" trichomes which are highly 

vacuolate and function as salt repositories, and "en 

massue" trichomes which have only small vacuoles and se

crete polysaccharides. The vesicular trichomes are more 

numerous, especially on the older leaves, and the "en 



massue" trichomes are found primarily on young leaves. 

Waisel (1972) has recently reviewed many aspects 

of salinity tolerance, including the functional anatomy of 

halophytes. He classifies Atriplex halimus as a semihalo-

phyte, rather than a halophyte, a distinction which indi

cates that Atriplex halimus can grow in non-saline soils 

as well as soils that are highly saline. However, most 

research to date suggests that A. halimus shows a positive 

response to saline media (Blumenthal-Goldschmidt and 

Poljakoff-Mayber, 1968; Mozafar, 1969), and the plant will 

be considered a true halophyte in this report. 

In addition to remarkable salt tolerance, several 

Atriplex species possess a method of carbon fixation which 

is much more efficient than the normal Calvin cycle 

(Laetsch, 1968; Hatch, Osmond, and Slatyer, 1971). This 

carbon fixation pathway, commonly called the C4 pathway, 

was first demonstrated in tropical grasses—particularly 

sugar cane (Kortschak, Hartt, and Burr, 1965; Hatch and 

Slack, 1966) and later in several species of monocots and 

dicots (Hatch, Slack, and Johnson, 1967; Tregunna and 

Downton, 1967; Johnson and Hatch, 1968; Laetsch, 1968; 

Downton, Bisalputra, and Tregunna, 1969; Osmond, Troughton, 

and Goodchild, 1969). 

Species with the C4 pathway are so called because 

they contain enzymes that synthesize C4 dicarboxylic acids 

(oxaloacetate, malate, and aspartate) as initial 



photosynthetic products (Hatch, Osmond, and Slatyer, 1971). 

Species utilizing the Calvin cycle first synthesize a 3 

carbon phosphorylated compound, 3-phosphoglyceric acid 

(hence the designation "C3 pathway") in the initial steps 

of carbon fixation (Downton, 1971a; Hatch, Osmond, and 

Slatyer, 1971). There have been several excellent reviews 

of the C3 and C4 pathways and their associated physiological 

processes (Hatch and Slack, 1970; Hatch, Osmond, and 

Slatyer, 1971; Zelitch, 1971; Marx, 1973; Bjttrkman and 

Berry, 1973). 

Welkie and Caldwell (1970) listed the primary 

physiological characteristics of C4 plants as a lack of 

photorespiration (evolution of CO2 from respiratory pro

cesses in the light), low carbon dioxide compensation 

points, low carbonic anhydrase activity, high temperature 

optim\im of net photosynthesis, high light saturation in

tensities, and greater efficiency of net photosynthesis 

when compared to plants that fix carbon by the normal Co 

pathway (hence the designation of C4 plants as "efficient" 

plants and of C^ plants as "non-efficient" plants). 

Plants that have the C4 pathway are characterized 

by a particular leaf anatomy distinguished by a readily-

apparent sheath of cells surrounding the vascular bundle 

(the bundle sheath) and containing large chloroplasts with 

large amounts of starch (Laetsch, 1968; Welkie and Caldwell, 

1970; Downton, 1971a). The mesophyll cell layer surrounding 



the bundle sheath and separated from it by thick cell walls 

typically contains less starch and smaller chloroplasts 

(Laetsch, 1968; 1971; Welkie and Caldwell, 1970; Downton, 

1971a). 

A major cytological difference between bundle 

sheath and mesophyll cells of C4 plants has been discussed 

in the literature at length. Rhoades and Carvalho (1944) 

noted that there is a distinct dimorphism in the chloro

plasts of bundle sheath and mesophyll cells. Hodge, McLean, 

and Mercer (1955) published the first electron micrographs 

of dimorphic chloroplasts in Zea mays. Since that time, 

many workers have noted distinct differences in the chloro

plasts of the cells (Johnson, 1964; Laetsch, Stetler, and 

Vlitros, 1965; Laetsch, 1968, 1969, and 1971; Downton, 

Bisalputra, and Tregunna, 1969; Osmond, Troughton, and 

Goodchild, 1969; Black and Mollenhauer, 1971; Johnson and 

Brown, 1973). The differences in chloroplast structure in

volve the presence or absence of grana, presence or ab

sence of starch grains, size of the chloroplasts, location 

of the chloroplasts, presence or absence of a peripheral 

reticulum on the chloroplasts and number and concentration 

of chloroplasts in the cells (Goodchild, 1971; Black and 

Mollenhauer, 1971). Other differences in the ultrastruc

ture of the C4 plants involve other cell organelles, in

cluding mitochondria, ribosomes, endoplasmic reticulum, 

and peroxisomes (Laetsch, 1968, 1969, and 1971; Black and 

Mollenhauer, 1971; Downton, 1971b; Goodchild, 1971; Gracen, 



Hilliard, and West, 1972). Laetsch (1971) and Goodchild 

(1971) suggest that the cell walls and plasmodesmata be

tween mesophyll and bundle sheath cells might be a key to 

transport of photosynthetic intermediates between the cells. 

The presence of a suberized layer around the bundle sheath 

may be an important factor in such transport (Laetsch, 

1971). The arrangement of chloroplasts and mitochondria 

in the bundle sheath cells may have a relation to C4 photo

synthesis with specialization of the mitochondria for 

transamination and decarboxylation reactions (Downton, 

1971b). 

Black and Mollenhauer (1971) suggest that the most 

reliable anatomical criteria for determining the photo

synthetic capacity of a plant are based on the number and 

concentration of chloroplasts, mitochondria, and peroxisomes 

in the bundle sheath cells. 

Particular attention has been paid to the occur

rence of peroxisomes in C4 plants (Black and Mollenhauer, 

1971; Frederick and Newcomb, 1971; Newcomb and Frederick, 

1971; Tolbert, 1971; and Smaoui, 1972b). Peroxisomes 

(leaf microbodies) are quite numerous in C-̂  plants and 

less numerous in C. plants (Newcomb and Frederick, 1971). 

The same workers showed that in the C^ plants the bundle 

sheath cells have more peroxisomes than the mesophyll cells 

and the mesophyll cell peroxisomes are smaller than the 

bundle sheath cell peroxisomes. Peroxisomes are intimately 



tied to photorespiration, a process which depends on the 

oxidation of glycolate in the peroxisomes (Tolbert, 1971). 

It is thought that the presence of peroxisomes in the C4 

plant bundle sheath cells is an indication that C3 carbon 

metabolism takes place in these cells and that the mesophyll 

cells are responsible for C4 metabolism (Newcomb and 

Frederick, 1971; Tolbert, 1971). 

The effects of salinity on the ultrastructure of 

plant cells have been investigated by several workers on 

various halophytic species (Ziegler and Ldttge, 1966; 

Blumenthal-Goldschmidt and Poljakoff-Mayber, 1968; Osmond, 

Troughton, and Goodchild, 1969; Shimony, Fahn, and Reinhold, 

1973) . The work to date has not been conclusive and war

rants further investigation (Waisel, 1972). 

This thesis represents my work in the investigation 

of salinity effects on the growth and cell ultrastructure 

of Atriplex halimus L. I have attempted to correlate 

salinity effects on the net growth of the plant with ultra-

structural salinity effects on leaf cell organelles. 



CHAPTER II 

MATERIALS AND METHODS 

Solution Culture of Atriplex 

halimus L. Seedlings 

Seeds of Atriplex halimus L. were germinated in 

full strength Hoagland's nutrient solution (Hoagland and 

Arnon, 1950) under constant light (Grow-Lux fluorescent 

bulbs) with an intensity of approximately 200 foot candles. 

The germination trays consisted of a wire gauze frame 

covered with cheese cloth and placed in shallow-trays. 

Nutrient solution was added to the trays to bring the level 

of the solution to the base of the wire frame; the solution 

was changed weekly, and the seedlings were allowed to grow 

until they were four weeks old at which time they were 

6-8 cm tall. 

At this stage they were transferred to 60 ml foil-

covered test tubes. The hypocotyl of each seedling was 

wrapped with non-absorbent cotton to form a plug for the 

neck of the tube and hold the seedling in place. 

To the test tubes were added full-strength Hoag

land's solution and the plants were allowed to grow for two 

more weeks in this solution. Control plants were grown in 

full strength Hoagland's solution for the duration of the 

experiment. Salinization of the test plants was begun 

when they were approximately six weeks old. The base 
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solution was full strength Hoagland's solution to which 

appropriate amounts of NaCl were added. The addition of 

NaCl was gradual with small increments (0.05 to 0.1 M NaCl) 

made each week after the sixth week until a final concen

tration of 0.345 M NaCl was reached when the plants were 

ten weeks old. Solutions in all test tiibes were changed 

weekly to maintain known concentrations of NaCl and Hoag

land nutrients. A final concentration of 0.345 M NaCl was 

reached at ten weeks and the plants were allowed to grow 

for two more weeks at this concentration before leaves 

were selected for microscopic examination. 

In a separate portion of the experiment, 60 seed

lings 6-8 cm tall were transferred to foil-covered flasks 

of 250 ml capacity and placed in the greenhouse. Of these, 

20 were grown in full-strength Hoagland's for the duration 

of the experiment, 20 were salinized to a final NaCl con

centration of 0.174 M NaCl in Hoagland's solution, and 20 

were salinized to a final NaCl concentration of 0.345 M 

NaCl in Hoagland's solution. Plants were observed at 

weekly intervals for any signs of salinity response. 

Salinization was completed in four weeks» and the plants 

were allowed to grow four more weeks before they were 

harvested and fresh and dry shoot weights were determined. 

Osmotic potentials of the solutions used were as 

follows: full-strength Hoagland's solution -0.6 atm; 

0.174 M NaCl in full-strength Hoagland's solution -7.2 atm; 
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and 0.345 M NaCl in full-strength Hoagland's solution 

•14.4 atm. These osmotic potentials were measured on an 

Advanced Instruments osmometer by freezing point depression. 

The values given do not represent calculated values, but 

are instead actual values as measured. 

Tissue Preparation for Microscopy 

Small, fully-developed leaves at the third node 

from the apex were selected for microscopical observation 

from the plants grown in test tubes. Care was taken to 

assure that the leaves selected were leaves that developed 

after the salinization process was complete. The entire 

plant was taken to the laboratory and the leaves cut from 

the plant and placed immediately into the fixative. Proper 

fixation of the leaves was made more difficult by the ten

dency of the vesiculated hairs on the surface to burst when 

fixed using normal fixation materials and methods. The 

determination was made that the hairs were bursting pri

marily during the first step of fixation when they initially 

encountered the glutaraldehyde fixation medium, so the glu-

taraldehyde was osmotically adjusted by the addition of 

NaCl to a concentration of 5 M NaCl (which was approaching 

saturation). The presumed osmotic potential of the hairs, 

according to Mozafar (1969), ranged from -235 atm to -787 

atm. The highest potential (-235 atm) is much lower than 

the osmotic potential of 5 M NaCl in 6.5% glutaraldehyde 
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(-150 to -175 atm), so the use of isosmotic solution was 

not possible. The most effective solution for fixation 

was found to be 6.5% glutaraldehyde in sodium cacodylate 

buffer (as described below), which preserved the smaller 

hairs, but not the larger ones. 

The preparation of the leaf tissue for light and 

electron microscopy was identical. Morphologically similar 

leaves, selected as described above, were fixed in 6.5% 

glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 6.8). 

In addition, the glutaraldehyde and sodium cacodylate buf

fer solution was used as a fixative to which NaCl was added 

to raise the osmotic potential. Solutions containing 1 M 

NaCl and 5 M NaCl were used to fix similar leaves. The 

leaves were placed in fixative on plastic trays and sec

tions approximately 1 mm^ were made. These were then 

placed in vials of fixative and kept at 2-4°C for 8 hours. 

The sections were rinsed in cold 0.1 M Na-cacodylate buf

fer (pH 6.8) three times, and postfixed in cold 1% osmium 

tetroxide in sodium phosphate buffer for four hours. The 

tissue was rinsed with distilled water, taken through a 

graded ethanol-water dehydration series, and embedded in 

a low viscosity plastic embedding medium (Spurr, 1969). 

Sections 1 micron thick for light microscopy were 

made with a glass knife on an LKB Ultratome microtome and 

mounted on a glass slide. Sections were stained for light 

microscopy with Mallory's stain (Richardson, et al., 1960), 



12 

a mixture of Azure II and methylene blue. These sections 

were examined and photographed on a Zeiss microscope. 

Thin sections (500-7008) were made with a diamond 

knife on an LKB Ultratome and mounted on 200 or 300 mesh 

copper grids. The sections were stained in uranyl acetate 

for 5 minutes and lead citrate (Reynolds, 1963) for 5 

minutes and examined with an Hitachi HS-8 electron micro

scope. 



CHAPTER III 

RESULTS AND DISCUSSION 

Comparative Growth Habit of Control 

and Salinized Plants 

The growth habit of plants under control and 

salinized conditions was noticeably dissimilar. Plants 

grown on control Hoagland's had an erect habit with little 

or no lateral branching. In the twelve weeks of growth 

monitored, the plants attained a height of from 0.3 m to 

0.5 m. There was no indication of leaf will̂  during periods 

of high light intensity and maximum greenhouse temperatures 

The plants were erect and the leaves were turgid during 

those periods. 

Plants salinized to 0.174 M NaCl were characterized 

by a relatively erect habit with some lateral branching 

from nodes near the base of the plant. Some recumbency 

was noted, particularly during periods of high light in

tensity in the greenhouse. The leaves remained turgid at 

all times. These plants were no taller than the control 

plants (0.3 to 0.5 m) and possessed as many as three 

lateral branches from nodes near the base of the plant. 

Those plants grown in high salt concentrations 

(0.345 M NaCl) had a noticeably recumbent posture with as 

many as six lateral branches from nodes near the base of 

the plant. 

13 
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Those plants grown in high salt concentrations 

(0.345 M NaCl) had a noticeably recumbent posture with as 

many as six lateral branches from nodes near the base of 

the plant. Again there was no noticeable leaf wilt during 

periods of high light intensity and maximum temperature in 

the greenhouse. The leaves from the lowermost two or three 

nodes of the main shoot were shed between the tenth and 

twelfth weeks of the experiment. This leaf abscission did 

not occur in the other treatments. The leaves on the upper 

part of the main shoot and on the lateral branches did 

not abscise. Preliminary indications of abscission were 

yellowing of the leaf tissue and some necrosis of the edges 

of the leaf. 

Lateral bud activation of A. halimus plants grown 

in saline media has been reported (Gale and Poljakoff-

Mayber, 1970). These workers suggested that the sprouting 

of the lateral buds was due to a breakdown of hormone-

induced apical dominance, a phenomenon implicated previously 

in salinity damage of plants (Itai, Richmond, and Vaadia, 

1968; Waisel, 1972). This hormonal imbalance could have 

occurred in two ways: (1) an actual salinity effect on 

hormones of the root and apical regions of the plant, i.e., 

a specific ion effect brought about by the salt in direct 

contact with the hormone producing tissue; or (2) a me

chanical effect due to the periods of subtle physiological 

drought (not minifested by leaf wilt) that allowed the 
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plants to assume a recumbent posture, thus affecting apical 

dominance and leading to lateral bud activation. Other 

workers have reported that plants grown in saline media 

exhibit signs of toxicity, e.g. decreased protein synthesis, 

due to inhibition of cytokinin activity and transport in 

the roots (Itai, 1967). Cytokinins produced in the roots 

have been shown to affect growth of the shoot and thus are 

indirectly responsible for some synthesis of auxins (Hall, 

1973). It is unlikely that the salinity effects described 

here were the result of one particular process alone, but 

were the result of two or more osmotic or specific ionic 

processes. It may be significant that the recumbency and 

lateral bud sprouting that occurred in both the low-salt 

and high-salt treatments did not lead to a reduction in 

growth accumulation (discussed in the next section), an 

indication that toxic ion concentrations were not reached 

in either treatment. 

Comparative Growth of Shoots of 

Control and Salinized Plants 

Shoot growth in the plants approximated closely 

that reported by earlier workers (Blumenthal-Goldschmidt 

and Poljakoff-Mayber, 1968; Mozafar, 1969) in control and 

salinized plants. The growth was better in the presence 

of sodium chloride than in its absence, but growth of the 

plants in higher concentrations of sodium chloride was not 

optimal. 
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Table 1.—Fresh and Dry Weights of Shoots in 
Control and Salinized Plants. 

(Values given are means 1 standard error) 

Osmotic 
Treatment Potential Shoot Fresh Shoot Dry Wt (g) 

(Atm) Wt (g) 

C o n t r o l 

* 0 . 1 7 4 M NaCl 

* 0 . 3 4 5 M NaCl 

- 0 . 6 

- 7 . 2 

- 1 4 . 4 

1 7 . 5 1 2 . 2 

2 4 . 4 t 2 . 6 

2 0 . 4 1 2 . 0 

3 . 1 ! 

4.3 1 

3.6 1 

.36 

.28 

.40 

In full-strength Hoagland's solution 

Response of non-halophytic species to salinized 

media usually is characterized by an osmotic stress (mani

fested by leaf wilt or similar response) that leads to re

duction in growth (Waisel, 1972). At low concentrations 

of salt, many plants exhibit an osmotic adjustment mechanism 

involving an increase in internal solute concentration and 

a concomitant increase in growth (Oertli, 1966; Waisel, 

1972). Halophytes (including A. halimus) are probably 

capable of faster osmotic adjustment than non-halophytes 

(e.g., spinach) and can preserve or enhance their metabolic 

abilities (e.g., photosynthesis, hormone production, pro

tein synthesis) at the higher levels of internal solute 

concentration necessarily involved in adjustment to in

creased osmotic pressures in the growing medium (Waisel, 

1972). 
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Brownell (1965) ascribed the effects of salinity 

on increase in growth rate to an increase in turgidity in 

the plant cells that takes place after osmotic adjustment 

has occurred. This is an osmotic effect that is not neces

sarily a specific ion effect. 

A definite nutritional requirement for sodium and 

for chloride has been shown in a number of plants, includ

ing some Atriplex species (Broyer, Carlton, Johnson, and 

Stout, 1954; Brownell, 1965; Waisel, 1972). Sodium chloride 

has been used to increase the yield of many crop plants in

cluding semi-halophytic sugar beets (Ulrich and Ohki, 1956) 

and glycophytic tomatoes, cotton, and garden beets (Waisel, 

1972) . 

Halophyte response to low levels of sodium salts 

in the growing media is decidedly favorable, but the physio

logical roles of the salts in the various metabolic processes 

of the plant are not well understood (Jennings, 1968; 

Waisel, 1972). One theory of sodium ion enhancement of 

growth in halophytes is based on reports of sodium-

activated ATPases in plant cells that are associated with 

the sodium-potassium pump at the plasmalemma (Jennings, 

1968) . As sodium moves across the plasmalemma into the 

cytoplasm under conditions of a high concentration of sodium 

in the external medium, there may be a reversal of ATPase 

activity leading to net ATP synthesis. The ATP so syn

thesized is then used in such processes as cell wall syn-
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thesis or increasing cell wall extensibility (by breaking 

and re-making phosphate bonds of cellulose microfibrils) 

which could ultimately lead to increased growth accumula

tion (Jennings, 1968). This effect is similar, as Jennings 

states, to the effects of light (which bring about an in

crease in the phosphorylation of ATP) and aridity (which 

can cause an increase in the concentration of sodium ions 

in the xylem sap and hence affect ATP synthesis) on growth 

of the plants. It seems unlikely that ATP synthesis oc

curred as Jennings postulated. Instead, the ATP already 

present as an energy pool was probably not utilized when 

the pump reversed, and therefore there was more ATP present 

in the pool than Jennings anticipated. His results can 

more satisfactorily be explained in this manner. Brownell 

(1965) determined that halophytes require large amounts 

of sodium as an essential nutrient, but did not offer an 

explanation of the physiological role of sodium ions ex

cept to say that phosphorylation of energy-rich compounds 

was increased under conditions of high sodium concentration 

in the external medium. Other cations, e.g., potassium, 

have been shown to cause an increase in growth in halophytes 

(Mozafar, 1969; Waisel, 1972), but the mechanisms are ob

scure. 

The observed decrease in growth of plants sub

jected to the 0.345 M NaCl treatment (see Table 1) has 

several possible explanations. It should be noted that at 
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this NaCl concentration, growth was better than in the con

trol plants, but showed a decrease from the optimal growth 

noted in the 0.174 M NaCl treatments. The effects of 

salinity on the ultrastructure of the leaf cell organelles 

appear to be primarily of an osmotic nature; viz., swell

ing of chloroplasts and mitochondria and some disruption 

of organellar structure. It is significant that the de

crease in optimal growth conditions (as reflected by net 

growth) occurred concomitantly with the swelling of these 

organelles. The salinity effects on the organelles will 

be more fully discussed in the next section. 

Salinity at the higher concentrations may have also 

affected the turgidity of the leaf cells^ the assimilation 

of certain essential nutrients, e.g., nitrogen, and may 

have disturbed the hormonal balance of the plants so 

severely that growth was impaired. These effects have been 

noted in A. halimus (Blumenthal-Goldschmidt and Poljakoff-

Mayber, 1968; Waisel, 1972) and several other species of 

halophytes (Brownell, 1965; Waisel, 1972) . 

Although no leaf wilt was observed in the plants 

in this investigation, it is probable that the relative 

turgidity of the cells was not high enough, even during 

the night, to cause optimal cell expansion and thus main

tain the growth rate at a high level. This could be ex

plained by the high solute concentration in the external 

medium. The fact that some growth did take place, and at 
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a rate higher than the control plants, is perhaps an indi

cation of the ability of A. halimus to undergo rapid os

motic adjustment. Mozafar (1969) and Blumenthal-Goldschmidt 

and Poljakoff-Mayber (1968) reported that the growth rate 

dropped steadily as an osmotic potential in the medium of 

-10 to -16 atm was reached. At lower osmotic potentials 

(-16 to -22 atm) the growth rate was greatly inhibited, 

dropping below that of the control plants (Blumenthal-

Goldschmidt and Poljakoff-Mayber, 1968) . Ultrastiructural 

damage at these lower osmotic potentials was excessive. 

It has been reported that high concentrations of 

chloride in plant tissues can affect nitrogen metabolism 

as well as assimilation of other essential nutrients 

(Waisel, 1972). Organic acid metabolism (particularly 

oxalate) is greatly affected by high salinity substrates 

(Mozafar, 1969; Waisel, 1972). It is thought that oxalate 

is synthesized by the leaf cells to balance the ionic ef

fects of sodium and potassium (Osmond, 1967). Evidence 

for oxalate accumulation under highly saline conditions 

was presented by Mozafar (1969). Ultrastructural evidence 

for effects of salinity on nitrogen metabolism will be dis

cussed in the next section. It is likely that nitrogen 

availability, or at least assimilation, is affected by 

highly saline media, with the net result a decrease in 

growth. 
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The process of photosynthesis may be affected by 

highly saline conditions. The C4 pathway described earlier 

occurs in many species of halophytes (as well as closely 

related glycophytes) including several species of Atriplex 

(Welkie and Caldwell, 1970; Hatch, Osmond, and Slatyer, 

1971; Waisel, 1972). This fact may be significant in con

sidering the ecological conditions under which many halo

phytes, including A. halimus, are found, i.e., high light 

intensities, low water potentials, and availability. The 

ability to photosynthesize under these conditions is criti

cal to the survival of these species. 

As mentioned earlier, Itai (1967) and co-workers 

(1968) reported hormonal imbalances due to high salinity 

in their studies on tobacco leaves. Hall (1973) and others 

have discussed these effects in halophytes and glycophytes. 

It is very likely that the hormonal balance of A. halimus 

in high salt concentrations is severely disturbed by either 

a specific ion effect on the hormones, e.g., cytokinins 

and auxins, or hormone-producing tissues, e.g., roots and 

shoot apices, or an osmotic effect on the transport of 

these horroones. A hormonal imbalance in the plants as a 

result of high salinity could lead to a reduction in growth 

rate. 

The effects of salinity on enzyme activity in the 

plant may cause a shift in certain metabolic patterns 

(Waisel, 1972) . Workers in our lab have shown a salinity 
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effect on catalase, an enzyme involved in organic acid 

synthesis and part of the respiratory pathway in A. halimus 

(R. D. B. Whalley and J. R. Goodin, personal communication) 

The possible effects on ATPase activity have been noted 

earlier, and it is possible that these and other enzymes 

are affected by high salinity. The fact that growth of the 

plants in 0.345 M NaCl decreased, but did not cease, is 

an indication that most of the enzymes of photosynthesis 

and other metabolic pathways were still functional although 

the degree of activation may have been changed. 

Sodium chloride appears to play a significant role 

in the net growth of Atriplex halimus. The mechanisms of 

salinity effects are complex and at this time largely ob

scure. The interactions of hormones, enzymes, and environ

mental conditions seem to be mediated by salts in the grow

ing medium to some significant degree, but the effects on 

growth cannot be ascribed to any one process. 

Leaf Cell Ultrastructure in Control 

and Salinized Plants 

An ultrastructural characterization of the leaf 

cells of Atriplex halimus was made in order to assess the 

effects of high salt concentrations in the growing medium 

on the leaf organelles. The leaf anatomy was discussed by 

Fahn (1967) for several species of halophytes, including 

two species of Atriplex. Because of a recent surge of 
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interest in the C4 pathway of carbon fixation, other 

workers have investigated ultrastructural differences in 

the cells of several species of Atriplex and other halo

phytes (Laetsch, 1968; Blumenthal-Goldschmidt and Poljakoff-

Mayber, 1968; Downton, Bisalputra, and Tregunna, 1969; 

Bjtirkman and Berry, 1973). 

The leaves of Atriplex halimus have a typical 

"Kranz" type anatomy (Johnson and Brown, 1973) in which the 

vascular bundles are surrounded by a layer of cells (the 

bundle sheath cells) which are morphologically distinct 

from the surrounding mesophyll cells. Fahn (1967) reported 

a definite layer of palisade (mesophyll) cells around the 

bundle sheath, but in the plants I examined this second 

layer was not very distinct (Figure 1). Other workers, 

notably Bjttrkman and Berry (1973), report this second layer 

in other species of Atriplex. The mesophyll cells of the 

plants I examined could be considered "radially arranged" 

(Johnson and Brown, 1973) around the bundle sheath but they 

do not form a second concentric sheath per se. There are 

very definite morphological differences in the organelles 

of the bundle sheath and mesophyll cells, as well as dif

ferences in organelle arrangement and concentration. The 

bundle sheath is partially open abaxially in most cases 

(Figure 1). 

Other characteristics of A. halimus leaves observ

able at the light microscope level include: numerous 
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vesiculated hairs on both surfaces of the leaf (Figure 2), 

a high concentration of organelles in the bundle sheath 

cells and a low concentration of organelles in the meso

phyll and epidermal cells, a great deal of intercellular 

space in the mesophyll region, and large, vacuolate epi

dermal cells (Figure 1). I could determine no structural 

differences in control and salinized plants at the light 

microscope level. 

The ultrastructure of leaf cells in control plants 

(those grown in straight Hoagland's solution) and the low 

salinity group (those salinized to 0.174 M NaCl in Hoag

land's) was similar. There were no differences due to 

salinity at the lower level that could be observed with the 

electron microscope, and this study is accordingly limited 

to a comparison of plants in the high salt group (0.345 M 

NaCl in Hoagland's solution) with control plants. 

Of primary interest in this study was the ultra-

structure of the chloroplasts of the various types of leaf 

cells. Blumenthal-Goldschmidt and Poljakoff-Mayber (1968) 

reported that salinity could affect the structure of 

chloroplasts and mitochondria in leaf cells. The dimor

phism in chloroplasts from bundle sheath cells and mesophyll 

cells has been well documented in Atriplex halimus L. 

(Fahn, 1967; Blumenthal-Goldschmidt and Poljakoff-Mayber, 

1968) and several other species of Atriplex and other C4 

plants (Laetsch, 1968, 1971; Downton, Bisalputra, and 
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Tregunna, 1969; Black and Mollenhauer, 1971). 

The morphology of hair, bundle sheath, and mesophyll 

cells from control plants is shown in Figures 3 through 9. 

The bundle sheath cells are dense, largely avacuolate and 

contain many large chloroplasts and mitochondria (Figures 

4 and 6). Mesophyll cells have a large vacuole, fewer and 

smaller organelles and have a peripheral cytoplasm that is 

not as dense as that of the bundle sheath cells (Figures 

5, 8, and 9). 

The chloroplasts of the two types of cells are dis

similar in structure. Bundle sheath chloroplasts are long 

and comparatively thick (Figures 4 and 6) while mesophyll 

chloroplasts are generally shorter and thinner (Figure 5). 

The bundle sheath chloroplasts have more grana and the 

stroma lamellae are shorter (Figure 4). Mesophyll chloro

plasts have fewer grana and longer lamellae between grana 

(Figure 5). The differences in the two types of chloro

plasts discussed are not striking, but may be significant 

in assigning them the physiological functions of C4 plants 

(Laetsch, 1968). The differences, however, become more 

evident with salinity treatments. Mesophyll cell chloro

plasts of several C4 plants have been shown to have a 

peripheral reticulum, i.e., a modification of the inner 

membrane of the chloroplast composed of a series of anasto

mosing tubules (Laetsch, 1968, 1971; Black and Mollenhauer, 

1971; Gracen, Hilliard, and West, 1972). Bundle sheath 



26 

cells of A. halimus do not have a peripheral peticulum 

(Figures 10-13). The chloroplasts of mesophyll cells from 

salinized plants have a peripheral reticulum in most cases 

(Figures 14 and 17) , but I did not find a peripheral 

reticulum on the chloroplasts of control plants. The 

presence of the peripheral reticulum in other C4 plants 

has not been related to salinity treatments (Laetsch, 1971; 

Black and Mollenhauer, 1971; Gracen, Hilliard, and West, 

1972), but has been routinely shown in control plants. It 

is possible that the salinization of the plants caused a 

swelling of the tubules to the extent that the peripheral 

reticulum became visible under the electron microscope. 

This conjecture appears more likely when a more obvious 

effect of salinity on chloroplast ultrastructure is con

sidered: in all cases, the effects of salinity on granal 

and lamellar spacing of the chloroplasts are evidenced by 

a swelling, i.e., separation, of the membrane structures. 

This can be clearly seen by comparing bundle sheath cell 

chloroplasts from control plants (Figures 4, 6, and 7) with 

bundle sheath cell chloroplasts from salt-treated plants 

(Figures 10, 11, 12, and 13) and mesophyll cell chloroplasts 

from control plants (Figures 5, 8, and 9) with mesophyll 

cell chloroplasts from salt-treated plants (Figures 14, 15, 

16, and 17) . The swelling is more pronounced in the bundle 

sheath chloroplasts than in the mesophyll chloroplasts. 

This swelling of granal and lamellar compartments was also 
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evident in chloroplasts in other cells of the leaf, most 

notably the epidermal cells (Figures 21 and 22) and the 

hair cells (Figures 18, 19, and 20) . Bliomenthal-

Goldschmidt and Poljakoff-Mayber (1968) reported similar 

swelling of chloroplast lamellae and mitochondrial cristae 

under highly saline conditions; in extreme cases the swell

ing was so pronounced the granal structure became unrecog

nizable. 

There are other observable effects of salinity on 

the chloroplasts. Extensive lipid accumulation occurred 

in some of the chloroplasts of salt-treated plants (Figures 

12, 14, and 16). The chloroplasts of the bladder and stalk 

cells of the vesiculated hairs also show extensive lipid 

accumulation in control as well as salinized plants (Fig

ures 18 and 19). This could be expected in the control 

plant hair cells because of the high concentration of salt 

reported there (Mozafar, 1969; Mozafar and Goodin, 1970). 

An interesting similarity can be noted in chloro

plasts from high-salt treatments and chloroplasts from 

mesophyll cells of maize plants grown in nitrogen-deficient 

medium. Hall, Barr, Al-Abbas, and Crane (1972) published 

micrographs of maize mesophyll cells from various mineral-

deficient solutions. The nitrogen-deficient plant chloro

plasts in that study showed lipid accumulation that is 

very similar to that noted in my salt-treated plants. The 

possibility exists that besides the osmotic effects of 
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highly saline media (which leads to swelling of the or

ganelles) , the growth of the plants may be affected by in

terference with the metabolism or assimilation of various 

minerals. The evidence is not overwhelming at this point, 

but the possibility exists. I cannot offer a mechanism 

by which this might take place except to say that it is 

known that salinity affects the transport of various plant 

substances, e.g., hormones, as discussed earlier and there 

may be some similar relationship to substances that depend 

on extracellular nitrogen taken up by the roots of the plant, 

Mitochondria also show effects of high salinity 

treatments. In the mesophyll cells, the mitochondria are 

small and round (Figures 5 and 9) , and the bundle sheath 

cells have numerous mitochondria that are much larger than 

the mesophyll mitochondria (Figures 4, 6, 10, and 11) . 

Salt-treated plants have mitochondria that show no cristal 

structure, probably due to osmotic disruption and swelling 

(Figures 10, 11, and 13). Again, the effects of salinity 

on the ultrastructure of these organelles is much more 

pronounced in the bundle sheath cells than in the mesophyll 

cells. It is interesting to note that in the stalk cell 

of the hairs the chloroplasts show typical effects of 

salinity, i.e., lipid accumulation and swelling of membrane 

compartments, while the mitochondria appear to have nearly 

normal cristal structure with only slight swelling (Figures 

19 and 20). This may reflect a relative sensitivity to 
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salt, but the chloroplasts appear functional as evidenced 

by the presence of large starch grains within the chloro

plasts (Figures 3 and 19). 

All of the various cells studied have prominent 

nuclei. The bundle sheath cells have a large, somewhat 

misshaped nucleus often situated in the center of the cell 

(Figures 6, 7, and 12) . The nuclei of the mesophyll cells 

are located peripherally (Figures 5, 8, and 17) and are 

somewhat smaller than the bundle sheath nuclei in relation 

to cell size. The nucleus of the stalk cell is especially 

large in relation to cell size, seemingly filling up the 

central portion of the cell (Figures 3 and 20) . The blad

der cells have prominent nuclei in the thin layer of periph

eral cytoplasm (Figures 2 and 3) . The nuclei did not show 

any significant response to salinity treatment. Blumenthal-

Goldschmidt and Poljakoff-Mayber (1968) reported some swell

ing of the nuclear envelope at extremely high osmotic 

pressures, but I could discern no differences in the nuclei 

of control and salinized plants. 

Peroxisomes (leaf microbodies) are abundant and 

morphologically variable in the leaf cells. The distribu

tion of peroxisomes in the leaves of C4 plants, including 

Atriplex halimus, has been studied by several workers 

(Newcomb and Frederick, 1971; Smaoui, 1972a, 1972b; Tolbert, 

1971) . The bundle sheath cells have numerous peroxisomes 

which are generally spherical, dense, and may contain a 
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crystalline core (Figures 6 and 13) . The mesophyll peroxi

somes are somewhat smaller, less abundant and may also con

tain a crystalline nucleoid structure (Figures 14 and 16) . 

Other microbody-like organelles can be seen in the stalk 

cell of the hair (Figure 19), but the crystalline structures 

observed may not be correctly identified as peroxisomes. 

They are morphologically similar to other microbodies re

ported (Newcomb and Frederick, 1971). 

High salinity treatments do not appear to affect 

the morphology of the peroxisomes. The various types de

scribed above are present in their respective cell types 

regardless of treatment. The occurrence of numerous 

peroxisomes in the bundle sheath cells is compatible with 

the theory that photorespiration (an indicator of C^ carbon 

fixation) takes place mainly in bundle sheath cells of C4 

plants (Newcomb and Frederick, 1971; Tolbert, 1971). The 

enzymatic functions of the various morphological types of 

peroxisomes cannot be determined by morphology alone. It 

is probable that the peroxisomes of bundle sheath, mesophyll 

and hair cells have different enzymatic functions. 

Bundle sheath cells in A. halimus have small vacuoles 

with various inclusions, notably occasional myelinated 

figures (terminology as in Blumenthal-Goldschmidt and 

Poljakoff-Mayber, 1968) (Figure 10) and plasma droplets 

or strands of cytoplasm (Figure 4). The organelles of the 

bundle sheath cells tend to be clumped centripetal to the 
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vascular tissue (Figure 1). Mesophyll cells have much 

larger vacuoles with some myelinated figures and plasma 

strands or droplets (Figures 5, 8, and 15). The mesophyll 

cytoplasm is usually spread peripherally around the cell 

(Figure 5). The hair cells differ greatly in vacuolar 

characteristics: the stalk cell has a few very small 

vacuoles (Figure 20) and the bulk of the cell is filled 

with cytoplasm, while the bladder cell has an extremely 

large vacuole with a veiry small amount of cytoplasm in re

lation to total cell volume (Figure 3). There are no ap

parent differences due to salinity in vacuolar arrangement 

or inclusions. 

Endoplasmic reticulum and ribosomes are abundant 

in bundle sheath and mesophyll cells, and in the stalk 

cells (Figures 12, 16, and 19). Cell walls of bundle 

sheath cells are thick (Figures 4 and 7) but not neces

sarily thicker than mesophyll cell walls (Figure 5 and 16). 

Numerous plasmodesmata traverse cell walls between bundle 

sheath and bundle sheath cells (Figure 7), bundle sheath 

and mesophyll cells (Figure 7) and mesophyll and mesophyll 

cells (Figure 8). The presence of a suberized layer be

tween bundle sheath and mesophyll cells, as reported by 

Laetsch (1971) , could not be confirmed. These features — 

endoplasmic reticulum, ribosomes, cell walls and 

plasmodesmata—do not appear to vary in morphology with 

salinity treatment. 
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Special mention must be made of the hair cells 

and their importance in salinity tolerance in the plant. 

The hairs are unique structures; the stalk cell is the 

only pathway through which salts can pass in order to en

ter the bladder cell (and are therefore specialized for 

ion transport as well as salinity tolerance) , and the blad

der cell where the salts are concentrated (to a point that 

far surpasses the known saturation point of NaCl or other 

salts) is unusually salt tolerant. 

The stalk cell (Figures 3, 19, and 20) contains 

many mitochondria, several functional chloroplasts, and a 

dense cytoplasm. A feature noted in conjunction with the 

hair cells is the presence of numerous microtubules in the 

epidermal cell immediately adjacent to the stalk cell, in 

the stalk cell itself, and in the cytoplasm of the bladder 

cell immediately adjacent to the stalk cell (Figures 3 and 

20) . The function of non-nuclear microtubules in plant 

cells, although reported in many cells (Ledbetter and Por

ter, 1963; Newcomb, 1971), is not well known. They have 

been implicated as cytoskeletal elements in plant cells 

and as functioning organelles in movement of cytoplasmic 

materials (Newcomb, 1971). In addition, Newcomb (1971) 

describes their supposed function as repositories of pro

tein subunits which can be available for use in other ceil 

activities. 
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The function of microtubules in the hair cells may 

be as cytoskeletal elements which maintain the structure 

of the cell. Their presence around the peripheries of the 

stalk cell cytoplasm tend to support this view (Figure 20) . 

Cytoplasmic streaming has been noted in the hair cells 

(Black, 1954, 1956) and the microtubles may have some func

tion in this process. If so, a case can be made for their 

importance in salt transport through the stalk cell, a 

process which would most likely depend on ATP-mediated ion 

transport into the cytoplasm of the stalk cell and then out 

of the stalk cell into the bladder cell. The presence of 

mitochondria and chloroplasts in epidermal, stalk, and 

bladder cells would support this view because of the im

portance of these organelles in ATP production. Ldttge 

(1971) suggests that the energy for the active transport 

of the salt (a so-called salt pump) may come not from the 

organelles of the hair cells but from mesophyll (and per

haps epidermal) cells adjacent to the hair apparatus. In 

any event, the presence of the microtubules in the hair 

cells is significant and may be related to the transport 

of salts through the cells. 

Also of interest in the hair cells is the presence 

of a thick, multi-layered cuticle which is continuous with 

the cuticle of the epidermis (Figures 18, 19, 20, and 21) . 

The presence of this cuticle supports Mozafar's (1969) 

conclusion that the cells can neither acquire nor lose 
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water through the intact hair cells. The vesiculated hairs 

of Atriplex halimus L. function as unique mechanisms of 

salt tolerance; an entire study could be devoted to their 

structure, physiology, and development. 



CHAPTER IV 

SUMMARY 

Atriplex halimus L. plants grown in salinized media 

exhibit the characteristics of halophyte response noted in 

other halophytic species. Net growth is correlated, at 

higher salinities, to disruption of chloroplast and mito

chondrial structure which begins to occur as the growth of 

the plants declines from an optimal growth noted under 

conditions of lower salinity. The habit of the plants 

(relative erectness and turgidity) is affected as the con

centration of salinity in the medium increases, probably 

due to ho3rmonal inbalance and physical drooping brought 

about by a physiological drought imposed by the salinized 

media. The functional anatomy of the leaves of the plant 

lends the plant a capacity for salt tolerance. The hairs 

on the leaves serve as specialized structures for salt 

transport out of the leaf. The ultrastructure of the 

bundle sheath and mesophyll cells of the leaf is related 

to the C carbon fixation pathway in the leaf, and the 

respective cells have organellar specializations that en

able the plant to carry out C4 fixation. 

A more comprehensive study of hormonal balance in 

the plant in response to salinity needs to be made. Data 

on mineral deficiency needs to be correlated to salinity. 

The developmental processes of the hair cells in response 

35 
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to salinity and/or hormone application could be studied in 

order to determine the genetic and structural basis of 

salt tolerance in the species. The explanation for an in

crease in growth due to slight salinization needs to be 

supported by more biochemical data than is presently avail

able. The solutions to these problems could lead to a 

better understanding of the role of Atriplex halimus L. in 

an ecosystem, and might explain the basic questions of 

salinity tolerance and environmental fitness engendered by 

the observed responses of halophytes to relatively harsh 

environments. 
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Fig. 1—Cross section of leaf from a control plant 
showing vascular bundle (VB), bundle sheath cells (BS), 
mesophyll cells (Me), and large epidermal cells (E). 
640X. 

Fig. 2—Leaf from a control plant showing numerous 
two-celled hairs. 250X. 

Fig. 3—Hair from a control plant. Note stalk cell 
(SC) and bladder cell (BC). 4,000X. 

Fig. 4—Portion of bundle sheath cell from control 
plant showing dense concentration of organelles, includ
ing mitochondria (M) and chloroplasts (C). 7,300X. 

Fig. 5—Mesophyll cell from control plant. Note 
large vacuole (V), chloroplasts (C), and mitochondria 
(M). 7,300X. 
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Fig. 6—Bundle sheath cell from control plant showing 
large, misshaped nucleus (N), chloroplasts (C), and per
oxisome with definite crystal structure (P). 4,000X. 

Fig. 7—Bundle sheath cell and adjacent mesophyll 
cell from control plant. Note plasmodesmata between 
adjacent bundle sheath cells (p-1) and between a bundle 
sheath and a mesophyll cell (p-2). 7,300X. 

Fig. 8—Portions of adjacent mesophyll cells from a 
control plant. Note chloroplasts (C) with starch grains 
(S) and several plasmodesmata (p). 20,000X. 

Fig. 9—Mesophyll cells from control plant. Note 
normal grana (G) of chloroplast. 8,900X. 



47 

«**» 

N 

y^ 



48 



Fig. 10—Bundle sheath cells from salt-treated plant, 
Note myelinated figure (My) in vacuole (V). 8,900X. 

Fig. 11—Bundle sheath cell from salt-treated plant. 
Note swollen chloroplast lamellae (arrows) and swollen 
mitochondria (M). 11,000X. 

Fig. 12—Bundle sheath cell from salt-treated plant 
showing lipid accumulation (L) in chloroplasts, extensive 
endoplasmic reticulum (ER), and dense cytoplasm. 8,900X. 

Fig. 13—Bundle sheath cell from salt-treated plant. 
Note the large peroxisomes (P). 11,000X. 
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Fig. 14—Mesophyll cells from salt-treated plant. 
Note large vacuoles (V), peripheral reticulum of chlo
roplasts (PR), and extensive lipid accumulation in 
chloroplasts (L). 4,000X. 

Fig. 15—Portions of mesophyll cells from salt-
treated plant. Note myelinated figure (My) in vacuole. 
15,000X. 

Fig. 16—Adjacent mesophyll cell and bundle sheath 
cell. Note peroxisome (P) in mesophyll cell and lipid 
droplets (L) of bundle sheath chloroplast. 15,000X. 

Fig. 17—Mesophyll cell from salt-treated plant. 
Note peripheral reticulum (PR) on chloroplast. 15,000X. 
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Fig. 18—Portion of bladder cell of hair from control 
plant. Note thick cuticle (Cu) and chloroplasts with 
lipid droplets (L). 8,900X. 

Fig. 19—Portion of stalk cell (in cross section) 
from control plant. Note chloroplasts with large starch 
grains (S). Mitochondria (M) have distinct cristae. 
Note wedge-shaped crystalline structure (peroxisome ?) 
(P?). 8,900X. 

Fig. 20—Stalk cell from hair of control plant. Note 
large nucleus (N), chloroplast (C), numerous mitochondria 
(M), and microtubules (arrows) in stalk cell and adjacent 
bladder and epidermal cells. 8,900X. 

Fig. 21—Epidermal cell from salt-treated plant. Note 
cuticle (Cu) and chloroplast (C). 15,000X. 

Fig. 22—Epidermal cell from salt-treated plant. Note 
cuticle (Cu), nucleus (N), mitochondria (M), and chloro
plasts (C). 8,900X. 
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