
INFORMATION TO USERS

This manuscript ,has been reproduced from the microfilm master. UMI
films the text directly from the original or copysubmitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may
be from anytypeof computerprinter.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrationsand photographs, print bleedthrough, substandardmargins,
and improperalignment can adversely affect reproduction.

In the unlikely. event that the author did not send UMI a complete
mam1SCI'ipt and there are missing pages, these will be noted. Also, if
unauthorized copyright materialhad to beremoved, a note will indicate
the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and
continningfromleft to rightin equal sections with small overlaps. Each

original is also photographed in one exposure and is included in
reduced format the back of the book.

Photographs includedin the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white

photographic prints are available for anyphotographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly
to order.

UMI
A Bell & Howellinformallon Company

300 North Zeeb Road. Ann Arbor. MI 48106·1346 USA
313/761-4700 800:521-0600

~,-----,- --- ~----'- -------~'-----~ ---~ - - -





MOLECULAR STUDY OF NACL STRESS IN SUGARCANE:

CHANGES IN PROTEIN SYNTHESIS AND PROTEIN PHOSPHORYLATION

A DISSERTATION SUBMITTED TO THE GRADUATE DMSION OF THE
UNIVERSITY OF HAWAII IN PARTIAL FULFILLMENT OF THE

REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

IN

BOTANICAL SCIENCES
(pLANT PHYSIOLOGY)

MAY 1995

By
Sue-Hwei Chang

Dissertation Committee:

H. Michael Harrington, Chairperson
John I. Stiles

Samuel S. M. Sun
Adelheid R. Kuehnle

Paul Moore

-------- ----------------------- --



UMI Number: 9532581

OMI Microform 9532581
Copyright 1995, by OMI Company. All rights reserved.

This microform edition is protected against unauthorized
copying under Title 17, United States Code.

UMI
300 North Zeeb Road
Ann Arbor, MI 48103

----------_._... _- _.- .._---_ .._---



iii

ACKNOWLEDGEMENTS

I wish to thank my committee for their guidance and support through the course of

my study. Special thanks go to Dr. H. Michael Harrington, for his advice, emotional

and fmancial support given at the critical time. The enthusiasm of Dr. Sam Sun and Dr.

Heidi Kuehnle about research in general was stimulating to my academic endeavors and

most appreciated. The constructive criticism of Dr. Paul Moore and Dr. John Stiles on

the project and dissertation is appreciated.

I am in debt to the generous assistance from Bob Bugos, Suny, Nihal and Dr. I.

Scott Campbell during my preparation of dissertation.

Special appreciation goes to Hawaiian Sugar Planters' Association for providing a

graduate assistanship for three years.

Finally, this study would not have be completed without the constant encouragement

and material support from my loving mother Kan-Mei and brother Hsueh-Wen. To

them, I shall be forever in debt.



iv

ABSTRACT

Changes in protein synthesis in NaCI stressed sugarcanes (Saccharum spp.) were

investigated. Synthesis of root and shoot proteins was altered by salt stress as shown in

2-D NEpHGElSDS-PAGE analysis of 3sS-methionine labeled proteins. Protein synthesis

in roots from setts of different maturity responded to salt stress differently. Syntheses

of 98 proteins (13 newly induced, 44 enhanced, 39 reduced and 2 disappeared) in roots

from mature setts were altered by 1% NaCl. Whereas, syntheses of fewer (51) proteins

in roots from immature setts were altered by the same treatment. NaCI induced changes

in protein synthesis are organ specific. Salt stress caused a general reduction of a

majority of shoot proteins, of which the reduction of 23 proteins were most pronounced.

In contrast, in roots, 13 proteins were newly induced, the syntheses of 44 were enhanced

and 39 were reduced by salt treatment. Comparable results were obtained from two

cultivars, Badila and H50-7209. Proteins synthesis was altered in suspension cells (H50

7209) which were salt shocked (1.5 % NaCI, 9 enhanced and 2 reduced) or 1% NaCI

acclimated (CAlO cells; 7 enhanced and 5 reduced). No new protein was induced in salt

stressed sugarcane suspension cells. Syntheses of 8 proteins were enhanced while

syntheses of another 9 proteins were reduced in CAlO cells as shown in in vitro

translation experiments.

Putative protein kinase activity in cell extracts of suspension cultured sugarcane cells

was measured insitu on gels after SDS-PAGE. After 30 seconds of salt shock, activities

of 3 putative protein kinases (35, 38, and 41 leD) were induced. Kinase activities
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declined after 30 minutes of salt treatment. These activities were not affected by

inclusion of protease and phosphatase inhibitors during extraction. The induction of

protein kinase activity occurred in cellspretreated with cycloheximide anddidnot require

de novo protein synthesis. Present results indicated that theseprotein kinases are Ca2+

dependent, utilize ATP and histone HI-ID-S as preferred substrates and localize in the

cytosol. The rapid and transient induction of these kinase activities by salt shock

indicates a possible role in salt stress signal transduction.

No induction of protein kinase activity occurred, when CAlO cellsweresalt-shocked

at 1.5% NaCI. However, two putative kinases (38and41 kD) wereinduced when CAlO

cells were returned to salt-free medium. The property of these two kinases seems

different from that of the 35 kD protein. Responses to salt shock in CAlOcells differs

from the parent cells.

--------- ----
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CHAPTER I

LITERATURE REVIEW

INTRODUCTION

An estimated 40% of the earth's land is arid or semi-arid (Tal, 1984). Of the arable

land, every year one third of the irrigated land is salinized due to intensive fertilization

and poor drainage (Carter, 1975; Flowers et al., 1977; Tal, 1984). Consequently, the

area of arable land is diminishing substantially. Salinity has tremendous influences on

human activities. For example, Jacobson and Adams (1958) proposed that soil

salinization was an important factor resulting in the breakdown of Sumerian civilization

in Mesopotamia.

Plants experience an array of biotic and abiotic stresses during the life cycle. As

defined by Levitt (1980), "if salt concentration is high enough to lower the water

potential appreciably (by 0.5 to 1.0 bar), the stress is called a salt stress". Salt stress due

to NaCI is one of the most prevalent factors impeding plant growth in nature (Flowers

et al., 1977; Munns et al., 1983).

In order to alleviate the impact of salinity, two principal approaches have been

taken, 1) improvement of agricultural practices and 2) selection of salt tolerant plants

through breeding. Although the former provides direct solutions, cultural practices are

difficult to affect and reclamation of soil is extremely costly. Breeding provides a
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feasible alternative (Glenn et al., 1991) and becomes paramount in managing water and

soilresources. However, the progress on selecting salt tolerant crops has been hindered

by the lack of selectable markers (Tal, 1984; Shannon, 1985) due to the complexity of

salt tolerance mechanisms.

Despite the fact that salt stress is one of agriculture's oldestenvironmental stresses

and plant physiological and biochemical responses to the stress have been extensively

studied (Flowers et al., 1977; Greenway and Munns, 1980; Levitt, 1980; Downton,

1983), the mechanisms of salt tolerance are still unknown. Moreover, plant responses

to saltstress are developmental stage-dependent andorgan-specific (Flowers et al., 1977;

Mills, 1989).

Roots, the organ responsible for taking up nutrients from the substrate, have been

examined in terms of ion uptake and selectivity during salt stress (Jeschke, 1984).

However, root responses to salt stress at the molecular level are not well-characterized

and warrant further investigations (Hurkman and Tanaka, 1987). Elucidation of

mechanisms of salt tolerance at the cellular and molecular levels should provide useful

insights for future development of salt tolerant crops (Hanson, 1984; Hasegawa et al.,

1986).

The mechanisms by which the salt stress signal is transduced are unknown andpose

a challenge to researchers (Rains et al., 1979; Saxton et al., 1979; Bray, 1993). Protein

phosphorylation is assumed an important role in regulating plantgrowth and development

(Ranjeva and Boudet, 1987; Trewavas and Gilory, 1991). Phosphorylation activity of

several proteins changes in plants responding to cold shock (Zocchi et al., 1983) and

------- -_.-. _ _._ - ------~--- -- ---
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pathogen infection (Dietrich et al., 1990). The activities of some heat shock transcription

factors are regulated by protein phosphorylation (Morimoto et al., 1992). Presently,

there is limited information available on the relationship between salt stress and protein

phosphorylation (Garbarino et al., 1991). Nevertheless, protein phosphorylation may

prove to be important for signal transduction and gene expression in plants during salt

stress.

EFFECTS OF SALINITY ON PLANTS

Excess salt is toxic to plants and creates an imbalanced osmotic and nutritional status

(Bernstein et al., 1964). High solute content results in low water potential and causes

water deficit or "physiological drought" in the plant. Elevated Na+ or CI- level upsets

the normal electrochemical gradient and results in imbalanced uptake of other nutrients

(Grattan and Grieve, 1992). The occurrence of unusually high level of Na" or CI- in the

cells is detrimental to the plant (Greenway and Munns, 1980).

Plant growth and development

Plant growth is reduced by high salinity (Nimbalkar and Joshi, 1975; Maas and

Hoffman, 1977; Flowers et al., 1977; Greenway and Munns, 1980; Levitt, 1980; Mills,

1989), but various organs respond differently. For example, in salt-grown spinach,

Spinacia oleracea cv. Hybrid 102, both the fresh and dry weights of shoots were
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reduced by 70% while root values were reduced by 50% (Robinson et al., 1983).

Although sugarcane (Saccharum spp.) has been classified as a moderately salt tolerant

species within Graminaceae (Maas and Hoffman, 1977; Shannon, 1985), its growth is

also hindered by salinity (Nimbalker and Joshi, 1975). Sett germination and early

growth stages are considerably more resistant (40% higher) to salinity than later growth

stages (Gibaly and Goumah, 1969; Moore, 1987a and references therein). The inhibitory

effect of salt stress on sugarcane germination depends on the variety and the extent of

salinization (Gibaly and Goumah, 1969).

A major factor contributing to reduced growth during salt stress is inhibition of

photosynthesis. The inhibition can be due to low CO2 uptake and reduced rate of CO2

fixation as observed in crop plants, such as cotton, onion, beans (Levitt, 1980; Seemann

and Critchley, 1985), spinach (Robinson et al., 1983) and cowpea (plaut et al., 1989).

Low CO2 uptake stems from reduced stomatal conductance as a result of water deficit

(Robinson et al., 1983; Seemannand Critchley, 1985; Plaut et al., 1989) or other factors

such as disturbed hormonal balance (Levitt, 1980). The reduced CO2 fixation rate in

salt-grown beans correlated with reduced in vivo RuBisco activity (Seemann and

Critchley, 1985).

Salt also causes direct damage to the photosynthetic apparatus resulting in leaky

thylakoid membranes (Leopold and Willing, 1984). In pea chloroplasts, isolated from

NaCI (250 mM) treated protoplasts, CO2-dependent o, evolution and coupled electron

transport were severely inhibited, but uncoupled electron transport was not inhibited

(Leopold and Willing, 1984). In contrast, although the efficiency of the photochemistry

--_.... _- ._- ._--_. __._------------
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of PSII in Triticum aestivum L. var. HD 2329 was not affected by salt stress, the ability

to recover from photoinhibition was reduced (Mishra et al., 1991; Sharma and Hall,

1991).

Other effects of salt stress on plant growth include reduced export of photosynthate

from leaves (Strack et al., 1975), a general decrease of all components of carbon and

nitrogen partitioning (Jeschke et al., 1992)and a reduced respiration rate (Levitt, 1980).

Neither photosynthetic rate of expanded leaves nor supply of photoassimilate to the

expanding leaves were responsible for growth reduction of pistachio plants under high

salinity (Walker et al., 1988). Instead, the author suggested that disrupted production

and transport of plant growth regulators from root to shoot as the possible cause.

Salt stress has various effects on plant development. High salt delays the

development of ice plant (Herppich and Von Willert, 1992) and flower emergence in

nearly all the tested rice cultivars (Mercado et al., 1974). However, salt stress hastens

the ripening of peach fruits (Ivanova, 1974) and the senescence of bean leaves (prisco

and O'Leary, 1972). An imbalance of growth hormones may account for some of the

observed developmental effects (Levitt, 1980).

MECHANISMS OF SALT TOLERANCE IN PLANTS

There is a wide spectrum of salt tolerance among plants (Maas and Hoffman, 1977;

Greenway and Munns, 1980). The tolerant extreme is represented by a group of "native
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flora of saline soils", called halophytes (Jennings, 1976). These plants contain cell saps

with osmotic potentials of at least -3.3 bar, equivalent to 70 mM monovalent ions

(Greenway and Munns, 1980). The mechanisms of salt tolerance in halophytes have

been reviewed (Flowers et al., 1977; Munns et al., 1983) primarily in the context of

water deficit and ion relations. The most visible mechanism employed by some

halophytes is morphological adaptation such as salt glands and bladders for secreting or

sequestering abnormally high concentrations of ions (poljakoff-Mayber and Gale, 1975;

Thomson, 1975; Hill and Hill, 1976).

Physiological adjustment is another adaptation to salt stress. . The best studied

system is the facultative halophyte, Mesembryanthemum crystallium L. (ice plant), which

shifts from C3 to CAM photosynthetic carbon assimilation pathway under salt stress

(Winter et al., 1982; Winter, 1985). Although the shift in carbon assimilation is

environmentally influenced, it is under strict developmental control (Herppich et al.,

1992).

When nonhalophytes are exposed to low salt concentration, exclusion of the

excessive ions is the major mechanism of tolerance. However, in high salt

environments, exclusion is insufficient to avoid the high ion concentration. Under these

conditions excessive Na+ and CI- are sequestered in vacuoles with concurrent

accumulation of osmotica in the cytosol (Greenway and Munns, 1980).
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CEUULAR MECHANISMS OF SALT TOLERANCE

Membrane permeability and organization

The plasma membrane is crucial for normal cellular function, since selective

permeability to ions is essential for homeostasis. The high ion concentrations

encountered during salt stress will disturb membrane functions. In soybean leaf cells,

NaCI stress and sorbitol treatments resulted in leakage of solutes indicating damage to

the plasma membrane (Leopold and Willing, 1984). Isosmotic NaCI (200 mM) resulted

in a higher solute leakage than did sorbitol (400 mM). A combination of 50 mM NaCl

and 300 mM sorbitol gave a higher leakage than isosmotic sorbitol (400 mM) alone; but

a lower efflux than 200 mM NaCI. These results suggest that the damage is due to both

osmotic and ionic components.

In a comparative study of bean, barley and sugarbeet, no consistent correlation

between phospholipid composition and salt tolerance was found (Kuiper, 1984). The

phospholipid composition of roots and shoots of both salt tolerant and salt sensitive

Plantago species remained unchanged during long term exposure to NaCI. Theses results

indicate that salt stress did not lead to "adaptive" changes in phospholipid composition

in this species.

In maize shoots (7-day old), exposure to growth inhibitory levels of NaCI (-0.4 and

-0.8 MPa) for 72 hr resulted in 40% and 50% reduction of the molar ratio of free sterols

to phospholipids (Navari-Izzo et al., 1988). Hirayama and Mihara (1987) reported the

ratio of glycolipid to phospholipid (GLlPL) in roots increased in halophytes Atriplex

--------- -_. _._-
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gmelini C. A. Mey and Saliconia europaea L., salt tolerant cotton Gossypium arborem

L. var indicum, Spinacia oleracea L., and Lycopersicum esculentum Mill and salt

sensitive Cucumis sativus L.. The GLlPL ratio increased in NaCI treated plants and was

correlated with higher plasmalemma permeability to the salt. Glycolipid increased but

phospholipid decreased Na" and Cl' ion flow. The increment was smaller in the salt

sensitive than the salt tolerant species.

Changes in cytoplasmic membrane organization of Synechococcus 6311 took place,

when cells were transferred from 30 mM to 500 mM NaCI (Lefort-Tran et al., 1988).

An increase (2- to 4-fold) in number of large intramembrane particles was accompanied

by a decrease in number of small particles. Although the nature of the intramembrane

particles was not characterized, the increase in large particles may indicate the synthesis

of new membrane proteins as respiration rate also increased.

Einspahr et al., (1988) reported a cell volume decrease through fusion of

intracellular membranes, including nucleus, chloroplasts and mitochondria, with

endoplasmic reticulum in Dunaliella salina (UTEX 1644) as a result of salt shock (3.42

M NaCI) for 3 min. However, the surface area of plasmalemma remained unchanged.

K+ uptake

Potassium uptake is particularly important to plants due to its structural similarity

to Na+ and the high concentration required for normal growth (Leigh and Wyn Jones,

1984). During salt stress, Na" competes for K+ uptake, ultimately reducing growth.

Increased K+ ameliorates the effect of elevated Na+. More K+ was required for spinach

..-..... _...._. __._-------------- ._. ---
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shoot growth under high than low saline conditions (Chow et al., 1990). In NaCI-

acclimated tobacco cells, net K+ uptake capacity was 3.5-fold greater than the control

cells, when cells were exposed to 160 mM NaCI (Watad et al., 1991). The difference

was primarily due to a higher rate of uptake rather than to the reduced K+ leakage. This

agrees with an earlier study showing a greater membrane permeability to K+ in NaCI

acclimated cells (Watad et al., 1986). Specific and varietal differences in the

mechanisms that affect selective uptake of K+ and Na" into roots were found (Jeschke,

1983). These variations may lie in influx selectivity and K+/Na+ exchange at plasma

membrane or influx selectivity at the tonoplast and the symplasm-xylem boundary.

K+INa+ exchange

The rate of K+/Na+ exchange may be critical for K+ uptake and salt tolerance.

Studies on roots of Fagopyrum sp. and Triticum sp. showed that K+/Na+ exchange rate

and selective accumulation of Na" in vacuoles differed among genotypes, but neither

contributed appreciably to the overall selectivity of the roots (Eggers and Jeschke, 1983).

The K+/Na+ selectivity in plasmalemma of wheat root protoplasts, as shown by patch

clamp measurements, did not differ between salt tolerant and sensitive species

(Schachtman et al., 1991). Therefore, the mechanism of salt tolerance in wheat is

unlikely to be based on differences in the K+INa+ selectivity. This conclusion is in

agreement with earlier results on other species (Maas and Hoffman, 1977; Jeschke,

1984).
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Ca2+ and Ca2+-ATPase

The beneficial effects of Ca2+ on salt tolerance has been long recognized (LaHaye

and Epstein, 1969; Hanson, 1984; Rengel, 1992). In sugarcane, elevated levels of NaCI

resulted in a decrease of K+ and Ca2+ in leaves (Gibaly and Goumah, 1969). Reduced

Ca2+ uptake, offset by excessive Na", was suggested to account for the inability of

sugarcane to tolerate salt stress. Elevated Ca2+ (up to 10 roM) alleviated NaCI toxicity

in Phaseolus vulgaris L. (LaHaye and Epstein, 1969), barley (Cramer et al., 1989;

Cramer et al., 1990) and other plant species (Cramer et al., 1986; Grieve and Fujiyama,

1987; Maas and Grieve, 1987).

The ameliorative effects of Ca2+ are supported by several additional lines of

evidence. Both functional K+/Na+ exchange and selective K+ uptake across plasma

membrane depend on the presence of Ca2+ (Jeschke, 1984). Isosmotic CaCl2

concentration (130 mM) caused less membrane leakage than did sorbitol (Leopold and

Willing, 1984). Moreover, CaCl2 (1 to 50 mM) partially protected soybean leaves from

NaCI damage, but enhanced the damage at 100 mM (Cramer et al., 1985).

The principal effect of Ca2+ is to maintain plasma membrane integrity by reducing

displacement by Na" of the plasma membrane associated Ca2+ (LaHaye and Epstein,

1969; Cramer et al., 1985; Lynch et al., 1987). However, preloading corn root

protoplasts with Ca2+ reduced the fluorescence quenching of CTC (a membrane

associated Ca2+ probe) caused by NaCI (Lynch and Lauchli, 1988). The Ca2+-channel

facilitating reagent 202-791(+) also alleviated the quenching. Furthermore, Li+

pretreatment attenuated the quenching caused by NaCI, but inositol restored the effect.

-_ .. _- --- .- --- --- ---------------------
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Accordingly, the authors suggested that salinity displaces Ca2+ associated with

intracellular membranes through activation of the phosphoinositide system. The result

of measuring sodium influx (Zidan et al., 1991) also supports the notion showing that

22Na+ did not compete with Ca2+ in saturating plasma membrane sites that regulate Na+

influx in NaCI treated maize roots.

Root protoplasts preloaded with Indol-l (fluorescence Ca2+ probe) showedincreased

cytoplasmic Ca2+ activity, when treated with 120 mM NaCI (Lynch et al., 1989). Below

90 mM, NaCI had little effect on Indo-I fluorescence, but a dramatic increase occurred

between 90 and 120 mM salt. The fluorescence signal stopped increasing thereafter.

This pattern of response suggests that a discrete stress signal may be activated by a

specific level of salt stress. The increased Ca2+ activity was reduced by Li" (10 mM)

pretreatment and inositol reversed the effect of Li". Although indirect, theses results are

consistent with the previous data indicating that NaCI may increase cytoplasmic Ca2+

activity by activating the phosphoinositide pathway (Lynch and Lauchli, 1988). The

importance of Ca2+ as second messenger in diverse cellular responses (poovaiah and

Reddy, 1987; Trevawas and Gilroy, 1991) as well as the corresponding dynamic changes

of cellular Ca2+ concentration and distribution (Meyer, 1991; Meyer and Stryer, 1991)

underline a potential role in salt stress signal transduction.

Membrane Ca2+-ATPase is important for the regulation of intracellular Ca2+

concentration in animals (Carafoli, 1987). The presence of membrane associated Ca2+

ATPase in higher plants has been demonstrated (Rasi-Coldogno et al., 1989; DuPont et

al., 1990). In tomato plants, NaCl shock for 24 hr induced a 3-fold increase in the
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transcript of endoplasmic reticulum Ca2+-ATPase (Wimmers et al., 1992). A similar

result was obtained in NaCI-adapted tobacco cells (perez-Pratet al., 1992). These data

indicate that salt stress may also affect cellular Ca2+ activity by regulating Ca2+-ATPase

gene expression, as seen in animal systems.

H+-ATPase

The relationship between H+-ATPase and NaCI tolerance is another focus of study

due to the importance of proton motive force in maintaining membrane functions. In

barley roots, H+-transport increased with NaCI treatment and cycloheximide prevented

the increase (Matsumoto and Chung, 1988). Biochemical properties including optimum

pH (7.5), nitrate inhibition, and Cl'-dependence, indicates a tonoplast origin. The Km

for ATP is the same (0.5 mM) for both the control and the salt-stressed roots. These

results suggest an increase in the ATPase amount rather thanalteration of its biochemical

properties. Such an increase in H+-transport activity during the early stages of NaCI

stress may be an adaptive mechanism in barley. This conclusion agrees with the result

of cytochemical localization of ATPase activity in tomato (Lycopersicon esculentum

Miller) roots (Sanchez-Aguayo et al., 1991).

The relative H+-transport capacity per unit of 70 kD subunit of tonoplast ATPase

from NaCI-adapted tobacco cells was four times greater than that of the control cells

(Reuveni et al., 1991). There was also an increase in specific H+-transportcapacity for

ATP hydrolysis after cells were adapted to salt. However, the abundance of 70 kD

subunit mRNA was not significantly different between NaCI-adapted and thecontrol cells

---- --- --- -
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(Narasimhan et al., 1991). Induction of the message occurred only in NaCI-adapted cells

that were grown without salt before re-exposure. These results suggest that adaptation

to NaCI in tobacco cells involves both quantitative and qualitative alterations in the

tonoplast H+-ATPase.

Biochemical analyses of native plasmalemma H+-ATPase indicated no major

differences between glycophytic (Plantago lanceolata L.) and halophytic (Plantago

maritima L.) species, or among halophytic species treated with various levels of NaCI

(Bruggemann and Janiesch, 1989). These results suggest that salt tolerance is not related

to modifications in the plasmalemma H+-ATPase. However, the activity of plasma

membrane H+-ATPase in tomato roots was reduced in salt stressed plants (Gronwald et

al., 1990). In Dunaliella salina (Dunal) Teod, increased activity of plasmalemma H+

ATPase was positively related to the cell volume increase and recovery from NaCI shock

treatment (Oren-Shamir et al., 1988).

Na+/H+ antiporter

The activity of tonoplast Na+/H+ antiporter appears to be important for maintaining

proper cellular pH during salt stress. When challenged with NaCI or KCI, NaCI

acclimated tobacco cells showeda greater H+ extrusion rate than the control cells (Watad

et al., 1986). Fusiccocin stimulated H+ extrusion was more than 2-fold higher in

acclimated cells. A greater difference in plasmalemma potential responding to external

K+ rise occurred in the NaCl-acclimated cells than the control cells, indicating a higher

membrane permeability to K+. Addition of vanadate to the control cells, suspended in



14

10 mM KCl, resulted in alkalization of the medium. In both cell types suspended in 10

mM KCl, vanadate did not affect the acidification caused by 100 mM NaCI or KCl for

the first 2 hr. However, when NaCI-acclimated cells resuspended in 10 roM KCl were

treated with 100mM NaCI or KCl for 4 hr, alkalization occurred. These results suggest

the Na+ extrusion by Na+IH+ antiporter.

Na"IH+ exchange activity was rapidly induced (a half time of 15 minutes) in salt

tolerant barley (Hordeum vulgare CM 72) root tonoplasts, when the plant was exposed

to 100mM NaCI(Garbarino and DuPont, 1989). The activity disappeared witha similar

time course on return to salt free medium. The increased Na+/H+ exchange resulted

from activation of an existing protein, as similar increase were observed even in the

presence of cycloheximide and amino acid analogs.

Enzyme activity

Major metabolic enzymes from salt-tolerant and salt-sensitive species are virtually

indistinguishable. Malate dehydrogenase, aspartate transaminase, glucose-6-phosphate

dehydrogenase from halophytic (Atriplex spongiosa F.v.M. and Salicornia australis

Banks et Sol) and glycophytic (Phaseolus vulgaris L. var Hawkesbury Wonder) species

shared similar in vitro NaCI sensitivity (Greenway and Osmond, 1972). Moreover, the

activity of glucose-6-phosphate and malate dehydrogenase from the salt-tolerant species

Suaeda maritima L. (Dum) was inhibited by 30% to 40% with 333 roM NaCl, even

though the cell contained 800 mM Na" (Flowers, 1972). The effect of NaCI on these

enzymes was comparable to their counterparts from the salt sensitive Pisum sativum L.

..-.---_._-
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cv. Greenfeast. While limited in scope, Flowers et al. (1977) conclude that "halophytic

enzymes are neither remarkably salt tolerant nor salt requiring" .

Ribosome and RNA activity

Ribosome structure or stability are similar among Triticum aestivum L. cv. Falcon,

Hordeum vulgare L. (cv. Clipper and cv. Abyssinian), Beta vulgaris L. spp. vulgaris

cv. and marine algae such as Ulva lactuca L., Enteromorpha sp., Cladophora sp. and

Corollina sp. (Brady et al., 1984). The ionic requirements of RNAs from plants of

differing salt sensitivity were similar (Gibson et al., 1984). RNAs responded to ions and

compatible organic solutes similarly. The optimal monovalent and divalent ion

concentrations for translation of mRNAs were independent of salt tolerance of plants.

MOLECULAR MECHANISMS OF SALT TOLERANCE

Proteins and cDNA clones induced in salt-acclimated plant cells

Several salt tolerant cell lines have been selected using tissue culture (Binzel et al.,

1985; Spiegel-Roy and Ben-Hsyyim, 1985; Winicox et al., 1989). Plants regenerated

from salt acclimated cells of tobacco (Nabors et al., 1980; Bressan et al., 1985), rice

(Yano et al., 1982)and alfalfa (Winicov, 1989) showed enhanced tolerance. Acclimation

also resulted in enhanced salt tolerance of sorghum (Amzallag et al., 1990).
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Understanding the mode of salt acclimation at the molecular level using tissue culture

system may help to develop salt tolerantplants (Hanson, 1984).

Osmotin

After acclimated to 1% NaCI, Nicotiana tabaccum L. var W38 cells produced a

higher level of 20 kD and 32 leD peptides and a newly induced 26 leD protein, termed

osmotin (Ericson and Alfinito, 1984). Induction was associated with the acclimation to

NaCI as theseproteins disappeared after the cells were returned to unamended medium.

Later studies demonstrated lower levels of osmotin synthesis in unstressed cells (Singh

et al., 1985). Furthermore, the amount of osmotin synthesized was proportional to the

level of NaCI to which cells were acclimated (LaRosa et al., 1989). During the course

of acclimation, osmotin synthesis commenced with cell growth. Thus, it may not be a

salt shock protein per se, but a protein of physiological importance during acclimation.

King et al. (1986) reported the occurrence of osmotin in stems, roots and leavesof non

stressed plants, suggesting a role in normal growth and development.

Osmotin occurs in several isoforms (Singh et al., 1987); two major forms were

identified based on solubility; osmotin-I (water soluble) and osmotin-ll (detergent

soluble). Both isoforms are similar in size and pI (8.2) and immunoreact with

antiosmotin-I. However, osmotin-ll is much more resistant to protease digestion than

osmotin-I. Osmotin-I is rich in cystine and proline but low in histidine and methionine.

Osmotin-I shares 55%, 62% and 59% amino acid sequence homology with thaumatin,
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tobacco pathogenesis related protein, and maize trypsin!a-amylase inhibitor respectively.

Osmotin concentrates in vacuoles of salt-acclimated cells (Singh et al., 1987).

The regulation of osmotin promoter during tobacco plant development and salt

adaptation was studied (Kononowicz et al., 1992). In transformed plants, grown in the

absence of salt, a low GUS activity was detected in roots, stems, leaves and reproductive

organs, whereas a high GUS activity was found in mature pollen grains after anther

dehiscence. After the transgenic plants were adapted to 171 roM NaCI for 30 days,

increased GUS activity was detected in root and stem epidermis and leaf trichomes and

epidermis. These results indicate both temporal and spatial expression patterns of

osmotin promoter activity as well as adaptive responses to salt stress. Osmotin mRNA,

but not protein, accumulated in some tissues in response to ABA treatment, wounding

and tobacco mosaic virus infection (LaRosa et al., 1992). Exposure to NaCI resulted in

accumulation of high levels of both mRNA and the protein. These results indicate the

post-transcriptional regulation of osmotin gene expression.

NP24

An osmotin-related peptide, NP24, was found in tomato cells (King et al., 1986).

NP24 is 82% and 92% similar to osmotin at the nucleotide and amino acid level

respectively and shares 58% homology with thaumatin II (Singh et al., 1989). This

protein is localized within cytoplasm and not excreted into the medium. NP24

accumulated during the log phase growth in both 2.5 % NaCI acclimated and control cells

(King et al., 1986). Decline of NP24 level coincided with cells transfer to salt free
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medium. NP24 was not detected in l-day old roots but was present at very low levels

in 7-day old roots of unstressed plants. However, both NP24 protein and mRNA were

present at much higher levels after 8 hr of salt shock. NP24 was also induced by 1%

KCl and 20% PEG, but not heat shock. Therefore, the accumulation of NP24 may

depend on the osmotic strength of medium rather than Na+ toxicity. There was no

quantitative difference in the amount of NP24 among wild type Lycopersicon cheesmanii

(salt tolerant), the cultivated tomato L. esculentum cv. VFNT (salt sensitive) and a

closely related species Solanum pennellii accesion Atico. This protein is also present in

potato, petunia, datura, alfalfa, Medicago sativa L. and Phaseolus vulgaris L. A

corresponding cDNA clone was isolated from 171 mM NaCl treated (8 hr) roots of

Lycopersicon esculentum cv. UC82B (King et al., 1988).

50 kD peptide

A 50 kD osmotin immunoreactive peptide was found in both unadapted and NaCl

adapted suspension cells of the halophyte Atriplex nummularia L. (Casas et al., 1992).

Southern analysis indicated the presence of osmotin-like multigene families and two

distinct cDNA clones (pAS and pA9) were isolated. The pAS transcripts accumulated in

both unadapted and NaCl-adapted (342 mM) cells and increased with ABA treatment.

In contrast, pA9 message was highly induced by NaCI but not ABA treatment. These

results suggest that halophytic osmotin-related genes have different regulatory properties

than tobacco counterparts.
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Sugarcane proteins

The syntheses of 18 proteins in sugarcane suspension cells were altered during NaCI

acclimation as shown by in vivo labeling (Ramagopal and Carr, 1991). Three proteins

were newly induced: 2 proteins (22.2 and 24.8 kD) in 0.5% NaCI-acclimated cells and

1 protein (22.2 kD) in 1% NaCI-acclimated cells. The synthesis of all three proteins was

enhanced at 1.5% NaCl. For a group of 12 proteins (17.9 kD to 40 kD), the synthesis

was enhanced by 1% and 1.5% NaCI but for another group of 3 proteins (32.3,33.0 and

40.7 kD) the synthesis was reduced.

Levels of total RNAs and poly (A) RNAs were lower in salt acclimated cell lines.

In vitro translation studies indicate accumulation of 26 mRNAs (products range from 14

to 41 kD) in salt acclimated cells. There were 6 mRNAs newly induced (2 by 0.5 % and

4 by 1%) by NaCI and all 6 increased at 1.5% NaCl. A group of 12 mRNAs was

enhanced by 1% and 1.5 % NaCI, while another 3 mRNAs were reduced. One mRNA

decreased at 0.5 % NaCI but was enhanced at 1% and 1.5 % NaCl. Synthesis of four

mRNAs was inhibited by salt treatment. For 3 proteins, their equivalent in vitro

translation products were missing. For 11 mRNAs, no corresponding in vivo proteins

were identified. Together, these data illustrate the molecular complexity of salt stress

in sugarcane and indicate several levels of control for gene expression during salt stress.

In sugarcane, salt might regulate gene expression at transcriptional, post-transcriptional

and translational levels.
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Salt stress induced eDNA clones and corresponding proteins

Plant responses to salt stress are both developmental stage and organ dependent.

Such dependence is also shown at the molecular level.

TAS14

Godoy et al. (1990) characterized a salt-induced eDNA (TASl4) from tomato, L.

esculentwn var. Rutgers. Hybrid-select translation showed that TAS14 encodes a single

polypeptide of 16 kD with a pI 6.5. The mRNA was induced in 7 to 8-day old seedlings

subjected to either 171 roM NaCI, 0.01 mM ABA or 300 roM mannitol for 24 hr. The

mRNA is present in roots, stems and leaves of treated seedlings but not in the same

organs of controls. Neither cold treatment nor wounding treatment induced TAS14

transcript. Southern analysis indicated that there may be a single TAS14 gene per haploid

genome of tomato.

pRAB21

Mundy and Chua (1988) identified pRAB21 from water stressed rice plants.

pRAB21 mRNA and protein accumulated in embryos, leaves, roots and suspension cells

upon NaCI (200 mM, 1.2 %) treatment. The maximal level of accumulation occurred

after 12-24 hr of treatment. When rice suspension cells were treated with ABA, pRAB21

mRNA accumulated within 15 min, even in the presence of protein synthesis inhibitors.

RAB21 (21 kD) is a basic (pI 9.4) and glycine-rich protein which is present in the

cytosol.

---------_ .._--- ._-_..__._-------------_. ---
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salT

A eDNAclone(sal1) encoding a salt-induced proteinwasisolated from rice (Claes

et al., 1990). Coomassie stainable amounts of thisprotein (15 kD, pI 5.5) were induced

in seedlings treated with 1% (W/V) salts of MS medium (Murashige and Skoog, 1962)

for 4 days. The protein contains glycine-rich repeats and lacks any apparent targeting

signals. The absence of targeting signals suggests that transport to organelles or to the

cell wall is unlikely.

Three daystreatment (1 % MS salts) induced salT mRNA accumulation in roots and

sheaths but not leaf laminae. The greatest difference in salT message levels between

control and treated plantsoccurred in sheaths, which accumulated moreNa+ than the leaf

laminae did. The salT message accumulated 2-6 hr after the treatment, in sheaths and

roots from mature plantsand seedlings upon treatment with 1% MS salts, dry air, ABA

(20 JLM), PEG (5%), NaCI or KCI (1 %). The function of salT product in osmotic

adjustment remains unknown.

Betaine aldehyde dehydrogenase (BADH)

Betaine commonly accumulates in leaves of many species in Chenopodiaceae,

Gramineae and several other species in response to salt or drought stress (Wyn Jones,

1979). Betaine is postulated to serve as a nontoxic cytoplasmic osmoticum during salt

stress. The enzyme, which oxidizes choline to betaine, betaine aldehyde dehydrogenase

(BADH), increases upon salt treatment. Elevated levels of both BADH protein and

mRNA occurred in salt treated spinach leaves (Weretilnyle and Hanson, 1989). The
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activity of BADH increased 3-fold in response to long term salinization with 300 mM

NaCI or salt shock (200 rnM). The amino acid sequence deduced from a cDNA from

Spinacia oleracea L. shares substantial homology with nonspecific aldehyde

dehydrogenases from microbial and mammalian sources (Weretilnyle and Hanson, 1990).

When hydroponically grown barley was treated with 200 mM NaCI (7 days), betaine and

BADH increased for 7-fold and 3-fold respectively, beginning at about 24 hr after salt

stress (Arakawa et al., 1990).

Salt shock responses

Rapid responses to salt treatment may prove to be important for salt tolerance since

effects of sudden changes in osmotic pressure and excessive ions can be acute unless they

are quickly alleviated. Cellular mechanisms elicited by salt shock may differ from

gradual adaptive mechanisms for salt tolerance.

Amino acid uptake into maize calli was rapidly inhibited 40 to 50% after 4 hr NaCI

treatment (Ramagopal, 1986). However, inhibition of growth required 7 days for maize

calli exposed to NaCI (1%, 2%, and 3%) or mannitol (3.6%, 7.3%, and 14.6%). The

effect of mannitol was delayed and less severe. The relative rate of protein synthesis was

inhibited more than 80% in NaCI (3%) treated maize calli. The overall decrease in

protein synthesis was accompanied by increased levels of several peptides. Three

proteins (74, 28.5 and 26.2 kD) were synthesized de novo in both NaCI and mannitol

treated calli. The synthesis of a 30 kD peptide was enhanced at 0.5% and 1% NaCI but
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not at higher salt levels. The syntheses of three proteins (16.5, 39.0 and 39.5 kD) were

enhanced specifically by mannitol treatment.

The mechanistic differences between salt shock and salt acclimation are also

supported by a study on alfalfa calli (Winicov et al., 1989). Salt tolerant alfalfa calli

HG2-Nl, selected from a sensitive callus line HG2, were acclimated to 1% NaCl. HG2

cells, salt-shocked for 24 hr, produced a different set ofde novo synthesized proteins (14

to 83 kD) and mRNAs than did HG2-Nl cells grown continuously with salt.

Genotypic responses

Molecular responses of different genotypes to salt stress may contribute to the

understanding of mechanisms of salt tolerance (Hanson, 1984). As revealed by in vivo

35S-methionine labeling, salinity elicited differential gene expression in two barley

cultivars, the tolerant CM72 and the sensitive Prato (Ramagopal, 1987a). Protein

synthesis in roots salt-shocked with 2%NaCI for 6 hr was similar in both genotypes: de

novo synthesis of 6 peptides and quantitative changes including enhanced synthesis of 8

proteins and reduced synthesis of 15 proteins. In shoots, synthesis of 5 proteins was

enhanced and synthesis of 4 proteins was reduced. Among the 5 de novo synthesized,

shoot-specific proteins, 2 were unique to CM72 while 3 were found only in Prato. These

newly synthesized proteins ranged from 20 to 27 kD in size and had a pI range of 6.1

to 7.6. Thus, both quantitative and qualitative changes of gene products occurred in

response to salt stress in various genotypes.

---------- -_.... -
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Comparable results were obtained from invitro translation experiments (Ramagopal,

1987b,c). Twelve new root mRNAs were induced by salt treatment, of which seven and

three were found only in CM72 and Prato, respectively. Two peptides were common

to both cultivars. In vitro translation products ranged from 21 to 34 kD and pI 6.1 to

7.7. In shoots, 9 new mRNAs were induced by salt, of which four were CM72 specific;

6 were Prato specific, with 1 common to both. The newly induced mRNAs encoded

proteins of 18-51 kD with a pI range of 5.4 to 7.8. Taken together, these results also

suggest that transcriptional and post-transcriptional mechanisms play roles in the control

of gene expression during salt stress in barley.

In contrast, Hurkman and Tanaka (1987) reported only quantitative changes in

synthesis of some peptides from the tolerant barley cultivar (CM72), in seedlings salt

grown (NaCI, 200 mM» for 6 days or after salt-shock for 24 hr. No new proteins were

induced by either treatments. The most pronounced change was the enhanced synthesis

ofa pair of proteins (26 and 27 kD) present in the cytosol and microsomes. Salt induced

changes in protein declined after the seedlings were transferred back to non-saline

medium. Changes in 26 and 27 kD proteins were also detected in various cell fractions

enriched in endoplasmic reticulum, tonoplast and plasma membrane (Hurkman et al.,

1988). Neither protein cross-reacted with antiosmotin-I; however, the 26 leD protein

immuno-reacted with the wheat germination-related protein, germin (Hurkman et al.,

1991).

The discrepancies between the above studies may lie in the time of exposure and

severity of stress as Robinson et al. (1990) later also observed qualitative changes in
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protein synthesis in barley (CM72). In salt-shocked (12 hr) barley seedlings, 3 proteins

were de novo synthesized, but disappeared after 24 hr. Longer salt treatment resulted

in only quantitative changes in protein synthesis; the most prominent being the 26 and

27 kD peptides.

Genotypic responses to salt stress were observed in gene expression in roots of the

octoploid cross of salt sensitive and tolerant amphiploid wheats (Gulick and Dvorak,

1987). Although there were 34 transcripts altered by salt treatment (16 new, 7 enhanced,

5 reduced and 6 absent) in one of the parent (Chinese Spring), only 18 transcripts were

altered in the amphiploid. Among these, 5 were newly induced, 5 were enhanced and

the remaining 8 were repressed. Recently, cDNA clones for 11 enhanced mRNAs in the

same species were analyzed. The mRNAs for all 11 clones were induced after exposure

to 250 mM NaCI for 2 hr and reached maximum levels after 6 hr. For one group,

mRNAs declined to basal level by 24 hr, while the decline of another group was much

slower, requiring 3 to 7 days. The coordinate expression of these genes suggests the

existence of a specific "early salt stress response" (Gulick and Dvorak, 1992).

In summary, these data indicate that salt stress affects gene expression in organ and

genotype specific manner. Regulation may occur at transcriptional, post-transcriptional

and translational levels.
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SIGNAL TRANSDUCTION

Introduction

In all living organisms, external stimuli are perceived and signals are transmitted

toward responsive targets resulting in subsequent biological responses. In animal

systems, the paradigm of signal transduction involves the phosphatidylinositol (PI)

pathway (Berrige and Irvine, 1989). Phosphatidylinositol 4,5-bisphosphate (pIP~,

formed by a two-step phosphorylation of PI, resides in the cytoplasmic face of plasma

membrane. On receipt of the stimulus, the receptor in the external leaflet of plasma

membrane coupled with a group of GTP-binding proteins activates phospholipase C

(PLC) in the plasmalemma. Activated PLC hydrolyzes PIP2 into diacylglycerol (DAG)

and inositol 1,4,5-triphosphate (IP3)'

DAG and some phospholipids (e.g. phosphatidylserine) are potent effectors for the

Ca2+ activated protein kinase C (Nishizuka, 1984), increasing its affinity for Ca2+. IP3

acts on intracellular Ca2+ stores resulting in an increase of intracellular Ca2+. The

increase of Ca2+ is thought to activate a number of enzymes, Ca2+-binding proteins (e.g.

calmodulin) and a group of Ca2+-dependent protein kinases. The combination of the

increased intracellular Ca2+ level and activated protein kinases results in cascades of

protein phosphorylation which regulate diverse cellular responses.

Components of the PI cycle, e.g. PIP and PIP2, are present in plant membranes

(Sommarin and Sandelius, 1988; Chen and Boss, 1990), cytosol (Okpodu et al., 1990)

and nucleus (Hendrix et al., 1989). Both PI and PIP kinases were isolated from plasma
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membranes of wheat shoots and roots and carrot cells (Sandelius and Sommarin, 1986;

Sommarin and Sandelius, 1988). DAG kinase was found in wheat root membrane

(Lundberg and Sommarin, 1992). PLC activity was found in wheat root (Melin et al.,

1987) and was partially purified from the plasmamembranes (Melin et al., 1992). Both

PLC and phosphomonoesterase activities were also found in the plasma membrane of

Dunaliella salina (UTEX 1644) (Einspahr et al., 1989). The occurrence of these two

enzymes may account for the rapid (within 2 to 4 minutes of treatment) breakdown or

increaseof PIPzandPIP following hypoosmotic (Einspahr et al., 1988a) or hyperosmotic

shock (Einspahr et al., 1988b). Taken together, the current data support the presence

of the IP3 pathway in plant systems (Einspahr and Thompson, 1990; Drobak, 1991) but

with certain variations in details from animal system (Morse et al., 1989; Xu et al.,

1992).

Salt stress (120 mM NaCl) increased cytoplasmic Ca2+ activity in com root

protoplasts as shown by enhanced Indo-l fluorescence (Lynch et al., 1989).

Furthermore, the rise of Ca2+ was reduced by Li" pretreatment and reversed by inositol.

These results suggest that NaCl may increase cytoplasmic Ca2+ activity through the

phosphoinositol pathway.

Protein phosphorylation

Protein phosphorylation, a covalent modification of protein via ester linkage of the

phosphorus to the hydroxyamino acids, plays important roles in growth, development,

gene expression and signal transduction in biological systems (Krebs, 1985; Hunter,
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1987; Pawson, 1991). The pivotal role of protein kinases in metabolism is well-

illustrated by the regulation of glycogen breakdown by phosphorylation/dephosphory

lation of phosphorylase kinase (Cohen, 1982). Cell division is closely related to the

activity of certain protein kinases, e.g. in yeast, one control point of cell cycle (Gl) is

regulated by a cascade of at least three protein kinases (products of CDC2, Weel and

nim). Changes in cytoskeletal organization depend on protein phosphorylation (Hunter,

1987). In animals and other eukaryotes, phosphorylation of initiation factor eIF-2a often

correlates with repression of protein synthesis, while phosphorylation of ribosomal

protein 86 correlates with activation of protein synthesis (Hershey, 1989). The activities

of several transcription factors are regulated by protein phosphorylation (Hunter and

Karin, 1992). Expression of many genes is closely regulated by protein phosphorylation.

The function of protein phosphorylation is analogous to the transistors or chips in

computers functioning as a switch as well as an amplifier (Hunter, 1987). The high

sensitivity to activators/inhibitors of protein kinase/phosphatase, the reversibility of the

reaction and the elaborate network cascades together make protein phosphorylation an

excellent mechanism for transducing signals.

Protein phosphorylation in plants

The significance of protein phosphorylation in plants was reviewed by Ranjeva and

Boudet (1987). Plant cell division is closely associated with nuclear protein

phosphorylation (Melanson and Trewavas, 1982). This is substantiated by the

identification of a cdc2 gene (cell division associated gene) homologue and its product
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p34, a histone kinase, in Pea and several other plant species (Feiler and Jacobs, 1990).

The recent report on isolation of a eDNA clone (R2) of a novel cdc2+ICDC28-related

protein kinase from rice cells (Hata, 1991) provides further evidence.

Several chloroplast membrane proteins (SolI, 1985) and stromal components are

phosphoproteins (Foyer, 1985) including both the large and the small subunit of Rubisco

(Muto and Shimogawara, 1985). Several thylakoid proteins are phosphorylated in vivo

and in vitro. Chlorophyll alb-binding protein (LHCP) is phosphorylated by a light

dependent protein kinase which is activated by the pool of reduced plastoquinone (Horton

et al., 1981). The phosphorylation is reversed by a light-insensitive phosphatase in the

thylakoid membrane. The phosphorylation cycle of LHCP induces changes in energy

transfer between photosystem (PS) I and II. When LHCP is phosphorylated, light energy

is transferred to PSI; conversely, the distribution of excitation energy is in favor of PSII

when LHCP is dephosphorylated. Together with other results (Bennett et al., 1980;

Allen, 1983), these studies underline the importance of reversible phosphorylation in

regulating light energy distribution between the two photosystems.

Many plant enzymes are regulated by reversible phosphorylation, for instance,

pyruvate dehydrogenase (PDC) (Randall et al., 1981) and quinate:NAD oxidoreductase

(QORase) (Refeno et al., 1982). The proton-pumping activity of plasmalemma H+

ATPase is regulated by reversible phosphorylation (Zocchi, 1985). Phosphorylation of

the H+-ATPase is stimulated by Ca2+ and CaM, indicating the possible involvement of

Ca2+-dependent and CaM stimulated protein kinases. Similar results were obtained for

the oat and potato root plasmalemma Ht-A'I'Pases (Schaller and Sussman, 1988). The
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relative activities of fructose-6-phosphate, 2-kinase and fructose-2,6-bisphosphatase, I.e.

phosphorylation/dephosphorylation, determine the concentration of fructose 2,6

bisphosphate, an important regulatory metabolite for carbohydrate metabolism (Stitt et

al., 1984; Huber, 1986). Protein phosphorylation regulate activities of sucrose phosphate

synthase (Huber et al., 1989; Huber and Huber, 1991) and phosphoenolpyruvate

carboxylase (Jiao and Chollet, 1988; Jiao and Chollet, 1991). Activities of both enzymes

are inversely modulated by protein phosphorylation in response to the addition of nitrate

(Champigny and Foyer, 1992). Both redirect the flow of carbon away from sucrose

biosynthesis toward amino acid synthesis depending on their state of phosphorylation.

Plant protein kinases

As compiled in a 1990 review (Budde and Randall, 1990), there were 36 different

plant protein kinases characterized at that time. Serine was the most often

phosphorylated residue followed by threonine. Ten of the 36 protein kinases are Ca2+

dependent or Ca2+-stimulated. Many of these kinases are further stimulated by

calmodulin. Some of the protein kinases use phospholipids or free fatty acids as

effectors.

Soybean calmodulin-like domain protein kinase (CDPK) is the most widely studied

among the Ca2+-dependent protein kinases in plants (putnam-Evans et al., 1990; Roberts

and Harmon, 1992; Harper, 1994). The soybean CDPK has a native molecular weight

of 52.2 kD. The catalytic and autoinhibitory domains are similar to corresponding

domains of the calmodulin dependent protein kinase. The autoinhibitory domain contains

---_..._. -_....
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a sequence which may function as pseudosubstrate to inhibit the activity by binding to

the active site (Harmon et al., 1994; Harper et al., 1994). The regulatory domain

contains four calcium binding domains and is 39% identical to calmodulin. The presence

of this domain accounts for the ability of CDPK to bind and be activated by calcium, but

not calmodulin (Harper et al., 1991). The features of soybean CDPK molecular

structure classify this group to a family of calcium regulated protein kinases unique to

plants.

Stress and protein phosphorylation

Osmolarity

In E. coli, stimulus-response coupling often involves two families of signal

transduction proteins; one corresponds to the intracellular signalling domain of membrane

proteins as receptors; the other is a set of homologous cytoplasmic proteins functioning

as response regulators transducing information from the receptors to appropriate adaptive

response elements (Bourret et al., 1991). In most cases, one component of the

regulatory pair is an autophosphorylatable histidine kinase. The phosphoryl group from

the histidine protein kinase is then transferred to an aspartic acid residing within the

conserved domain of the response regulator which controls an array of cellular activities

including motility and gene expression. The level of phosphorylation of regulator is

further controlled by associated phosphatase activities .

...----- -- ---------------------
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This conserved signal transduction mechanism functions in the regulation of outer

membrane porin synthesis in response to changes in medium osmolarity (Bourret et al.,

1989; Stock et al., 1991). In E. coli K12, outer membrane permeability is mainly

determined by two pore-forming proteins, OmpF and OmpC. The cell responds to

changes in the osmotic strength of the culture medium by varying the ratio of OmpF to

OmpC. OmpF (for large pores) predominates at low osmotic strength while OmpC (for

small pores) is more abundant at high osmotic strength.

Porin gene expression is controlled by the membrane receptor EnvZ and the

response regulator OmpR (Igo et al., 1989). The cytoplasmic domain of EnvZ

(transmitting environmental cues) is autophosphorylated in the presence of ATP and this

phosphoryl group is then passed to OmpR. Phosphorylation of OmpR (a kinase)

enhances its binding to promoter regions of porin genes. Depending on the particular

site involved, binding can either activate or repress transcription (Aiba et al., 1989a).

EnvZ, a histidine kinase, can also function as a phosphatase facilitating the

dephosphorylation of phospho-OmpR (Aiba et al., 1989b; Yang and Inouye, 1991).

Heat shock

Heat shock results an increase in the level of endogenous histone HI

phosphorylation in Tetrahymena pyriformis (Glover et al., 1981). The increased histone

HI phosphorylation following heat shock is reversible and inhibited by cycloheximide

pretreatment (10 p.g/mL). A stimulation of at least 3 phosphoproteins was observed in

heat-shocked parsley suspension cells (Dietrich et al., 1990).

---------



33

In eukaryotes, several protein kinases, such as tyrosine kinases encoded by

oncogenes, are transiently complexed with hsp90 which is highly phosphorylated on

serine and threonine residues (Schlesinger, 1990). Further study shows that hsp90

possesses an ATP binding site and autophosphorylation activity, suggesting an intrinsic

kinase property (Cserrnely and Kahn, 1992). The kinase which phosphorylates the

eukaryotic translation/initiation factor, eIF-2a subunit, is activated by hsp90, which in

tum causes an arrest in the initiation of translation of protein synthesis (Matts and Hurst,

1992). In hamster cells, transient activity of a serine protein kinase is responsible for

phosphorylating hsp27 during heat shock (Zhou et al., 1993).

Heat shock treatment of rat embryo fibroblasts results in a 60% increase in cytosolic

protein kinase C activity (Wooten, 1991). The cell lysates exhibit a marked

Ca2+Iphospholipid-dependent phosphorylation of several endogenous PKC substrate

proteins including the 28 kD HSP. In eukaryotes, the increased transcription of HS

genes is mediated by the activation of heat shock transcription factor (HSF) and

phosphorylated HSF is correlated with the increased transcription activity (Morimoto et

al., 1992). Phosphorylation of HSF may be important for attaining maximal inducible

transcription activity or for attenuation of the heat shock response.

Cold shock

Cold shock treatment (2°e, 5 min) increased phosphorylation of microsomal vesicle

proteins of com roots (Zocchi et al., 1983). Four phosphoproteins were newly induced

and at least 6 proteins exhibited elevated phosphorylation. The enhanced phosphorylation
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of microsomal proteins correlates with 25% loss of total ATPase activity. The same

treatment (2·C, 5 min) resulted in 20-24% higher Ca2+ influx in corn roots (ZOechi and

Hanson, 1982).

Pathogen injection

Plants respond to pathogens (e.g. fungal elicitor) rapidly and accumulate

antimicrobial compounds such as phytoalexin (Lamb et al., 1989). In elicitor treated

parsley suspension cells, a group of 6 proteins were rapidly phosphorylated (Dietrich et

al., 1990). Among these, pp45a was detected as early as 1 min after addition of elicitor

and reached its maximum activity around 30 min. This protein was associated more with

microsomal fraction than with cytoplasmic fraction.

This stimulated phosphorylation is Ca2+-dependent, transient and reversible after

removal of the elicitor. The enhanced phosphorylation coincided with the accumulation

of messages for phenyl alanine ammonia lyase and 4-coumarate:CoA ligase, which are

important for phytoalexin synthesis. Taken together, these results correlate changes in

protein phosphorylation with the biological response (e.g. phytoalexin accumulation and

transcriptional activation of the corresponding genes) to a stress (fungal elicitor).

Salt stress

NaCl (100 mM) did not alter the phosphorylation of any polypeptide from barley

roots that were salt-grown (7 days) or salt-shocked (10 min), as shown by both in vivo

and in vitro assays (Garbarino et al., 1991). However, a 10 min salt shock with 150

._._..._--- ------- ._. --.
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mMNaCI resulted in enhanced phosphorylation of 13, 15and 17kD proteins in the post-

microsomal supernatant shown by in vivo assay. Since growth of barley roots was

severely depressed by 150 mM but not 100 mM NaCI, it is possible that this enhanced

phosphorylation was a response to cellular injury.

The NaCI induced rice protein RAB21 occurs as multiple isoelectric forms (Mundy

and Chua, 1988), which are modified by phosphorylation (Goday et al., 1988). A maize

homologue, RABI7, is highly phosphorylated in dry embryos (Vilardell et al., 1990).

A putative casein kinase phosphorylatable sequence, using serine as phosphorylation

residue, was identified in RAB17. In tomato, salt-induced TAS14 protein occurs in

various isoforms which differ in extent of phosphorylation (Torres-Schumann et al.,

1991). However, the kinases involved and the significance of phosphorylation remain

unknown.
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CHAPTERll

SIGNIFICANCE AND HYPOTHESES

Plant responses to salt stress are observed at the molecular level as presented in the

preceding literature review. Most of the research has been done on temperate crops, in

particular tobacco and barley. The complexity of salt tolerance is indicated by diverse

responses to salt stress among plants at the molecular level. This may be demonstrated

by the changes in synthesis of a large number of proteins.

Sugarcane is the world's largest field crop based on biomass (Buzzanell, 1991).

Salinity is suggested to contribute to decreased sugarcane production due to flowering

(Salunkhe and Desai, 1988). High salt reduces growth (Nimbalker and Joshi, 1975),

sugar yield (Bernstein et al., 1969) and juice quality of sugarcane (Ginoza and Moore,

1984), although sugarcane is moderately salt tolerant (Shannon, 1985; Maas and

Hoffman, 1977). Only limited information is available on changes in protein synthesis

in NaCI-acclimated sugarcane suspension cultured cells (Ramagopal and Carr, 1991).

Further studies on salt stress responses of sugarcane plants at the molecular level will

contribute to the understanding of salt tolerance mechanisms of this major tropical crop.

Signal transduction is an essential component of stress responses; however, limited

information is available for salt stress (Garbarino et al., 1991). Protein phosphorylation

plays important roles in signal transduction through highly sensitive and reversible

modulation of elaborate regulatory cascades in all organisms. The relation between salt

stress and protein phosphorylation is unknown and warrants investigation.

_._..--- - .._-----------------



Therefore, the following hypotheses are advanced.

I. Salt stress results in quantitative and qualitative changes in protein

synthesis in sugarcane.

II. The effectof salt stress on sugarcane protein synthesis is

organ specific.

m. Salt stress causes changes in phosphorylation pattern of sugarcane

phosphoproteins.

IV. Salt stress activates putative sugarcane protein kinases

which are membrane-bound and Ca2+-regulated.

---------_....•. -_.._----_._------------ --.. --_.
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CHAPTERm

SALT STRESS INDUCED CHANGES IN PROTEIN SYNTHESIS

IN SUGARCANE SE'IT ROOTS AND CELL CULTURES

INTRODUCTION

High salinity impedes plant growth, development, and reduces crop yields. Effects

of salt stress are also observed at the molecular level as shown by changes in protein

synthesis (Singh et al., 1985; Hurkman and Tanaka, 1987) and gene expression

(Ramagopal1987c; Singh es al., 1989).

Salinity imposes a threat to sugarcane production. In 1980, approximately 42,000

acres of sugarcane in Hawaii were irrigated with saline water (Santo, 1980). Although

sugarcane yields are known to be reduced by salinity, the basis for this reduction is

unknown. Only very limited information is available on responses of sugarcane cells to

salt stress at the molecular level (Moore, 1987a; Ramagopal and Carr, 1991).

Field crops of sugarcane are established by planting of setts. Setts are sugarcane

stalk cuttings containing one or more axillary buds and associated bands of root

primordia (Moore, 1987b). The response of sugarcane to salt stress at sett germination

stage is important since yield is a function of plant populations developed at this time.

Previous reports indicate that bud germination in setts is more tolerant to salt than is

subsequent growth (Gibalyand Goumah, 1969; Nimbalkar and Joshi, 1975; Moore,
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1987a and references therein). However, information on the underlying molecular basis

is lacking and wanted.

MATERIAL AND METHODS

Plant materials

Nine-month old sugarcane stalks (Saccharum sp. cv. Badila and Saccharum sp. cv.

H50-7209) were collected from plants grown in front of Hawaiian Sugar Planters'

Association (HSPA) building, Aiea, Oahu, Hawaii. Settscontaining an axillary bud and

associated bandsof root primordia were used. Setts from the 7th internode up from the

rooting zone were used for mature setts and setts from the 9th internode down from the

shoot apex were used for immature setts in the experiment of maturity effect on salt

stress responses. For all other experiments, the mature sugarcane stalks were used,

which were5 internodes up from the rooting nodes to 15 internodes down from the shoot

meristem were used.

Suspension cultured sugarcane cells (Saccharum sp. cv. H50-7209) were obtained

from HSPA. Cells were grown in 70 mL of White's medium (pH 5.8) supplemented

with 2% sucrose, 0.1% yeast extract and 2 mg/L 2.4 D in 250 mL Erlenmeyer flasks

and shaken at 25'C on a gyratory shaker (New Brunswick, NJ) in the dark. A 1% NaCI

acclimated cell line (CAlO) was established from this parental cell line by direct

acclimation to 1% NaCI for 6 months.

-------_... _-. __ . --_... ------------
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Salt stress treatment

Sugarcane setts (5 em long, 2-3 em diameter) were excised from the stalks using a

razor blade. Sett pieces were heated in 52°C water bath for 15 min to reduce fungi

infections and further sterilized by soaking in 0.01% NaCIO (20% of Clorox) for 20 min

followed by thorough rinse with sterilized water. Setts were planted in sterilized

vermiculite in an aluminum tray (9.5 x 5.5 x 3 inch) watered with water, I % or 2%

NaCI solution and germinated in a 29°C growth chamber in dark for 7 to 9 days. The

trays were covered with aluminum foil. Every other day, 200 mL solution was added

to replace water loss. All plantingprocedures were carried out in a laminar flow hood

using sterile equipment and media. For each salt treatment 5 setts were used.

The percentage germination of roots and shoots, root number, length, fresh weight

and dry weight of roots and shoots were measured. Cellular osmotic pressure was

measured in a Wescor vapor pressure osmometer (Logan, Utah). Cell sap was collected

after freezing tissues at -70°C overnight, thawing to room temperature, pressing with a

spatula and centrifugation at 1000 g.

Salt shock treatment

Water grown setts (germinated for 7 days) were replanted in an aluminum tray

containing vermiculite and salt-shocked with I % or 2% NaCI for 6hr. The tray was

covered with aluminum foil to insure saturated humidity.

----~~==== ---- ---
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In vivo labeling with ~S]-methionine and protein extraction

For root experiments, 30 root tips (0.5 em long) were gathered randomly from 5

setts for each treatment and placed in 0.5 mL corresponding solution with 50 #,Ci of

[3SS]-methionine (1146 Ci/mM, New England Nuclear, Boston, MA), at 150 rpm on a

gyratory shaker. Root tips were labeled for 4 hr. For shoots, three 1 mm thick discs

sliced from the attachment to the stalk were used. For suspension culture cells, 5 ml

(0.2 g) mid-log cells (18-20 days after inoculation) in sterile 50 mL tube containing

modified White's medium were used. To each treatment, 50 ILCi of [3SS]-methionine

(lCN) was added and cells were labeled for 3 hr. At the end of in vivo labeling, roots,

shoot discs or suspension cells were harvested by filtration and rinsed quickly with cold

water and frozen in liquid nitrogen. The samples were pulverized using mortar and

pestle under liquid nitrogen and proteins were extracted by phenol partitioning

(Ramagopal and Carr, 1991). Proteins were resuspended in IEF buffer for 2 dimensional

gel electrophoresis (IEF or NEpHGE).

Total RNA isolation and in vitro translation:

Mid-log phase cells (2 g) were harvested and frozen in liquid nitrogen. Total RNAs

were extracted using 4M guanidinium thiocyanate followed by phenol partitioning

(Chomczynski and Sacchi, 1987). Total RNAs were used for in vitro translation using

the wheat germ translation system from Boehringer MannheimBiochemicals. Translation

products were extracted by phenol partitioning (Ramagopaland Carr, 1991) and analyzed

by 2D-IEF/SDS-PAGE minigel system (Moisyadi and Harrington, 1989).
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Two-dimensional gel analysis

Proteins synthesized in vivo in settrootsor shootswereresolved by two-dimensional

NEpHGE (Ramagopal and Carr, 1991). A sample from each treatment containing 6 x

lOS cpm (TCA precipitated radioactivity) was analyzed. SDS-PAGE was carried out in

a multislabgel unit (Protean II, BioRad, California) using 16 x 20 em, 1 mm thickgels.

Protein synthesized in vivo in suspension cultured cells were analyzed by IEF-PAGE

using a minigel system (Moisyadi and Harrington, 1989). A sample fromeach treatment

containing 3 x lOS cpm (TCA precipitated radioactivity) was analyzed. Gels weretreated

with Enhance (NEN) and dried for fluorography.

RESULTS AND DISCUSSION

Response of sett roots to salt stress

Physiological responses

Sett rootpercentage germination and growth (expressed as fresh weight) in immature

setts were reduced to 40% and 36% of the mature setts at 1% NaCI respectively (Table

1). The germination was completely inhibited by 2% NaCl. In contrast, rootpercentage

germination in mature setts was unaffected by 2% NaCI, although root growth was

progressively inhibited by NaCI increase. The result indicates that resistance to salt

stress of sett roots is positively related to sugarcane stalk maturity.
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Table 1. Effects of NaCI on germination and growth of roots from mature and
immature sugarcane setts

Germination (%)

FW (mg)/root

DW (mg)/root

100

10.

1.

100

6

o

100

4.

o.

80

6.

o.

40

2.

o.

o
o

o

* Mature setts are from the 7th internode up from the root and immature setts are
from the 9th internode down from the shoot apex in the same stalk.

... __ - _.__. __._------------ _ ---.- __ ._---_._- -_ - .
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The difference in response to salt between roots from mature and immature setts

may in part lie in anatomical differences of stalks during maturation. Lignification and

silicium (SiOJ deposit in the rind tissue increase with stalk maturity (Ayres, 1933),

which may be less permeable to saline solution, as a well-thickened layer of silica in

leaves and stem cells retarded water loss from the plant (Lewin and Reimann, 1969).

In addition, immature setts may absorb more NaCl due to a lower content of sucrose in

the cells. The more severe damage of salt to the immature setts also exhibited by the

browning spots in these setts under salt stress. As buds in immature setts are not fully

developed (Moore, 1987b), no comparison was made for shoots.

Protein synthesis

The profile of protein synthesis is similar for roots from immature and mature setts

germinated in water (Fig. 1A and 2A). However, 1% NaCl elicited different responses

in protein synthesis in roots from setts of different maturity (Fig 1B and 2B). In roots

from immature setts, the syntheses of at least 51 proteins were altered by NaCl. Twelve

proteins were newly induced, 13 were enhanced and 26 were reduced (Table 2). Some

of the more prominent changes are indicated in the enclosed regions in Fig. lA and

shown in Fig. 1C.

In roots from mature setts, the syntheses of at least 98 proteins were affected by

salt. Thirteen proteins were newly induced, 44 proteins were enhanced, 39 proteins were

reduced and 2 proteins were suppressed below the level of detection by 1% NaCl (Table

3A). Some of the more pronounced changes are shown in Fig. 2D. In comparison,
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+
kD

93 -

69 -

46 -

30 -

14 -

(A)

Figure L'I'he profile of newly synthesizedproteins in roots from immature setts which
were grown in water (A), and in 1% NaCI (B). The enclosed regions in (A) from water
and 1% NaCI grown roots were compared (C). For all 2-D gels, open circles for proteins
induced, arrow for proteins enhanced, crosses for proteins disappeared and tailed arrows
for proteins reduced by salt stress with respect to the control. Protein samples containing
equal TCA perceptibleradioactivity (6 x 105 cpm) were analyzed by 2-D non-equivalent
gradient gel electrophoresis (NEpHGE) and visualized by fluorography.
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Table 2. Summary of changes of proteins synthesis in roots
from immature setts grown at 1% NaCI for 9 days.

Protein New Enhanced Reduced
------------------------------------------------------------

Mr (kD)

80.6 63.9 38.4 25.0
79.8 60.8 36.9 37.3
67.9 60.8 53.5 34.4
62.8 44.6 38.4 23.4
20.3 29.8 29.8 23.7
20.5 33.9 37.9 35.8
23.7 27.0 27.9 36.4
38.6 25.0 25.5 37.9
37.7 19.0 37.1 51.6
28.4 17.4 37.7 34.2
27.4 87.8 33.9 39.6
26.5 84.1 21.7 46.8

76.7 23.5
59.7

Total 12 13 26

*Mr (kD): Molecular mass of proteins expressed in lcD.
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Figure 2. The profile ofnewly synthesized proteins in roots from mature setts. Setts were
grown in water (A), 1% NaCI (B), 2% NaCI (C), and a comparison ofenclosed regions
from water, 1% and 2% NaCI stressed roots was shown in (D).

--_.-_._..... -- .._-_.- ---



kD

14 -

(B)

+

..,.
"i.~

.,--<~,:'.;"..;..,'
.. .
-......~..,,'!)' ~'

-
50



69 -

kD

93

(C)

-
+ -

51



52

--

o

-o
COz -c-



o

-o
CO
z

-o-

53



Table 3A. Summary of changes of protein synthesis in roots from mature
setts grown at 1% NaCI for 9 days.

Protein New Enhanced Reduced Disappeared
------------------------------------------------------------------------------

Mr (kD)

30.8 65.1 18.7 49.8 30.7 27.4
34.6 55.6 32.6 35.9 33.9 22.8
41.1 53.8 23.7 49.8 22.2
35.0 40.6 19.2 40.1 34.6
37.7 37.9 28.0 35.7 36.1
29.7 38.8 22.7 33.5 34.6
28.1 39.8 28.4 27.8 30.2
17.4 32.6 31.8 24.4 48.6
17.2 22.5 25.6 23.2 30.2
24.8 21.8 27.0 42.5 34.8
45.9 31.0 15.9 28.0 47.6
46.9 22.1 29.3 26.2 38.8
52.9 15.9 22.5 23.8 32.4

15.5 18.7 18.6 52.5
30.0 26.0 23.4 38.4
31.3 24.1 18.6 37.4
21.5 15.3 30.7 37.7
43.1 23.9 32.6 24.3
38.1 17.3 21.4 44.0
32.6 15.4 21.3
38.1 16.7
52.5 24.0

Total 13 44 39 2

*Mr (kD): Molecular mass expressed in kD

54
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Table 3B. Summary of changes of protein synthesis in roots from mature
setts grown at 2% NaCI for 9 days.

Protein New Enhanced Reduced Disappeared
-----------------------------------------------------------------------------

Mr (kD)

17.1 33.1 28.3 45.0 22.1 24.5
24.7 20.9 46.5 28.0 17.6 16.8
24.3 60.6 17.8 26.0 17.5 16.6
28.9 50.7 17.7 39.8 17.4 44.4
27.9 51.9 17.5 35.2 34.6 32.7
24.9 42.3 31.5 26.3 31.9
15.2 53.2 35.2 34.8 45.0
22.8 16.4 49.9 24.5 35.0
45.6 25.3 46.6 24.0 24.5
33.9 46.6 27.1 23.3 22.4
38.8 18.9 25.8 26.0 48.4
26.8 29.5 19.9 23.8 34.4
30.2 30.4 18.4 26.3 27.0

23.1 25.0 44.4 48.1
36.3 15.4 26.0 32.6
51.1 14.9 23.5 43.4
29.9 14.4 43.7 43.7
28.9 18.4 22.1 47.0
16.9

Total 13 37 31 5

*Mr (kD): Molecular mass expressed in kD

------ --_... _- ._ ....._---_._---------
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fewer proteins were affected and no proteins were totally inhibited by salt in roots from

immature setts.

The finding of a large number of proteins whose syntheses were affected by salt

stress is comparable to observations for barley roots germinating at 200 mM NaCl

(Hurkman and Tanaka, 1987). In the barley experiment, protein synthesis was increased

for 50 proteins and reduced for 75 proteins.

The differences in protein synthesis between roots from immature and mature setts

under salt may not stem from the severity of salt stress, since a similar profile of protein

synthesis was observed in roots (in mature setts) exposed to 2% NaCI (Fig. 2C).

Together, these data indicate that effects of salt stress on protein synthesis in sett roots

depend on sett maturity. Accordingly, all the following results are based on mature setts.

Organ specific responses to salt stress

Physiological responses

Percentage germination and production of roots (root number) were not inhibited by

NaCI below 2.5% (42 roots/sett) but was greatly reduced by 3% (8 roots/sett) (Table

4A). However, root growth (expressed as root length and fresh weight) was

progressively reduced by increasing NaCl. Root length decreased from 23.3 mm (salt

free) to 1.1 mm (3% NaCI) and root fresh weight decreased from 9.0 mg to 1.3 mg.

Pronounced inhibition on root growth occurred at 1.5% NaCl. These results are

different from that of Asparagus officinalis, a salt-tolerant species, for which both root

-_ .. _._. -- .__ ._--_._------------
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Table 4A. Badila sett root growth under different NaCllevels

:.":".' .
NaCL(%)

. ... ,,- '." ..

o ···0.5 1~0 •. ···.·.···.·.1.5 ..···.·.>2~0· •..... ·2.5 ··············3~0·· .

Germinatiolll%) 100 100 100 100 100 100 80

RootNumber 48±16 52+21 75+9 39+11 42+17 42+17 8+5

Lengtb(mm} 23.3 22. 15.8 8.8 4. 2.8 1.

FW(mg)/root· 9.0 9. 7.8 6.6 3. 2.7 1.

DW(mg)/root 1.0 1. 0.9 0.8 O. 0.4 O.

Cellular osmotic
pressure (Bars) -7.23 -11.0 -13.11 -18.64 -21.8 -25.24 ND

Medium osmotic
pressure (Bars) -1.89 -4.4 -7.94 -9.29 -15.6 -19.97 -23.91

*ND: not determined

Table 4B. Badila sett shoot growth under different NaCI levels

NaCI(%) o 0.5 1.0 1.5 2.0 2.5 ·3.0·

----------------------------------------~---'~~------~'--

Germination (%) 100 100 100 10 100 8 4

Length (mm) 77. 48 18 21 13. 13

FW (mg)/shoot 34. 22 10 6 8

DW (mg)/shoot 4 2 0 2 ND

Cellular osmotic
pressure (Bars) -9. -9. -11. -11. -12. -14. -16.

Medium osmotic
pressure (Bars) -1. -4. -7. -9 -15. -19. -23.

*ND: not determined
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production and growth were reduced progressively with increased salt levels (Mills,

1989). Genotypic variation in salt stress response of two species and ontogenic

differences between sugarcane sett roots and asparagus seedling roots may partly account

for the discrepancy.

Bud germination was inhibited by 2.5% NaCI and only 40% of the buds germinated

at 3% NaCI (Table 4B). Both shoot length and fresh weight decreased greatly with

salinity, from 77.2 mm to 6.0 mm and from 34.6 mg to 3.1 mg respectively. A large

inhibition on shoot growth occurred at 1% NaCl. The differential effect of NaCI on

germination and growth is similar to previous reports on other sugarcane varieties,

C0740, C0310 and C0413 and other species (Gibaly and Goumah, 1969 and references

therein; Nimbalkar and Joshi, 1975; Moore, 1987 and references therein). These results

also agree with those on salt tolerant barley variety CM72 but differs from salt sensitive

Prato variety whose germination rate and growth were severely inhibited by 1% NaCl

(Ramagopal, 1988).

These results indicate the comparability of the system used here with previous field

tests of salt tolerance during sett germination. The present system offers the advantages

for screening a large number of varieties within limited space, time, and man power.

However, field testing is still needed for evaluating sugarcane stalk growth and yield.

Results of screening of 20 varieties using this system are tabulated in Appendix A (Table

10-29). A spectrum of salt tolerance (expressed as fresh weight) occurred among

different varieties. Overall, root growth (length) appears to correlate better with salt

resistance than does shoot growth. Cellular osmotic pressure in roots increased with

_.. ".' -_..._------------
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increasing NaCllevel, from -7.23 bars in water to -25.24 bars in 2.5% NaCI, indicating

the accumulation of NaCI or other osmotica and the possible osmotic adjustment in root

cells (fable 4A). Although the cellular osmotic pressure (-9.09 bars) of shoots grown

in water was higher than that of roots, it only increased to -16.56 bars at 3% NaCI

(fable 4B). Less osmotica accumulation in shoots than in roots might have occurred in

part due to structural and functional differences between roots and shoots. For instance,

shoot buds are covered with scales (prophylla), whereas root primordia are not and

shoots are for transport while roots are for uptake of nutrients. However, direct analyses

of cell sap compositions are needed to confirm the accumulation of NaCI or other

osmotica in sugarcane under salt stress.

Protein synthesis

Rootproteins

Protein synthesis in roots was altered by salt stress (Fig. 2). Changes in roots

grown at I % and 2% NaCI were summarized in Table 3A and 3B. Profiles of protein

synthesis from salt stress are much more similar to each other than to the control. Most

of changes found in 1% NaCI stressed roots (Fig. 2B) were also seen in 2% NaCl

stressed roots (Fig. 2C). However, the synthesis of 37 proteins was enhanced and that

of 31 proteins was reduced and 5 proteins was inhibited below detectable limits, when

roots were grown at 2% NaCI (fable 3B). Some prominent changes were found in the

synthesisof proteins in enclosed regions (Fig. 2D, I and II). Another pronounced change

_._. _. _.- ._- ..._-----
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is the greatly enhanced synthesis of a group of 11 proteins ranging from 16 to 30 kD

resolved in the more basic end by NEpHGE (Fig. 2D, TIl).

Shoot proteins

The profile of shoot protein synthesis shares some similarity with that of roots (Fig.

2A and 3A; Fig. 2D and 3C, 11). Salt stress resulted in an overall reduction of synthesis

23 proteins (Fig. 3B, Table 5). In addition, synthesis of two proteins (42.3 and 49.6 kD)

was enhanced while synthesis of one protein was below the level of detection. Some

changes occurred in proteins common to roots (Fig. 3C, Il). The reduction of a majority

of shoot proteins by salt stress agrees with previous report on barley, a salt tolerant crop,

which was salt stressed for 3 days during seed germination (Ramagopal, 1988).

However, no newly synthesized proteins were found in sugarcane shoots under salt

stress. No further qualitative changes were found in 2% NaCI stressed shoots but there

was a further general reduction of protein synthesis (data not shown).

Young shoots exhibited low incorporation of rSS]-methionineinto TCA precipitable

material (36% of the 1% NaCI stressed roots), when sliced shoot discs were used for

radioactive labeling in this study. The incorporation of [3sS]-methionine was suppressed

further by NaCI; only 6% of the 2% NaCI stressed roots. This result agrees with other

studies using intact barley shoots (Ramagopal, 1988) and suggests that shoots are more

sensitive to salt than roots in terms of protein synthesis. Therefore, in spite of any tissue

injury due to excising, the effect of salt on protein synthesis is organ specific. This

observation agrees with previous reports on barley seedlings during salt shock
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Figure 3. The profile of newly synthesized proteins in shoots from mature setts. Setts
were grown in water (A) and 1% NaCI (B). A comparison ofenclosed regions between
the two (C).
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Table5. Summary of changes in protein synthesis in shoot
from mature sett grown at 1% NaCI for 9 days.

Protein Enhanced Reduced Disappeared
----------------------------------------------------------------

Mr (kD)

42.3 22.1 24.5 31.0
49.6 14.6 26.0

22.4 29.8
22.1 31.0
13.6 34.6
35.3 23.3
34.2 23.6
37.5 24.1
29.3 33.8
34.6 13.9
25.3 24.3
17.8

Total 2 23 1

*Mr (kD): Molecular mass expressed in leD

64
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(Ramagopal, 1987). These organ specific effects of salt stress may be the result of the

specific function of each organ.

Protein synthesis in cultivar HSo-7209

Although the profile of protein synthesis of HSO-7209 grown in water (Fig. 4A,

Table 6) shows some differences from that of Badila, a similar pattern of changes in

protein synthesis in response to salt stress was observed (Fig. 4B). First, synthesis of

some proteins in enclosed regions I and II was enhanced or repressed by salt (Fig. 4C,

I and 11). Second, synthesis of several more basic proteins was greatly enhanced (Fig.

4C, Ill). Third, the profile of protein synthesis was more similar among salt stress roots

than with the control.

However, some variations in protein synthesis in response to salt stress between

these two cultivars were observed. Synthesisof a larger number of proteins in H50-7209

was altered, and the reduction in synthesis of some proteins was more pronounced in

H50-7209 (Fig. 4C, I and IT) than in Badila (Fig. 2D, I and 11). Synthesis of a larger

number of proteins was enhanced in HSO-7209 (60 and 64 proteins in 1% and 2% NaCI

treatments, respectively) than in Badila (44 and 37 proteins in 1% and 2% NaCI

treatments, respectively). However, synthesis of fewer proteins was reduced in HSO

7209 (22 and 14 proteins vs. 39 and 31 proteins in Badila) by salt (Table 7A and 7B).

Furthermore, H50-7209 has more newly induced proteins (16 and 17 vs. 13 and 13 in

Badila) and more proteins whose syntheses were completely inhibited (13 and 19 proteins

vs. 2 and 5 proteins in Badila respectively). Thus, varietal specificity of salt stress

-----_.__ _ .. -.._- -----------_..-.-
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(A)

Figure 4. The profile of newly synthesized root proteins in H50-7209. Setts were grown
in water (A), 1% NaCI (B) and changes in these enclosed regions under salt stress (C).
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Table 6. Proteins specific for HSO-7209 roots.

70

Protein New Enhanced Reduced Disappeared

Mr (leD)

56.6 65.3 37.5 55.9
53.1 60.9 34.7
78.5 58.9
45.4 56.2
42.2 58.5

77.9
58.5
40.8
72.5
38.1

Total 5 10 2 1

*Mr (kD): Molecular mass expressed in leD

---- _._..... _...._._._------------ _. -_.



Table 7A. Summary of changes of protein synthesis in H50-7209 roots
grown at 1% NaCI for 9 days.

------------------------------------------------------------------------------------------
Protein New Enhanced Reduced Disappeared

.------------------------------------------------------------------------------
Mr (kD)

------------------------------------------------------------------------------------------
56.6 70.2 31.9 69.2 37.1
21.8 61.3 25.0 24.0 25.4
21.5 59.2 54.4 60.1 28.0
25.4 51.4 19.2 54.8 26.0
21.9 41.3 45.6 78.3 22.0
45.6 32.7 27.8 40.6 21.1
26.9 21.9 44.6 87.4 34.9
33.8 20.7 44.6 45.1 38.9
27.2 20.3 34.5 21.8 21.7
27.2 45.9 24.2 52.1 37.3
33.8 40.4 21.5 56.6 39.3
27.0 35.1 20.8 54.1 26.7
29.0 31.3 19.1 52.1 26.7
65.8 29.3 50.2 37.1
65.3 22.7 23.8 26.3
26.4 22.3 29.7 24.3

87.4 26.0 34.9
81.6 31.0 51.1
56.6 30.4 25.2
56.2 22.9 37.1
44.6 20.2 34.5
82.3 19.5 31.3
37.0 19.2
70.2 26.9
44.1 24.6
31.3 21.5
41.9 20.8
31.7 24.1
20.8 43.1
41.7 27.7

Total 16 60 22 13

*Mr (kD): Molecular mass expressed in kD
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Table 7B. Summary of changes of protein synthesis in HSO-7209 roots grown
at 2% NaCI for 9 days.

72

Protein New Enhanced

Mr (kD)

Reduced Disappeared

---------------------------------------------------------------------------------------------------
44.2 65.8 31.1 91.6 25.1 25.7 40.5
23.1 64.0 20.7 79.9 24.6 40.3 37.7
22.7 23.3 60.0 34.4 21.1 28.0 29.4
27.2 22.3 50.2 19.9 19.7 24.2 27.0
23.3 21.1 60.3 31.3 82.4 30.1
50.8 79.3 62.8 30.5 78.7 23.2
28.7 68.1 29.8 48.7 96.4 38.1
28.8 57.3 28.3 19.3 57.0 22.8
37.1 35.4 26.0 26.8 57.7 41.2
36.0 38.5 23.0 24.9 60.3 42.6
28.3 23.8 21.7 32.4 57.7 41.2
28.9 24.2 19.6 23.6 54.2 41.2
36.3 34.5 55.2 19.4 85.1 40.3
28.9 32.0 37.5 31.9 49.9 29.6
71.5 50.8 60.3 27.9 26.5
29.5 62.8 60.7 22.2 28.9
71.5 62.3 48.7 28.0

49.0 25.2 28.8
48.2 54.2 22.2
40.5 28.3
33.8 31.6
39.3 28.0

Total 17 64 14 19

*Mr (kD): Molecular mass expressed in kD

--- ---------------------_. ---
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response was also exhibited at the molecular level. This may be due to the interaction

of salt stress related multigene families within individual variety's genome and

interactions with the environment.

The close resemblance in protein synthesis between salt stressed roots maybe partly

relate to their morphological similarity. Morphological changes were observed in roots

germinated under salt. Roots increased in diameter (from < 1 mm in water to 1.2 mm

in 1% NaCI and 2 mm in 2% NaCI) but decreased in length from 23.3 mm to 15.8 mm

and 4.7 mm with the increase of NaCl. The decrease in root length may be partly due

to the reduction of cell volume as reported for NaCI-acclimated tobacco cells which were

4 to 5 times smaller than control cells (Binzel et al., 1985). Present results also agree

with those of salt grown cotton seedling roots which gradually thickened as NaCI

concentration increased (Kurth et al., 1986). In salt (150 mM) grown cotton, the roots

attained more than twice the cross-section area of the control. Some salt induced changes

in protein synthesis may underline certain morphological modifications by salt stress.

A quantitative change of overall reduction of protein synthesis in salt stressed shoots was

also found in HSO-7209 variety (data not shown).

Salt shock induced changes in root protein synthesis

Protein synthesis was altered when water grown roots were treated by 1% and 2 %

NaCI for 6 hr (Fig. 5). Results summarized in Table 8A and 8B indicate that 3 new

proteins were induced by salt shock, compared to 13 new proteins by long term salt

stress. Synthesis of 29 proteins was enhanced and synthesis of 48 proteins was reduced

-----_ .._- ------ . ---- ------------- - ------- --
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Figure 5. The profile of newly synthesized proteins in salt shocked roots. Root were salt
shocked for 6 hr by 1% NaCI (A) and 2% NaCI (B). Changes in these enclosed
regions were shown in (C).
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Table 8A. Summary of changes of protein synthesis in salt shocked
sugarcane roots (l % NaCl, 6 hr).

Protein New Enhanced Reduced Disappeared
----------------------------------------------------------------------------

Mr (kD)

37.7 63.2 31.9 25.5 74.9 36.0
27.9 59.4 23.6 26.5 17.4
26.0 30.8 . 19.7 29.4 17.0

59.4 26.7 28.1 16.6
47.1 21.6 44.2 25.8
41.8 39.0 75.4
64.1 36.2 78.5
62.3 26.5 36.0
67.4 25.2 60.2
32.9 24.4 59.0
45.8 23.7 56.4
46.3 44.5 29.8
45.5 17.9 25.4
43.7 24.2 46.9
35.3 27.6 25.5
23.3 28.5 28.7
32.9 28.0 27.7
16.8 35.5 49.4
36.0 22.6 49.3
58.3 17.8 23.7
35.3 22.3 25.5
27.9 37.3 21.0
52.6 33.4 23.1
24.6 23.6 27.0

Total 3 29 48 1

*Mr (kD): Molecular mass expressed in kD
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Table 8B. Summary of changes of protein synthesis in salt shocked sugarcane
roots (2% NaCI, 6 hr).

Protein New Enhanced Reduced Disappeared
-------------------------------------------------------------------------------

Mr (kD)

23.1 20.0 20.0 29.8 58.8 28.6
23.8 19.0 48.2 46.5 30.1 28.0
22.4 32.5 53.1 40.5 25.7 29.1
53.4 62.9 37.4 26.9 59.2 28.6
25.7 77.9 35.9 26.7 47.1 28.3
23.6 75.5 21.2 24.8 50.2
21.6 65.6 27.7 34.6 58.0
20.8 58.4 26.3 38.2 19.2
20.7 32.2 29.0 34.1 30.4
25.0 17.8 27.7 23.5 60.4
24.2 62.4 31.0 56.5

44.2 20.2 54.4
32.0 26.7 53.7
27.2 20.0 39.0
19.2 24.9 36.3
50.0 24.3 43.2
34.0 21.9 42.5
17.9 26.7 40.9
91.4 20.2 43.7
26.4 24.6 61.6

Total 11 40 30 5

*Mr (kD): Molecular mass expressed in kD

.----- -_._ _-_ _.._----------
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with the inhibition of 1 protein synthesis. This finding is similar to that of salt shocked

barley roots in which synthesis of 25 proteins was enhanced, compared to 50 proteins in

salt stressed roots (Hurkman and Tanaka, 1987). The discrepancy between salt shock

and salt stress may partly result from NaCI exposure time (6 hr vs, 9 days) and the

developmental stage of roots (growing vs. germinating) when exposed to salt.

However, changes in synthesis of several proteins are common to both salt

treatments. Synthesis of some proteins in enclosed regions I and II was reduced (Fig.

5C, Fig. 2D). Enhanced synthesis of several more basic proteins also occurred in salt

shocked roots (Fig. 5C, 111). However, synthesis of2 basic proteins was reduced in salt

shocked roots,

Salt acclimation induced changes in protein synthesis in sugarcane cells

Synthesis of the following 9 proteins (14.5, 16.8, 18.7, 18.7, 19.5,20.2,22.8,23.4

and 24.9 kD) was enhanced while the synthesis of a 17.2 kD protein was repressed,

when sugarcane suspension cells were salt shocked by 1% NaCI (Fig. 6B). No further

qualitative changes occurred in 1.5 % NaCI treatment. However, synthesis of 8 peptides

(14.5, 16.8, 18.7, 18.7, 19.5, 19.5,20.2 and 24.9 kD) was enhanced and the synthesis

of 20.2 kD was reduced by 1.5% NaCl. No qualitative changes in protein synthesis

were observed in salt shocked cells and fewer proteins were affected when compared to

salt shocked roots. This may result from lower than threshold NaCI used within the

exposure time in the present study, since cells after salt-shocked by 1.5% NaCI for 3 hr

maintain 96% growth of the control (Appendix B, Fig. 25). In addition, differentiation

- ._ .. __ ...._.-------------
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Figure 6. The profile of newly synthesized proteins in salt shocked sugarcane
cells. The control cells (A), cells salt-shocked for 3 hr by 1% (B) and 1.5%
NaCI (C). Cells were in vivo labeled with 35S-methionine for 3 hr. Proteins
were separated by 2-D IEF/SDS-PAGE.
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occurred during germination may further contribute to the more complex changes in

protein synthesis in sugarcane root tissue.

The profile of protein synthesis in 1% NaCI acclimated cells (CAlO) was similar to

the parent cells except with a few quantitative changes (Fig. 7B). The synthesis of 7

proteins (13.8, 14.5, 17.2, 17.2, 19.5, 19.7 and 25 kD) was enhanced, but synthesis of

another 5 proteins (17.2, 18.7, 18.7, 19.5 and 24.7 kD) was reduced in CAI0 cells. The

most pronounced changes are the enhanced synthesis of 19.5 and 19.7 kD proteins and

the reduced synthesis of 18.7 and 17.2 kD proteins. Synthesis of 8 proteins (16.2,16.5,

16.8, 18.9, 19.7,20.3,21.5 and 22.8 kD) was enhanced by 1.5% NaCI (Fig. 7C). The

synthesis of 4 proteins (18.7, 18.7, 19.5 and 24.7 kD, indicated by the tailed arrows),

repressed in CAlO cells, was enhanced by 1.5% NaCI shock.

These results indicate that salt acclimation did not induce new protein synthesis in

sugarcane cells. This differs from a previous report on the same cell line, in which new

proteins were induced in 1% NaCI acclimated cells (Rarnagopal and Carr, 1991).

Differences in growth condition (under light vs. in dark in this study), nature of

acclimated cell lines and 2-D PAGE systems used (NEpHGE vs. IEF) may all contribute

to the discrepancy. The light enhanced salt tolerance in alfalfa cells was indicated

(Winicov, 1989). Treating the salt tolerant cells with DCMU or cyanazine resulted in

inhibited growth under salt. Both DCMU and cyanazine block electron transport in PSII.

In the present study, salt shock affects a similar set of proteins as salt acclimation. This

result differs from that on alfalfa (Winicov et al., 1989), implying the less extent of

acclimation of sugarcane CAI0 cells.
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Figure 7. The profile of newly synthesized proteins in salt shocked sugarcane cells
CAlO. The control cells (A), 1%NaCl acclimated cells (CAlO) in (B) and 1.5%
NaCI treated CAl 0 cells (C). Cells were in vivo labeledwith 35S-methionine for
3 hr. Proteins were separatedby 2-D IEF/SDS-PAGE.
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Synthesis of a total of 17 proteins was altered in CAlO cells as determined by in

vitro translation experiments (Fig. 8). Synthesis of 8 proteins (19.9, 20.1, 21.5, 22.3,

26.6,29.0,37.0 and 37.0 kD) was enhanced while synthesis of another 9 proteins (19.6,

20.4,20.4,20.9,22.0,22.3,33.2,34.7 and 51.6 kD) was reduced in CAlO cells. The

most pronounced change was the greatly inhibited synthesis of 19.9 kD protein (indicated

by the asterisk in Fig. 8B) in CAlO cells. This may result from low transcript number,

high turnover rate of the RNA message or low translation rate due to salt effects.

However, the high level of accumulation of this message in control cells may be subject

to post-transcriptional or translational regulation, as no corresponding mRNA

accumulation was found by in vivo labeling (Fig. 6A).
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Figure 8. The profile of proteins from in vitro translation using total RNAs
from sugarcane cells. The control cells (A) and 1% NaCI acclimated cells (CAlO)
in (B).
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CHAPfERIV

SALT STRFSS INDUCED CHANGES IN PROTEIN PHOSPHORYLATION

INTRODUCTION

Excessive salt in the environment subjects cells to osmotic constraints and ionic

toxicity, hindering plant growth and development. As previously reported, salt stress

alters protein synthesis in plants (King et al., 1986; Ramagopal, 1987a; Hurkman and

Tanaka, 1987) and affects plant gene expression at transcriptional, post-transcriptional

and translational level (Ramagopal, 1987c; LaRosa et al., 1992).

Protein phosphorylation plays important roles in growth, development, gene

expression and signal transduction in animal cells (Hunter, 1987; Pawson, 1990) and

evidence is mounting for such roles in plant cells (Ranjeva and Boudet, 1987; Trewavas

and Gilroy, 1991). The phosphatidylinositol pathway plays pivotal roles in signal

transduction in animal systems (Berridge and Irvine, 1989). Evidence for the presence

of IP3 pathway in plant cells is accumulating (Einspahr and Thompson, 1990). Changes

of intracellular Ca2+ level by products from IP3 pathway in turn activate a group of

protein kinases which regulate many important biological responses through protein

phosphorylation.

A sudden and sharp increase in cytoplasmic Ca2+ level in maize root protoplasts

occurred in response to a specific external NaCI concentration (Lynch et al., 1989). The

involvement of phosphoinositide regulatory system in salt stress was indicated by the

... -.---- --._--._-------------
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inhibitory effect of Li" on the Ca2+ increase (Lynch and Lauchli, 1988; Lynch et al.,

1989). Three peptides (13, 15 and 17 kD) from the post-microsomal supernatant of

barley roots showed enhanced in vivo phosphorylation, when the roots weresalt-shocked

(150 mM NaCI, 0.87%) for 10 min (Garbarino et al., 1991). However, no alteration

in proteinphosphorylation was found in barley roots growncontinuously or salt-shocked

at 100 mM NaCI (0.58%). There is a void of information related to salt stress signal

transduction, although the importance has been indicated (Rains et al., 1979; Saxton et

al., 1979; Bray, 1993).

In comparison to temperate species such as tobacco andbarley, there is very limited

information on effects of salt stress on tropical species such as sugarcane (Moore, 1987a;

Ramagopal and Carr, 1991), even though sugarcane is the largest field crop in terms of

production (Buzzanell, 1991). It is of scientific and economic importance to extend our

knowledge on effects of salt stress on sugarcane.

MATERIALS AND METHODS

Materials

Mid-log phase (18-20 days after inoculation) suspension-cultured sugarcane cells,

Saccharum sp. cv. (H50-7209) grown at 25°C in dark (Moisyadi and Harrington, 1989)

were used. An acclimated cellline (CAlO) wasestablished by directly acclimating these

cells to 1% NaCI for 6 months.

... _- ._- ._-----_._------------
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Aprotinin, chickenmuscleactin, diolein,genisten, calf thymus histone (Hl-Ilf-S and

H2A), leupeptin, pepstatin, PMSF, phsophatidylserine and staurosporine were from

Sigma Chern Co. Histone H4 was from Boehringer Mannheim. Myelin basic protein

(MBP(4-14)' QKRPSQRSKYL) and rabbitbrain cytosolpreparation (containing PKC) were

from UBI, New York. Okadaic acid was from Moana Bioproducts of Hawaii, Inc,

Honolulu.

Salt shock and hypoosmotic shock

To an aliquotof cells (0.3 g fresh weight/4.5 mL in a 50 mL sterile tube), 0.5 mL

concentrated NaCI solution was added to achieve the desired final concentration for salt

shock. For hypoosmotic shock treatment, CAlO cells (0.3 g) were filtered and

transferred to regular medium lacking NaCI (5 mL).

Protein extraction and in situ protein phosphorylation

At the end of treatments, cells were filtered, frozen in liquid Nz and pulverized in

a chilled mortar with pestle. The sample was extracted in 0.6 mL 2x Laemmli buffer

(containing 100 mM D'IT, 200 ILM Na3V04, 5 mM NaP, 1 mM PMSF, 2 ILg/mL

leupeptin, 1.5 ILg/mL aprotinin and 1.0 ILg/mL pepstatin) and boiled for 3 min. The

supernatantwascollected and proteins were quantified(Moisyadiand Harrington, 1989).

Proteins were separated in 12.5% SDS mini gels (Moisyadi and Harrington, 1989)

and in situ phosphorylated (Moisyadi et aZ., 1994) with modifications. Substrates were

added to the gel at 100 ILg/mL just before polymerizing. The gel was washed with 50
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mM Tris buffer, pH 8.0 (4 x 15 min). The peptides were re-natured with 50 mM Tris

buffer (containing 10 mM MgCI2, 100 JtM CaCI2, 10 mM DTT, 0.02% BSA and 20%

glycerol) with 2 changes (4 hr and 1 hr). The gel was incubated with 50 JtCi 'Y-r2p]

ATP (17 nM ATP) in the same solution (50 mL) for 7 hr. Unincorporated label was

removed by 3.5 g anion resin (Amberlite CG4oo, Sigma Chemical Co) for 3 hr. The

gel was fixed in 10% trichloroacetic acid (TCA) solution containing 2 %Na..P20 7 (30 min

x 2), Coomassie stained in the presence of 2% Na..P2~ and dried for autoradiography.

For Western analysis, the proteins were blotted to PVDF membrane in 25 mM Tris, 192

mM glycine 0.1 % SDS and 20% methanol solution at 70 V for 2 hr.

Sub-cellular localization

All isolation steps were conducted in 4°C. Salt shocked cells were filtered and

ground with acid washed sand in grinding solution (230 mL sorbitol, 50 mL Hepes, 10

mM KCI, 3 mM EGTA, 100 mM DIT, 0.5% BSA, 1 mM PMSF, 10 mM NaP, and 10

mM Na3V04) . Membrane fractions were isolated by a two-phase partition method using

12 g of the total partitioning solution which contained 6.2% (W:W) dextran T-5oo and

6.2% (W:W) PEG-3350 (Bush, 1989). For nuclei isolation, salt-shocked cells were

filtered and homogenized in a buffer containing 0.44 M sucrose, 2.5% (W/V) ficoll

(400,000), 5% (W/V) dextran-40, 25 mM Tris-HCl (pH 8.5), 10 mM MgCI2, 2 mM

spermine, 100 mM DTT, 10 mM NaP, 10 mM Na3V0 4 and 1 mM PMSF. Nuclei were

isolated by Percoll gradient (Luthe and Quatrano, 1980).

--------_._-_._.- --- -_._--------------------- .-.
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RESULTS AND DISCUSSION

Salt stress induced changes in protein phosphorylation

Stress induced protein kinase activity at 35, 38 and 41 leD was detected in extracts

of 1.5% NaCI salt shocked sugarcane cells (Fig. 9A). No phosphorylation at these

peptides occurred in controls or in cells treated with 1% NaCI for up to 24 hr.

Phosphorylation activity of these Mr's peaked at 1 minafter the start of the treatment and

decayed to low levels after salt shock for 30 min (Fig. 9B). Peptides at similar

molecular weight but with different phosphorylation activity were observed in cells which

were treated with isosmotic mannitol and KCI (Fig. 10) suggesting the close association

with the osmotic component of NaCI stress. The rapid change is in line with the acute

impact of high osmotic pressure.

These putative kinases were not detectable by in situ phosphorylation of 2-D IEF

ISDS-PAGE gels (Fig. 11). A similar result was obtained using double amount of

protein (40 p.g) (data not shown); the activity may have decayed due to short half life.

These results are similar to those of different phosphoproteins in salt shocked barley

roots (Garbarino et al., 1991). As suggested, this may be due to differential solubility

of these proteins in SDS and Nonidet NP-40. Alternatively, this may result from

inactivation by phenol during extraction or by ethanol during precipitation from Laemmli

buffer for IEF analysis in this study.

The pattern of protein phosphorylation was not altered by the inclusion of protease

and phosphatase inhibitors during extraction (Fig. 12), reducing the possibility of
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(8)
Figure 9. Salt shock induced putative protein kinase activity in sugarcane cells. (A)The
putative kinases were detected in cells treated with 1.5% NaCl for 15 minutes (15').
(B)Kinases activity was induced at 30 seconds (30") after salt shock (1.5% NaCl) and
declined by 30 minutes (30'). Equal amount of protein (20 ug/lane) was used in
SDS/PAGE. Protein were renatured and kinase activity was analyzed by in situ
phosphorylation using y_32p_ATP (50 /lCi) and histone (Hl-III-S) (100 ug/gel)
as substrates.
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Figure 10. Putative protein kinases activity induced by isosmotic mannitol and KCl.
Osmotic strength of mannitol (0.912%) and KCI (1.92%) was equal to 1.5% NaCl.
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Figure 11. In situ phosphorylationofsalt induced protein kinases resolved by 2-D
IEF/SDS PAGE. The control (A) and 1.5%NaCI shocked cells (B). Protein samples
were preparedby phenol partitioning. A similar result was found for samples
precipitated from Laemmli extract.
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Figure 12. Effects ofprotease and phosphatase inhibitors on salt induced kinase activity.
Inhibitors include 1 mM PMSF, 2 ug/ml, leupeptin, 1.5 ug/ml, protinin, 1 ug/ml,
pepstatin, 200 flM Na aV04 and 5 mM NaF. Inclusion of these inhibitors did not affect
these kinases activity .

.....• --------_._----
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degradation during extraction. Pre-treating cells with okadaic acid (15 oM, 30 min)

before salt shock did not affect the pattern (Fig. 13) reducing the possibility of the

presence of type 1 (ICso = 10 oM for OA) and type 2A (ICso = 0.1 oM for OA) plant

protein phosphatases (Mackintosh and Cohen, 1989). Pre-loading cells with

cycloheximide (15 J,lg/mL) for 30 min had no effect on the induction of these putative

protein kinases (Fig. 14). This result agrees with cold stress induced increase in protein

phosphorylation associated with the development of freezing tolerance (Monroy et al.,

1993), in that neither change (induced by a stress) requires de novo protein synthesis.

Monroy et al. suggested that some pre-existing kinases may be activated during cold

stress since a CaM antagonist and Ca2+-dependent protein kinase inhibitor W7 greatly

inhibited the phosphorylation and the development of freezing tolerance. The rapid

induction of sugarcane putative kinases activities by salt shock and the failure of

cycloheximide to inhibit the change suggest some form of activation of pre-existing

enzymes rather than de novo synthesis. Phosphorylation of these salt shock activated

proteins may be a bona fide kinase activity as no phosphorylation occurred by using a

3l>-ATPas a substrate (Fig. 15). Nevertheless, experimental methods used in this study

cannot preclude the rapid in vivo degradation of larger peptides in response to salt stress

prior to extraction.

The pattern of rapid activation and turnover of kinase activity of these peptides may

be indicative of a role in signal transduction rather than an injury response, since cells

salt-shocked by 1.5% NaCI for 3 hr retained 96% growth of the control (Appendix B,

Fig. 25). The mode of activation of these protein kinases in sugarcane cells by a
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Figure 13. Effects ofokadaic acid on salt induced protein kinase activity. Lane 1, extract
from 1.5% NaCl shocked cells; lane 2, cells were pre-treated with 15 nM okadaic acid
for 30 minutes before salt shock; lane 3, 15 nM okadaic acid was added during in situ
phosphorylation.
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Figure 14. Effects of cycloheximide on salt induced protein kinase activity. Cells
were pre-treated with cycloheximide (15 J.lM) for 30 minutes before salt shock.
Cycloheximide did not affect activation of these putative protein kinases.
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Figure 15. In situ phosphorylation using a}2P-ATP as phosphate donor. Nonspecific
binding with a}2P_ATP did not occur in these protein kinases.
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threshold level of NaCI (1.5% but not 1%) is similar to the threshold requirements for

increase in cytoplasmic Ca2+ in maize cells (90 to 120 mM NaCI but not below 90 mM)

(Lynch et al., 1989). Thus, a discrete signal may be induced by salt shock depending

on NaCllevel. These putative protein kinases may be activated by the cytoplasmic Ca2+

increase responding to salt shock.

Biochemical characterization

These putative kinases did not autophosphorylate in vitro requiring substrate in

addition to -y_32p_ATP (Fig. 16, lane 1). Histone (Hl-Ill-S) and ATP were the best

exogenous substrates, compared with others such as casein, histones (H2A and H4),

MBP, actin and GTP (Fig. 16). A very low kinase activity was obtained using GTP as

phosphate donor. These kinases did not phosphorylate myelin basic protein (MBP4-14'

QKRPSQRSKYL), which is a specific substrate for PKC. Actin was not phosphorylated

by these kinases.

The kinase activity required high MgCl2 (10 mM to 20 mM). At 0.02 mM, MgCl2

did not stimulate the kinase activity (Fig. 17, lane 3). The requirement is similar to that

of Ca2+-stimulated phosphoproteins but contrary to that of Ca2+ independent

phosphoproteins in barley root plasma membrane, which exhibited increased

phosphorylation at 0.02 mM Mg2+ (Gabarino et al., 1991). Preliminary data indicate

that Mn2+ (10 roM) and KCI (50 mM) did not stimulate salt shocked induced protein

kinase activity.

-~~ .._._-_._------------_.-. ----
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Figure 16. In situ phosphorylation using various substrates. Lane 1, using y_32p_ATP as
a phosphate donor and histone Hl-III-S as the substrate. Lanes 2 to 7, using y}~-ATP
as the phosphate donor and without the substrate (2), or using casein (3), histone H4 (4),
histone H2A(5), myelin basic protein (MBP) (6) or chicken muscle actin (7) as a
substrate; Lanes 8 and 9, using y}2p_GTP as the phosphate donor and histone Hl-III-S
(8) or histone H2A (9) as the substrate.
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Figure 17. Effects of Mg+concentration and pH on salt induced protein kinase activity.
Lane 1, in situ phosphorylation using 10 mM MgCl2at pH 8.0; lane 2, using 20 mM
MgCl2at pH 8.0; lane 3, using 0.02 mM MgCl 2 at pH 8.0; lane 4, using 0.02 mM
MgCl2 at pH 5.5.

----------_. ---
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These kinases are active at neutral pH (7.5 to 8.0) in the buffer system used for in

situ phosphorylation. Low pH (5.5) was inhibitory for these protein kinases (Fig. 17,

lane 4). The result agrees with that of Ca2+-stimulated phosphoproteins mentioned above

but differs from that of tonoplast-bound protein kinase in bean cotyledons which had an

optimal pH at 6.5 (Johnson and Chrispeels, 1992).

The kinase activity was inhibited by the addition of 5 mM EGTA during in situ

phosphorylation suggesting Ca2+-dependence (Fig. 18A). However, addition of CaM (15

pM/mL) did not stimulate the kinase activity (Fig. 18B). The Ca2+-dependence is further

supported by inhibition of the kinase activity by a potent phospholipid/Cal"-dependent

protein kinase inhibitor, staurosporine, at 15 oM (Tamaoki et al., 1986) (Fig. 19A, lane

2). However, the PKC activators, phosphatidylserine and diolein, did not stimulate the

kinase activity (Fig. 19B, lanes 2 and 4).

The concentration of Ca2+ used in the present study is 100 I'M. Although the exact

concentration of free Ca2+ in the solution was not determined, additional Ca2+ (300 I'M)

did not increase the phosphorylation (data not shown), indicating that 100 I'M may be

supra-optimal for the kinase activity. Moreover, Ca2+ inhibited the kinase activity at

higher concentration (5 mM). A much lower Kd will be anticipated considering the

potential role of these kinases in transducing salt stress signal. In vitro analysis using

purified proteins should provide more definite answers.

These sugarcane protein kinases shared some similarity with the soybean CDPK

(ref. Putnam-Evans et al., 1990; Roberts and Harmon, 1992), but failed to immunoreact

with antibodies against soybean CDPK (Fig. 20). A comparison of the properties of
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sugarcane protein kinases, PKC and soybean CDPK summarized in Table 9 indicates that

these sugarcane protein kinases are not members of protein kinase C (PKC) family.

Rather, they may belong to a diverse Ca2+-dependent protein kinase family (Roberts and

Harmon, 1992).

The transient expression of these kinases suggests possible roles in signal

transduction during salt stress. The present results are the first report on salt stress

activated protein kinase activity in plants. In animal cells, the Na+/H+ exchanger was

suggested to be activated by protein kinases (Grinstein and Rothstein, 1986) as well as

cell shrinking due to high osmolarity (Grinstein et al., 1985). In human blood platelets,

the activity of Na+/H+ exchanger was tightly modulated by phosphorylation and

dephosphorylation through PKC and phosphatases (Livne et al., 1991). In barley roots,

Na+/H+ exchanger activity was enhanced by salt shock with a half time of 15 min and

the maximal activity maintained for 30 min to 1 hr, without de novo protein synthesis

(Garbarino and DuPont, 1989). Although there is no data on Na+/H+ exchanger

activation by salt stress in sugarcane cells, the possible relationship between Na+/H+

exchanger activation and these protein kinases warrants further investigation. In

halotolerant alga Dunaliella salina, salt modulated Na+/H+ exchange activity was

repressed by LiCl (Katz et al., 1992). This may be due to the blocking effect of Li" in

IF3 pathway. It is possible that Na+/H+ exchanger is one of the downstream targets of

these salt shock induced protein kinases of the signal transduction pathway.
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Figure 18. Effects of Cai'and calmodulin on salt induced kinase activity. (A)EGTA
(5 mM) abolished these kinases activity which depends on 100 JlM Ca2

+. (B)Effects
of calmodulin: with (15 IlM) (lane 1) or without (lane 2) calmodulin did not affect
these kinases activity.
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Figure 19. Effects of staurosporine, genistein and phospholipids on salt induced protein
kinases activity. (A)Staurosporine (15 nM), a potent inhibitor ofphospholipid and
Ca2+-depentdent protein kinases, inhibited these kinases activity but genistein (15 mM), a
tyrosine specific protein kinase inhibitor, did not affect. 0: the control cell proteins; 1.5%:
proteins from salt shocked cells; N:nuclear proteins from salt shocked cells; RC: rabbit
cytosol containing protein kinase C. (B)Phosphotidylserine (20 ug/ml.) and dioline
(4 ug/ml.) did not affect these kinases activity during in situ phosphorylation.
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Figure 20. Immunoreaction of salt induced protein kinases with antibodies against
soybean CDPK. These kinases did not cross react with antibodies of CDPK.



107

Table 9. Comparison of sugarcane salt shock induced putative protein
kinases with PKC and soybean CDPK

PKCJdnase· ..... SOybean •. ······sugarcan~Plltati"e
. .•.. ··CDPI< ... ..• protienkinases

. "'""------------:--------------------_.:._----...;--...;...;...:.._.~...;"'""...:.~
Molecular weight(kD)

Ca2+-dependence

C~-dependence

PS/Dactivation

Autophosphorylation

80(46)

+

+

+

52-55

+

+

35, 38 , 41

+

Proteolytic activation +

Substrate

Actin

Casein

Hl-TII-S + + +

MBP +

1-[ 32p]_GTP poor poor

KCI inhibition

Mg2+ requirement

ND

5-10 mM 5-10 mM 10-20 mM

CaM: calmodulin; PS: phosphotidylserine; D: diolein; NO: not determined

------_._------- _..--_.._----_._-----------_._--_._- _ .. ---------------
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Sub-cellular localization

After sub-eellular fractionation, only the 41 kD protein was identified in the post

microsomal fraction based on molecular mass on SDS-PAGE (Fig. 21A, lane 6). Some

kinase activity of the 41 kD protein was associated with post-nuclei supernatant (Fig.

21B, lane 9), with much lower kinase activity in the nuclei fraction. The activity of 35

and 38 kD proteins was not detected in any fraction (Fig. 21A, B). The combination of

time required for membrane isolation (4 hr) and the stability of these proteins may

account for the loss of kinase activity. As shown (Fig. 22), the 35 kD protein lost its

kinase activity after an aqueous cellular extract was incubated on ice for 60 minutes. By

2 hr, the 38 kD protein had also lost kinase activity. A detailed study of stabilizing

factors is required for future purification.

The cytosolic locale of the 41 kD protein agrees with the result of extractions using

detergents, Triton-X-l00 and CHAPS (Fig. 23). Neither detergent improved the

extraction suggesting a non-membrane bound nature of these protein kinases. The

cytosolic origin is similar to salt shock induced phosphoproteins detected from post

microsomal supernatant in barley (Garbarino et al., 1991).

Protein phosphorylation in CAIO cells

When the acclimated cells (CAlO) were salt-shocked with 1.5% NaCl, none of the

kinases was detected (data not shown). However, when CAlO cells were salt-shocked

-- ----._-----------------
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Figure 21. Subcellular localization of salt induced protein kinases in membrane and
nuclei fractions. (A)Membrane fractions: lane 1, Laemmli extract of salt shocked cells.
Lanes 2 and 5, mitochondrion; lanes 3 and 6, post-microsome; lane 4, microsome; lane 7,
plasma membrane; lane 8, intra membrane. (B)Nuclei fractions: lane 1, same as in (A).
Lanes 2 and 6, cell debris re-extracted with Laemmli buffer; lanes 3 and 7, total extract in
nuclei isolation buffer; lanes 4 and 8, nuclear proteins; lanes 5 and 9, post-nuclei fraction.
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Figure 22. Stability of salt induced protein kinases activity in membrane isolation buffer.
Total extract was incubated on ice and aliquots were sampled at the time indicated. The
last lane contains Laemmli extract.
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Figure 23. Effects of different detergents on extraction of salt induced protein kinases.
Lane 1, Laemmli buffer containing 1% SDS; lane 2, 0.2% CHAPS buffer; lane 3,
0.1% Triton-lOO; lanes 4 to 6, residues from lanes 1 to 3 re-extracted with
Laemmli buffer.
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with 2.5% NaCI for 30 min, kinase activity of the 35 kD protein was detected (Fig.

24A). A higher kinase activity of the 35 kD was detected along with the 38 kD protein

kinase activity, when CAW cells were treated with 3.5% NaCI for 15 min (Fig. 24A).

However, when CAW cells were returned to the regular medium lacking NaCI for

15 min (hypoosmotic shock), two kinase peptides (38 and 41 kD) were observed (Fig.

24B). The induced kinase activityremained for at least 2 hr after the cellswere returned

to the salt free medium (Fig. 24B). This result differed from that of molluscan red blood

cell (politis and Pierce, 1991), in which two hypoosmotic stress relatedphosphoproteins

(34 and 63 kD) exhibited the peak activity at 12 min and declined to the basal level by

1 hr. The difference may lie in the compounding effect of osmotic and ionic factors in

this study and the difference in cell structure between plant and animal cells.

The kinase activity reported in this study is unlikely to be a permanent injury

response as CAlO cells appear to grow as well as non-acclimated cells once returned to

regular medium. Instead, these hypoosmotic shock induced protein kinases may have

roles in cell growth (cell enlargement), in addition to being important for salt shock

response. This is in part supported by the observation that these proteins were also

detected in cells treated with 1% NaCI for 72 hr (Fig. 9A). At this salt level, sugarcane

cells still grow but witha slower rate.(Appendix B, Fig 26; 42% growth of the control,

expressed in fresh weight).

Together, these results indicate that cellular responses of CAW cells to salt stress

have been modified during acclimation in that CAW cells require higher salt levels

(2.5% and 3.5%) to induce theseputativekinases. This acclimation related modification
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Figure 24. Salt shock induced protein kinase activity in salt acclimated cells (CAlO).
(A)CAlO cells were salt shocked with 2.5% and 3.5% NaCl for the time indicated.
(B)Hypoosmotic shock induced protein kinase activity in CAlO cells. CAlO cells were
treated with medium lacking salt for the time indicated.
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is in accord with observations of altered protein phosphorylation patterns in cold-

acclimated and freezing-tolerant alfalfa suspension cells (Monroy et al., 1993). These

authors suggested the possible involvement of calmodulin and Ca2+-dependent protein

kinases in cold acclimation based on the inhibitory effect of W7 (calmodulin antagonist)

but not H7 (protein kinase C inhibitor). However, they also pointed out the need of

further detailed studies.

A yeast gene (HOG1) encoding 47 kD protein was identified as a member of the

mitogen-activated protein kinase (MAP kinase) family and showed rapid (within 1 min)

phosphorylation in response to increase in medium osmolarity by NaCI or sorbitol

(Brewster et al., 1993). The maximal phosphorylation of HOGI was induced within 1

min by 300 mM NaCI and was maintained for 15 to 20 min followed by an intermediate

steady-state. This steady-state level of HOGI phosphorylation then rapidly declined to

that of the untreated cells. These changes define a signal transduction pathway involving

protein kinase(s) that is activated by changes in osmolarity of the extracellular

environment in eukaryotes. A clone encoding a 44 kD MAP kinase was recently isolated

from alfalfa (Duerr et al., 1993). Its presence in other plant species is conceivable. The

involvement of MAP kinase in response to salt stress is possible considering the close

association of MAP kinases with microtubule organization (Gotoh et al., 1991; Nishida

and Gotoh, 1992) which are likely to be altered by the osmotic impact (cell shrinking or

swelling) of salt shock.
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CHAPTER V

CONCLUSION

Three types of changes in protein synthesis occurred in salt stressed sugarcane sett

roots; induction of new proteins, enhancement or suppression of existing proteins. The

effect of developmental stage of plants on salt responses is also observed at the molecular

level. The syntheses of a total of 98 proteins in roots from mature setts were altered by

NaCI treatment; 13 newly synthesized, 44 enhanced, 39 reduced and 2 below the limit

of detection. Synthesis of fewer proteins (51) was altered by NaCI in roots from

immature setts. NaCI reduced the synthesis of a majority of shoot proteins. Present

results on sugarcane agree with other studies on barley indicating that the salt stress

response is organ specific. No newly synthesized proteins were detected in NaCI

stressed or NaCI-acclimated cells (CAlO). The result of invitro translation indicates that

NaCI stress may affect protein synthesis through transcription, RNA stability and

translation efficiency.

Three proteins (35, 38, and 41 kD) with putative protein kinase activity were

activated in salt-shocked (1.5% NaCI) sugarcane cells within 30 sec. The kinase activity

declined after 30 min of salt shock. The induction did not require de novo protein

synthesis. The data indicate that these protein kinases are Ca2+-dependent, use ATP,

prefer histone HI-ID-S as substrate and are localized in the cytosol. The present results

are the first report on salt stress inducedprotein kinase activity in plant cells. The mode

of activation (rapid and transient) and biochemical properties of these protein kinases
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indicate a possible role in salt stress signal transduction. Increased cytoplasmic Ca2+

may activate these kinases which in tum activate the Na+/H+ exchanger. In addition to

their role in salt stress signal transduction, 38 and 41 kD proteins may also participate

in cell growth (cell enlargement). These two proteins may be different from the 35 kD

protein in biochemical properties due to differential responses in salt acclimated cells.

This study provides the basis for the following future investigations. For these

protein kinases per se, purification is wanted for further biochemical and biological

studies. The relationship between these kinases and changes in JP3 pathway, Ca2+ flux

and Na+IH+ exchanger activity during salt shock will help to clarify proposed roles in

salt stress signal transduction.
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APPENDIX A

Data of salt tolerance test of sett germination and growth
of 20 sugarcane varieties

Table lOA. SING 13 sett root growth under different NaCllevels

NaCI(%) 0·.· ••.• ·.···0.5·· . . . ·1.0

_ ...

Germination(%) 80 20 80 0 0

RootNumber 35 6 21 ND ND

Length(mm) 19.3 5.0 8.3 ND ND

FW(mg)/root 4.7 3.4 3.2 ND ND

DW·. (mg)lroot 0.7 0.5 0.4 ND ND

Cellular osmotic
pressure (Bars) -7.06 -11.74 -16.44 ND ND

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

*ND:not determined

Table lOB. SING 13 sett shoot growth under different NaCllevels

NaCI(%) o 0.5 1.0 2.0
-----------------------------------_._---'----;....---.;.;..~---

Germination (%) 80 20 60 0 0

Length (nun) 16.8 2.2 9.7 ND ND

FW· (mg)!shoot 5.0 0.4 3.2 ND ND

DW(mg)!shoot 0.4 0.1 0.7 ND ND

Cellular.osmotic
pressure (Bars) -8.89 ND -10.81 ND ND

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

*ND:not determined
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Table 11A. 57NG 21 sett root growth under different NaCllevels

NaCI(%) o 1.0 1~5 ·2.0
:'.: ',,', '.:' .: "",:" :,:.', .. '"', ',:.' ". ',,>:' ::::,::':', ",' ,,' , _" "',,, .:,:._' . .: :..:,».:\\,,0,:, __ .:":": "_:,:: " ..--------------------------------------------------------

Gennination(%) 100 100 100 100 100

R()otNumber 50 21 20 22 35

Length(mm) 26.2 31.6 15.3 11.1 6.8

FW (mg)/..oot 12.0 28.0 16.0 12.0 7.0

DW (mg)/root 2.0 3.0 2.0 1.0 2.0

Cellular osmotic
pressure (Bars) -9.55 -12.18 -15.40 -18.23 -26.00

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

Table 11B. 57NG 21 sett shoot growth under different NaCllevels

NaCI(%) 0 0.5 1.0 1.5 2.0

------~------------------------~----------------~-------

Germination (%) 100 100 75 100 75

Length(mm) 52.5 73.5 38.3 43.1 12.8

FW (mg)/shoot 12.4 15.2 8.5 8.3 3.3

DW (mg)/shoot 1.5 1.5 1.1 1.0 0.4

Cellular osmotic
pressure (Bars) -8.21 -7.67 -9.73 -9.75 -13.03

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66
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Table 12A. B2935sett root growth under different NaCllevels

NaCl(%) 0.5 1.0 h5·
. ,-,'.',:-,::,,',,: :.: ". . ."'::.,-,'," :,'.:.:":' ""-'::'::".-"":-:::<:--:',::.::.-.,

. ',',,',' -",' ", .-.,," .,,' ',' .,'. ", .';'":'::""'.',.-, ,': .-:"---------------------------------------------------------
GerDlinati~I1(%) 0

RoofNUJriber< ND

Lengtb(lJlI))li·· ND

FW(mg)lroot ND

DW(mg)/root ND

Cellular osmotic
pressure (Bars) ND

Medium osmotic
pressure (Bars) -1.89

*ND:not determined

25 0 0 0

6 ND ND NO

1.5 ND ND NO

0.8 ND ND NO

0.1 ND ND NO

ND ND ND NO

-4.48 -7.94 -9.29 -15.66

Table 12B. B2935sett shoot growth under different NaCllevels

NaCl(%) o 0.5 1.0 1.5 2.0

---------------------------------------------------------
Genninatiou(%) 0 0 0 0 0

Length. (mm) ND ND ND ND NO

FW (mg)lshoot ND ND ND ND NO

DW (mg)/shoot ND ND ND NO NO

Cellular.osmotic
pressure (Bars) ND ND ND ND ND

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

*ND:not determined
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Table 13A. Badila sett root growth under different NaCllevels

NaCl(%) 0.5 LO ·1..5 ····2.0 .r.:

-------------_......_---~--------------------------_._--_ .....-
Gennination (%) 100 100 100 100 100

Root Number 52 49 58 56 37

J..,engtbi(mm) 33.4 19.0 14.5 11.3 5.0

FW(mg)/root 9.0 6.2 6.7 5.3 4.1
... ' ..... ,.

DW(mg)/l'ool. 1.4 2.1 0.9 0.7 0.6

Cellular.osmotic
pressure (Bars) -8.99 -13.94 -16.71 -20.29 -24.43

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

Table 13B. Badila sett shoot growth under different NaCllevels

NaCI (%) 0 0.5 1.0 1.5 2.0

--------------------------------------------------------
Gennination(%) 100 100 100 100 100

Length (mm) 35.6 24.6 34.6 16.6 49.4

FW (mg)/shoot 13.6 8.1 9.8 4.7 LO

DW (mg)/shoot 0.9 L1 1.0 0.3 0.1

Cellular.osmotic
pressure (Bars) -9.41 -10.24 -10.78 -14.36 -13.60

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

----- _._..._.. -- _._--_._._----------
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Table 14A. Big-Ribbon sett root growth under different NaCllevels

NaCI(%) o 1.0 1.5 ····2m··
. , . . - .---'--------------'----'----------------"-----'---_...-------

Gennination(%) 100 100 80 40 0

Root Number 51 82 35 17 0

Length(mm) 18.8 19.0 7.5 1.5 0

FW(mg)/rC)()t 8.9 9.0 4.5 0.8 0

DW.(mg)lroot 0.9 1.0 0.6 0.1 0

Cellular osmotic .
pressure (Bars) -6.25 -9.90 -13.99 ND ND

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

*ND:not determined

Table 14B. Big-Ribbon sett shoot growth under different NaCllevels

NaCI (%) o 0.5 1.0 1.5 2.0
--------------------------------------------------------
Germination (%) 80 100 80 20 0
Length (mm) 9.2 11.0 9.2 0.8 ND

FW (mg)/shoof 3.0 4.2 3.5 0.4 ND

DW (mg)/shoot 0.4 0.4 0.4 0.1 ND

Cellular osmotic
pressure (Bars) -9.21 -10.02 -11.22 ND ND

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

*ND:not determined

--_..._- --- ----.---_._------------



Table 15A. Yellow Caledonia sett root growth under different NaCllevels
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NaCl(%) 0.5 1.0

Gerinination(%) 100 80 80 100 '- 80

RoolNulDber 49 52 47 37 19

_Length(mm) 40.4 17.7 15.8 9.6 4.5

FW (mg)/root 15.7 9.7 9.4 7.6 3.9

DW (mg)/root 1.8 1.3 1.2 1.0 0.5

Cellular osmotic
pressure (Bars) -7.30 -11.00 -14.38 -18.91 -23.10

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

Table 15B. Yellow Caledonia sett shoot growth under different NaCllevels

NaCl(%) 0 0.5 1.0 1.5 2.0
-------------------------------------------------'----
Germination (%) 100 80 80 100 60

Length (mm) 64.4 71.2 37.6 35.6 22.6

FW (mg)/shoot 14.3 14.8 17.6 8.3 0.9

DW (mg)/shoot 0.9 2.7 1.3 0.9 0.1

Cellular osmotic
pressure (Bars) -8.40 -9.02 -10.46 -11.10 -13.38

Medium osmotic
pressure. (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

------ -_._...... _.- -..._._--
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Table 16A. Fiji 24 sett root growth under different NaCllevels

NaCl(%)
. 0.5 . ············1.0 •..•..•.•.•.... •..••... ·1~5 ..•........ ··2.0 ...

Gennination(%) 100 100 100 100 80

RootNumber 54 51 47 46 37

Length(mm) 20.0 16.7 5.8 3.2 3.7

FW(mg)/root 5.7 6.4 2.3 1.9 1.5

DW (mg)lroot 0.7 0.8 0.3 0.2 0.2

Cellular osmotic
pressure (Bars) -7.33 -11.54 -15.66 -18.34 -21.39

Mediumosrnotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

Table 16B. Fiji 24 sett shoot growth under different NaCllevels

NaCl(%) 0 0.5 1.0 1.5 2.0

----------------------------------------------------------
Germination (%) 100 80 80 100 80

Length (mm) 33.7 30.1 14.5 23.0 21.5

FW (mg)/shoot 7.3 5.9 2.3 3.3 3.6

DW (mg)/shoot 0.4 0.5 0.2 0.2 0.2

Cellular osmotic
pressure (Bars). -7.57 -8.26 -11.10 -10.27 -12.15

Medium osmotic
pressure.Ibars) -1.89 -4.48 -7.94 -9.29 -15.66

------_.---------- -- -------------------------------- _. --------------_.- ._------



Table 17A. U 76-470 sett root growth under different NaCllevels
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NaCl(%) o 0.5 ·1.5 2~0

Genniriation (%) 80 40 40 0 20

RootNumber 13 5 5 ND 1

Length(mm) . 6.7 1.7 1.2 ND 0.2

FW(mg)/root 1.0 0.8 0.5 ND 0.2

DW(m.g)/root 0.1 0.1 0.2 ND 0

Cellular osmotic
pressure. (Bars) -8.89 ND ND ND ND

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

*ND:not determined

Table 118. U 76-470 sett shoot growth under different NaCllevels

NaCl(%) o 0.5 1.0 1.5 2.0

--------------------------------------------------------
Germination (%) 100 80 40 0 20

Length (mm) 24.0 36.3 2.9 ND 1.7

FW(mg)/shoot 3.3 5.2 0.4 ND 0.4

DW (mg)/shoot 0.2 0.3 0.1 ND 0.1

Cellular osmotic
pressure (Bars) -7.11 -8.16 ND ND -8.50

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

*ND:not determined
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Table 18A. LJ 76-522 sett root growth under different NaCI levels

0.5oNaCI(%)
. ::::.>.".:":.,,>.,"-::.,.:".,:::.:

.....>1~OL5 . ·2.0.
. " '," ,',.- .

____________' ~~ ~·~;.;.;.~......... ~~:_:~~ __ ~: 2:2:~,2:~.;...-2.:~:1il'.i:~~~i.~~.~

Gennination
rate·(%) 100 100 100 100 100

Root Number 37 49 38 25 17

Length (Dllll) .. 23.7 10.7 5.2 3.7 2.0

FW(mg)/root 6.3 4.9 2.5 2.2 1.2

DW(mg)/root 1.0 0.6 0.3 0.3 0.2

Cellular osmotic
pressure (Bars) -7.79 -11.39 -15.05 -17.69 ND

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

*ND:not determined

Table 18B. LJ 76-522 sett shoot growth under different NaCllevels

NaCI(%) o 0.5 1.0 1.5. 2.0

--------------------------------------------~-------~--~~~
Gennination
rate(%) 100 100 100 100 80

Length (mm) 86.4 95.6 79.4 52.8 62.0

FW (mg)/shoot 10.8 13.9 9.1 7.2 7.3

DW (mg)/shoot 0.9 1.5 0.9 O.S 0.9

Cellular osmotic
pressure (Bars) -7.69 -8.11 -8.01 -9.31 -9.83

Medium osmotic
pressure (Bars) . -1.89 -4.48 -7.94 -9.29 -15.66
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Table 19A. Korpi sett root growth under different NaCllevels

NaCL(%) o 0.5 1.0 1.5 . ···2.0
:,' "" .' ,',' '," • ':":"-:',>::-:<:':- ,':'.' ..:, .0

. . " , . ',.,.. - .-----------------------'-----------'---'------'-'----------'....... '....._--'_ ......-
Germination (%) 100 80 60 60 80

Root Number 37 36 38 19 23

Length(mm) 24.2 18.1 8.4 4.8 5.6

FW(mg)/root 13.2 9.6 5.3 4.1 5.9

DW(mg)/root 1.2 1.1 0.7 0.3 0.7

Cellular osmotic
pressure (Bars) -6.30 -11.03 -14.24 -18.55 -21.93

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

Table 19B. Korpi sett shoot growth under different NaCllevels

NaCI (%) 0 0.5 1.0 1.5 2.0

---------------------------------------------------------
Gennination (%) 100 80 60 80 80

Length (mm) 23.4 32.2 32.4 13.2 13.3

FW(mg)/shoot 5.8 7.6 10.3 2.2 3.1

DW (mg)/shoot 0.2 1.1 1.3 0.4 0.3

Cellular osmotic
pressure (Bars) -8.75 -10.32 -10.63 -13.43 -14.57

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66



Table 20A. Aegyptiacum sett root growth under different NaCllevels

127

NaCl(%) ·0.5 . 1.0 1.5 .

GerIJ:linatic:m(%)

RootNumber

Lengtb(nun)

FW(mg)lroot

DW(mg)/root

Cellular.osmotlc
pressure (Bars)

Mediul11(.lSlllotic
pressure··.(1I3i'S) .·

*ND:not determined

100

4

11.8

0.5

0.1

ND

-1.89

80

3

5.2

0.5

0.2

ND

-4.48

80 100 80

3 3 3

3.6 2.9 2.3

0.5 0.5 0.3

0.1 0.2 0.2

ND ND ND

-7.94 -9.29 -15.66

Table 20B. Aegyptiacum sett shoot growth under different NaCllevels

NaCl(%) o 0.5 1.0 ·1.5 2.0

---------------------------------------------------------
Germination (%) 100 100 100 80 80

Length (mm) 15.8 31.1 26.6 18.2 12.6

FW (mg)/shoot 0.4 0.6 0.6 0.4 0.2

DW·(mg)/shoot 0.1 0.1 0.1 0 0

Cellular osmotic
pressure (Bars) -7.96 -6.98 -9.36 -9.92 -14.04

Medium. osmotic
pr~ure(Bal."Sr -1.89 -4.48 -7.94 -9.29 -15.66

--_. --_...._--- ._---_._------------



Table 21A. Glagah 1286 sett root growth under different NaCllevels
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NaCl(%) o· ·0.5·.· . 1.0 . ·1.5·.······· ······••••··2.0··· .:

Gel"lllinatioo·•• (%).· 100 100 100 100 100

Root Number 8 8 10 7 8

Length(mm) 21.0 16.4 10.9 8.3 4.2

FW· (mg)/root 1.7 2.4 2.6 2.7 1.7

DW(mg)/root 0.3 0.3 0.8 0.4 0.3

Cellular osmotic
pressure (Bars) ND -11.42 -15.31 ND ND

Medium osmotic
pressure. (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

*ND:not determined

Table 21B. Glagah 1286 sett shoot growth under different NaCllevels

NaCI(%) 0 0.5 1.0 1.5 2.0

--------------------------------------------------------
Germination (%) 71 100 100 71 86

Length (mm) 24.1 31.7 31.3 12.6 14.3

FW (mg)/shoot 0.9 1.4 1.4 0.5 0.6

DVt' (mg)/shoot 0.1 0.1 0.2 0.1 0.1

Cellular osmotic
pressure (Bars) -4.17 -6.91 -9.58 -13.75 -11.34

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

------_.-... _.. _- -- ._-._----- ._-------- ._. ----



Table 22A. IS 76-137 sett root growth under different NaCllevels
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NaCl(%) . .·0.5 ·1~0 1.5· ... 2.0

Germination (%). 100 100 100 100 100

Root Number 11 12 13 13 14

Length. (mm) 33.3 22.6 27.3 21.5 11.2

FW (mg)/root 12.4 9.0 13.1 10.0 9.1

DW(mg)/root 1.1 0.9 1.5 1.1 1.0

Cellular osmotic
pressure (Bars) -4.80 -9.16 -12.35 -16.34 -20.65

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

Table 22B. IS 76-137 sett shoot growth under different NaCllevels

NaCl(%) 0 0.5 1.0 1.5 2.0

---------------------------------------------------------
Germination (%) 100 100 100 100 100

Length (mm) 82.9 94.8 84.2 81.5 73.3

FW (mg)/shoot 7.0 9.4 8.3 6.0 5.0

DW (mg)/shoot 0.7 0.8 0.8 0.6 0.5

Cellular osmotic
pressure (Bars) -6.98 -7.84 -8.75 -9.36 -11.44

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66



Table 23A. SES205Asett root growth under different NaCllevels
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NaCI (%) o 0.5 .: 1.0 1.5 ·2.0

Germination .(%) 40 80 100 100 60

RootNumber 2 7 9 9 7

Lengtb(mm) 21.3 20.5 6.3 8.5 2.9

FW(mg)/root 3.0 2.0 2.0 3.0 0.9

DW (mg)/root 0.4 0.4 0.8 0.5 0.2

Cellular osmotic
pressure (Bars) -8.33 -15.51 -15.53 -17.71 ND

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

*ND:not determined

Table 23B. SES205A sett shoots growth under different NaCllevels

NaCI(%) 0 0.5 1.0 1.5 2.0
----------------------- ----------------'--'--- ----------
Germination (%) 100 100 100 80 100

Length (mm) 43.6 43.1 35.2 16.0 18.4

FW (mg)/shoot 3.6 3.1 2.2 1.1 1.3

DW (mg)/shoot 0.3 0.3 0.2 0.2 0.7

Cellular osmotic
pressure (Bars) -6.64 -8.18 -9.70 -10.61 -12.10

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

..- ....._- -- ._------------------ --_. ---



Table 24A. SES231sett root growth under different NaCllevels
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NaCl(%) o 0.5 1.0

Gennination(%) 86 100 86 86 86

Root Number. 4 5 4 3 3

Length(mm) 26.99 26.78 16.92 9.57 4.78

FW<(rng)/root 6.6 8.7 8.4 6.3 2.7

DW(mg)/root 1.1 2.2 4.2 4.4 0.6

Cellular osmotic
pressure (Bars) -7.01 -10.88 -13.21 -15.39 ND

Medium •• osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

*ND:not determined

Table 24B. SES231 sett shoot growth under different NaCllevels

NaCl(%) 0 0.5 1.0 1.5 2.0

---------------------------------------------------------
Germination (%) 86 100 100 86 100

Length (mm) 76.4 74.5 69.1 58.0 40.8

FW(rng)/shoot 5.4 5.3 4.2 3.6 2.2

DW (rng)/shoot 0.5 0.5 0.4 0.5 0.2

Cellular osmotic
pressure (Bars) -6.57 -7.74 -9.24 -9.65 -9.87

Medium osmotic
presssure(Bars) -1.89 -4.48 -7.94 -9.29 -15.66



Table 25A. Sumatra sett root growth under different NaCllevels
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NaCI(%). 0.5 . .... 2~0.

Germination (%) 80 100 80 60 100

Root Number 4 8 8 5 8

Length (nun) 4.2 5.2 3.9 1.1 2.4

FW(mg)/root 0.6 0.9 0.6 0.3 0.6

DW(mg)/root 0.1 0.2 0.1 0.1 0.1

Cellular osmotic
pressure (Bars) ND ND ND ND ND

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

*ND:not determined

Table 25B. Sumatra sett shoot growth under different NaCllevels

NaCI(%) o 0.5 1.0 1.5 2.0

---------------------------------------------------------
Germination (%) 100 80 60 40 60

Length (nun) 9.1 7.7 4.7 2.5 4.5

FW(mg)/shoot 0.3 0.3 0.2 0.1 0.1

DW (mg)/shoot 0.1 0 0 0 0

Cellular osmotic
pressure (Bars) -8.62 -11.15 ND ND -15.88

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

*ND:not determined



Table 26A. Tabongo sett root growth under different NaCI levels
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NaCI(%) .0 0.5 hO

Gennination (%) 100 100 71 86 86

Root Number 8 7 7 6 5

Length·(mm) 30.1 26.7 9.6 8.1 4.7

FW(mg)/root 4.6 5.8 3.2 3.7 3.7

DW (mg)/root 0.5 0.8 0.7 0.7 0.5

Cellular osmotic
pressure (Bars) -6.54 -7.15 -13.65 -18.60 -20.26

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

Table 26B. Tabongo sett shoot growth under different NaCI levels

NaCI (%) o 0.5 1.0 1.5 2.0

--------------------------------------------------------
Germination (%) 100 71 71 71 29

Length (mm) 46.6 45.9 27.9 25.6 10.6

FW (mg)/shoot 2.9 3.5 3.0 2.0 0.7

DW (mg)/shoot 0.3 0.3 0.1 0.08 ND

Cellular osmotic
pressure (Bars) -6.54 -6.74 -8.48 -8.70 -12.32

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

*ND:not determined

---_.-_._...._... -._._-- ------------



Table 27A. US 56-8-2sett root growth under different NaCllevels
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NaCI(%) 0~5 1.0· '·1.5· . 2.0 .

Germination(%) 100 100 100 100 80

Root Number 7 4 4 5 2

Length(mm) 21.7 8.4 6.8 3.1 1.5

FW(mg)/root 1.8 0.9 1.5 0.7 0.3

DW(mg)/root 0.3 0.2 0.3 0.1 0.2

Cellular. osmotic
pressure (Bars) ND ND ND ND ND

Medium.osmotic
pressure (Bars). -1.89 -4.48 -7.94 -9.29 -15.66

*ND:not determined

Table 27B. US 56-8-2sett shoot growth under different NaCllevels

NaCI (%) 0 0.5 1.0 1.5 2.0·

--------------------------------------------------------
Germination (%) 100 100 100 100 100

Length (rom) 47.8 52.8 30.8 23.7 25.1

FW (mg)/shoot 1.7 1.5 0.9 0.5 0.7

DW(mg)/shoot 0.2 0.2 0.1 0.1 0.1

Cellular osmotic
pressure (Bars) -7.38 -8.48 -9.41 -12.15 -13.87

Medium .osmotlc
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66
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Table 28A. US 56-13-7 sett root growth under different NaCllevels

NaCl(%) ·0.5 1,,0 1.5 2~0...... ,
..... -,-" . ',' ':' . .-.'" " " ,',. ,-,-">',, - .','"

---,--------~-----~_.__.'" --:...:.;:...:.-;.;,..---~~---.:..---;.;,..,-....;.:.-~.~~-~:;...;;....;;.;,..~,~..:...;..;;..:...;..~;.;,..'.;..._:.....;.~

Gennination (%) 0 0 0 0 50

Root Number ND ND ND ND 21

Length(mm) ND ND ND ND 1.30

FW(mg)/root ND ND ND ND 0.4

DW(mg)!root ND ND ND ND 0.1

Cellular.esmotle.
pressure (Bars) ND ND ND ND ND

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

*ND:not determined

Table 28B. US 56-13-7 sett shoot growth under different NaCllevels

NaCI(%) 0 0.5 1.0 1.5 . 2.0
---------------------'------------------------'--------
Germination (%) 100 100 100 100 100

Length (mm) 68.9 74.0 48.6 39.4 25.4

FW (mg)/shoot 2.8 2.6 1.7 1.4 0.8

DW(mg)!shoot 0.3 0.2 0.1 0.1 0.1

Cellular osmotic
pressure (Bars) -7.08 -7.89 -8.80 -10.54 -13.48

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

---_.__._ _ _-----_. ---------- -_. _._-



Table 29A. US 56-14-4 sett root growth under different NaCllevels
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NaC[(%) ·0 . 1.0 .•........ ······1.5· ···i.o··

Gennination(%) 40 20 20 20 0

Root Number 4 1 1 1 0

Length(mm) 3.3 3.5 0.6 0.6 0

FW(mg)/root 0.6 0.6 0.2 0.6 0

DW(mg)/root 0.1 0.1 0.1 0.1 0

Cellular osmotic
pressure (Bars) ND ND ND ND ND

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

*ND:not determined

Table 29B. US 56-14-4 sett shoot growth under different NaCllevel

NaCI (%) 0 0.5 1.0 1~5 .. 2.0

-----------------------------------------------------
Gennination(%) 100 100 100 100 100

Length. (mm) 96.1 86.9 88.9 56.2 74.0

FW (mg)/shoot 4.6 3.8 3.7 2.4 2.7

DW.(mg)/shoot 0.4 0.4 0.4 0.2 0.2

Cellular osmotic
pressure (Bars) -7.28 -8.21 -8.97 -9.92 -11.30

Medium osmotic
pressure (Bars) -1.89 -4.48 -7.94 -9.29 -15.66

----- _._... _- ._- ._._--_.__.------------
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APPENDIXB

Growth data of suspension cultured sugarcane cells

Figure 25. Growth of sugarcane cells salt-shocked by various levels of NaCI for 3 hr.
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• C: control cells
• CliO: cells grown in 1% NaCI
4. CA10: 1°,'0 NaCI acclimated cells
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Figure 26. Growth of NaCI treated sugarcane cells.
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