
The role of sugar polyols in environmental stress protection

Item Type text; Dissertation-Reproduction (electronic)

Authors Shen, Bo

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 26/05/2023 09:03:35

Link to Item http://hdl.handle.net/10150/289133

http://hdl.handle.net/10150/289133


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly fi'om the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may be 

fi'om any type of computer printer. 

The quality of this reprodoction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, draAvings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and 

continuing fi'om left to right in equal sections with small overiaps. Each 

original is also photographed in one exposure and is included in reduced 

form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Hgher quality 6" x 9" black and white 

photographic prints are available for any photogr^hs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly to 

order. 

UMI 
A Bell & Howell Information Company 

300 North Zeeb Road, Ann Art)or MI 48106-1346 USA 
313/761-4700 800/521-0600 





THE ROLE OF SUGAR POLYOLS IN ENVIRONMENTAL STRESS PROTECTION 

by 

Bo Shen 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF PLANT SCIENCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN PLANT SCIENCES 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9 9 7  



UHI Number: 9729499 

UMI Microform 9729499 
Copyright 1997, by UMI 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 



2 

THE UNIVERSITY OF ARIZONA ® 

GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by Bo Shen 

entitled The Role of Snpar Pnlvols in Environmental Stress Protection 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

hnert 

£ / ' 7 / 7 7  
Date 

n S. Schumaker Dat 

R^hard p./"Je^fen / 

kj}T,Miir(/i lucj 

Date 

Elizabeth Vierling 

Final approval and acceptance of this dissertation is contingent upon 

the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

Dissertation Director / Date^ 

Hans J. Bohnert 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the library. 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for permission for 
extended quotation from reproduction of this manuscript in whole or in part may be 
granted by the head of the major department or the Dean of the Graduate College when in 
his or her judgment the proposed use of the material is in the interests of scholarship. In 
all other instances, however, permission must be obtained from the author. 

SIGNED 



4 

ACKNOWLEDGMENTS 

I am particularly grateful to my major advisor. Dr. Hans Bohnert, for his 

guidance, support, criticism, and ftiendship, that made my graduate study a successful 

and enjoyable experience in my life. I am grateful to my committee members. Dr. 

Richard Jensen, Dr. Brian Larkins, Dr. Karen Schumaker, and Dr. Elizabeth Vierling, 

for their criticisms and encouragement, especially to Dr. Richard Jensen for allowing 

me to do experiments in his lab and for helping me to resolve some technique problems 

in experiments. I am grateful to Dr. Tim Helentjaris for his supervision during the first 

one and half years of my graduate study. 

I would like to thank my colleagues for their supports and friendships. Special 

thanks to Wendy Chmara for her excellent job in HPLC analysis, Dr. Genhai Zhu for 

providing cynobacterial Rubisco and many helpful discussions. Dr. Lena Sheveleva for 

collaboration in PRK activity assays, Christine Michalowski for chemical support, 

Bryan Arendall for computer support. Dr. Stefan Hohmann for providing yeast 

glycerol-deficient mutants, and Dr. Carol Dieckmann for providing a yeast genomic 

library. 

Finally, I am deeply grateful to my wife Hong Shen and my son Fred for their 

love, understanding, and support, especially to Fred for his patience and calmness 

when I had to work on the computer at night. 



5 

To my mother 



6 

TABLE OF CONTENTS 

UST OF FIGURES 9 

LIST OF TABLES 11 

ABSTRACT 12 

I. BIOCHEMICAL MECHANISMS OF OSMOTIC STRESS ADAPTATION 14 

ADAPTATIONS OF PLANTS TO OSMOTIC STRESS 14 

COMPATIBLE SOLUTES 15 

Proline 17 

Glycine Betaine 21 

Sugar Polyols 23 

FUNCTIONS OF COMPATIBLE SOLUTES 30 

DETOXmCATION OF REACTIVE OXYGEN SPECIES 36 

Production and Scavenging of Reactive Oxygen Species 36 

Reactive Oxygen Species and Environmental Stress 39 

MECHANISMS OF SALT TOLERANCE IN YEAST 42 

Osmo-Sensing Signaling pathway 44 

Ion Honneostasis 46 

SUMMARY AND OBJECTIVES 51 

n. MANNITOL FUNCTIONS AS A HYDROXYL RADICAL SCAVENGER 
INVIVO 53 

INTRODUCTION 53 

MATEIUALS AND METHODS 56 

Gene Constructs and Transformation 56 



7 

TABLE OF CONTENTS-Continued 

Analysis of Mannitol in Plants 56 

Methylviologen (MV) Treatment of Leaf Disks 57 

Analysis of CO2 Fixation 57 

Hydroxyl Radical Production in Cells 58 

RESULTS 59 

Accumulation of Mannitol in Chloroplasts 59 

Resistance to Methylviologen-Induced Oxidative Stress in 
Transgenic Plants 63 

Enhanced Hydroxyl Radical Scavenging Capacity in Transgenic 
Plants 65 

DISCUSSION 74 

in. MANNITOL PROTECTS PHOSPHORIBULOSE KINASE AGAINST 
OXIDATIVE INACnVATION BY HYDROXYL RADICALS 79 

INTRODUCTION 79 

MATERL\LS AND METHODS 82 

Isolation of Thylakoids 82 

Analysis of Hydroxyl Radicals Production 82 

Enzyme Activity Assay in vitro 83 

Measurement of PRK Activity in Mesophyll Cells 85 

RESULTS 85 

Production of Hydroxyl Radicals in Isolated Thylakoids 85 

Mannitol Scavenges Hydroxyl Radicals in vitro 86 

Mannitol Protects PRK against Oxidative Inactivation by 
Hydroxyl Radicals in vitro 89 

Mannitol Protects PRK against Oxidative Damage in vivo 92 



8 

TABLE OF CONTENTS-Continued 

DISCUSSION 96 

IV. REPLACEMENT OF GLYCEROL IN YEAST BY MANNTTOL AND 
SORBTTOL 100 

INTRODUCTION 100 

MATERIALS AND METHODS 103 

Strains, Media, and Growth Conditions 103 

Gene Constructions and Transformation 104 

Determination of Sugar Alcohols and Ions 104 

RESULTS 105 

Replacement of Glycerol by Mannitol and Sorbitol in gpdlA2A 
Strain 105 

Salt tolerance of S6PDH and MTLD Transformants 110 

Isolation of a Salt Tolerant Suppressor Mutant 110 

DISCUSSION 121 

V. CONCLUSIONS AND FUTURE DIRECTIONS 128 

REFERENCES 133 



9 

LIST OF HGURES 

Figure 1.1. Structures and biosyntheuc pathways of common compatible 
solutes 19 

Figure 1.2. Production and scavenging of active oxygen species in chloroplasts 38 

Figure 1.3. The osmosensing signaling pathway in yeast 45 

Figure 1.4. Ion homeostasis in yeast under salt stress 48 

Figure 2.1. Schematic ouUine of the pBS 1 gene construct 60 

Figure 2.2. Biosynthetic pathway of mannitol in chloroplasts 61 

Figure 2.3. Content of mannitol and inositol in T 1 lines 62 

Figure 2.4. Loss of chlorophyll in leaf disks treated with 2 pM MV 66 

Figure 2.5. Loss of chlorophyll in MV-treated leaf disks from mannitol-
accumulating transgenic (BSl-31) and wild type (SR-1) tobacco 67 

Figure 2.6. Time course of photosynthetic C02 fixation by isolated mesophyll 
cells from BSl-31 and wild type tobacco 68 

Figure 2.7. Determination of hydroxyl radical scavenging capacity in cells by 
using DMSO as a probe 69 

Figure 2.8. Kinetics of MSA formation dependent on DMSO concentration 71 

Figure 2.9. Effect of MV on hydroxyl radical production in mesophyll cells 73 

Figure 3.1. Production of hydroxyl radicals in an isolated thylakoid system 87 

Figure 3.2. Effect of thylakoid and iron concentration on tyrosine formation and 
the time course of tyrosine formation in an isolated thylakoid system 88 

Figure 3.3. Mannitol inhibits tyrosine formation in a Fenton reaction 90 



10 

LIST OF RGURES-Continued 

Figure 3.4. Effects of mannitol, MV, glycine betaine, SOD, or catalase on the 
rate of tyrosine formation in an isolated thylakoid system 91 

Figure 3.5. Effects of mannitol, glycine betaine, formate, SOD, Catalase, or 
DTT on PRK activity in an isolated thylakoid system 93 

Figure 3.6. Effects of mannitol, glycine betaine, formate, DCMU, or catalase on 
the activity of Rubisco in an isolated thylakoid system 94 

Figure 3.7. Effect of hydrogen peroxide on PRK activity in isolated mesophyll 
cells 95 

Figure 4,1. Gene constructs (A) and polyol biosynthetic pathways (B) 107 

Figure 4.2. Growth of polyol transformants under salt stress Ill 

Figure 4.3. Growth inhibition of polyol transformants 113 

Figure 4.4. Growth of the srl3 mutant under salt stress 114 

Figure 4.5. HPLC polyol profiles (A) and intracellular polyol content (B) of 
srl3 and gpdA2A strains 116 

Figure 4.6. Intracellular content of Na+ and K"*" 119 

Figure 4.7. Effect of the calcineurin inhibitor (FK506) on K"^ accumulation in 
srl3 120 

Figure 4.8. Effect of the calcineurin inhibitor (FK506) on Na"*" accumulation in 
srl3 122 

Figure 4.9. Proposed model for SRI3 function 123 



11 

LIST OF TABLES 

Table 2.1. Photosynthetic C02 fixation and mannitol accumulation in wild type 
tobacco (SR-1) and the transgenic line (BSl-31) 64 

Table 4.1. Intracellular polyol content in yeast transformants 108 

Table 4.2. Leakage of polyols during culture in 3.5% NaCl synthetic medium 109 



12 

ABSTRACT 

Although the protective effects of polyols against environmental stress have 

been demonstrated, mechanisms through which protection is accomplished are 

unknown. In this dissertation, the potential functions of sugar polyols in osmotic stress 

protection have been investigated. 

The function of mannitol as a hydroxyl radical scavenger in plant cells has been 

tested by using a transgenic plant approach. The presence of mannitol in transgenic 

plant cells enhanced the hydroxyl radical scavenging capacity and protected 

phosphoribulokinase from oxidative inactivation. Transgenic plants showed increased 

resistance to methylviologen (MV)-induced oxidative stress, as documented by 

increased retention of chlorophyll in transgenic leaf tissue following MV treatment. In 

addition, mesophyll cells from transgenic plants exhibited higher CO2 fixation than 

wild type. It was concluded that mannitol localized in chloroplasts can supplement 

endogenous radical scavenging mechanisms and reduce oxidative damage of cells by 

hydroxyl radicals. 

The role of polyols in osmotic adjustment was evaluated in yeast. A bacterial 

mannitol-1-phosphate dehydrogenase gene and an apple sorbitol-6-phosphate 

dehydrogenase gene were introduced into a glycerol-deficient yeast mutant. The 

presence of sorbitol and mannitol in transformants provided remarkable protection 

against salt stress. However, this protection was much less than the protection provided 

by the same concentration of glycerol in the transformants of glycerol-3-P 

dehydrogenase gene (GPDl). The reduced protection by mannitol and sorbitol 

suggested that osmotic adjustment by glycerol was either not sufficient for acquisition 
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of salt tolerance or that glycerol had specific functions for which mannitol and sorbitol 

could not substitute. 

To understand the role of glycerol in salt tolerance, salt-tolerant suppressor 

mutants were isolated from the glycerol-deficient mutants. One such suppressor mutant, 

srl3, partially suppressed the salt-sensitive phenotype of the glycerol-deficient mutant, 

most likely, due to the double amount of K"*" accumulated under salt stress. The 

accumulation of K"^ and extrusion of Na"*" in srl3 were not inhibited by a calcineurin 

inhibitor (FK506), suggesting SRI3 may function downstream of the calcineurin 

signaling pathway or in a separate pathway that regulated ion homeostasis under salt 

stress. 
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CHAPTER I 

BIOCHEMICAL MECHANISMS OF OSMOTIC 

STRESS ADAPTATION 

ADAPTATIONS OF PLANTS TO OSMOTIC STRESS 

Plants have evolved many mechanisms at different levels to adapt to osmotic 

stress caused by drought and salinity. These mechanisms can be briefly classified into 

two categories: developmental, morphological, and physiological mechanism and 

biochemical mechanism. Developmental, morphological, and physiological 

mechanisms are usually complex and require functions of many gene products. Such 

complex mechanisms include developmental changes, such as the switch from the C3 

photosynthetic pathway to the CAM pathway in Mesembryanthemum crystallium under 

salt stress (Cushman and Bohnert, 1997), morphological changes, such as salt glands of 

Atriplex and bladder cells in Mesembryanthemum (Flower et al., 1977), and 

physiological changes, such as those leading to increased water use efficiency, for 

example, the C4 photosynthetic pathway (Taiz and Zeiger, 1992). Biochemical 

mechanisms are relatively simple, perhaps involving only a few gene products. For 

example, accumulation of compatible solutes, such as glycine betaine and proline, only 

require one to three enzymes to extend a branch pathway from the main metabolic 

pathway (McCue and Hanson, 1990; Delauney and Verma, 1993). Ion homeostasis may 

also be controlled by several gene products (Niu et al., 1996). With our current 

knowledge of plant genetics and biochemistry, genetic engineering of the biochemical 

mechanisms seems to be possible but engineering of more complex mechanisms is still 
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beyond our capabilities. It may be possible to manipulate complex developmental 

mechanisms like flower development in the near future once all homeobox genes are 

isolated and characterized. In this review, I will focus only on biochemical mechanisms 

that lead to osmotic adaptation. 

COMPATIBLE SOLUTES 

Accumulation of compatible solutes under osmotic stress is a ubiquitous 

biochemical mechanism which is present in all organisms from bacteria, fungi, algae, to 

vascular plants and animals (Yancey et al., 1982; Brown, 1990). Compatible solutes are 

a group of low molecular weight metabolites which accumulate under osmotic stress 

and which at high concentration do not perturb essential cellular metabolism. These 

metabolites include amino acids and their derivatives and sugar polyols. The amino 

acids and their derivatives include proline, glycine betaine, P-alanine betaine, proline 

betaine, choline o-sulfate, and dimethylsulfoniopropionate (McCue and Hanson, 1990; 

Hanson et al., 1994; Trossat et al., 1996). The sugar alcohols include glycerol, mannitol, 

sorbitol, trehalose, fructans, and methylated inositols like ononitol and pinitol (Bohnert 

and Jensen, 1996). Accumulation of these compatible solutes can alleviate the problem 

of unbalanced water potential across plasma membranes and reduce adverse effects of 

high concentrations of ions under osmotic stress. 

Although halophytes and glycophytes use the same compatible solute strategy to 

cope with osmotic stress, they use different strategies to cope with ion toxicity. 

Enzymes from both glycophytes and halophytes do not show remarkable high salt 

resistance nor do they require sodium for optimal activities. In fact, the activity of 



enzymes is generally strongly inhibited by high concentrations of NaCl and KCl 

(Flower et al., 1977). Halophytes take up sodium and sequester ions into the vacuole. 

High osmotic potential in vacuoles is balanced by accumulating compatible solutes in 

the cytoplasm. Because the cytoplasmic volume is relative small compared to the large 

volume of the vacuole, less compatible solutes are required to reach the same osmotic 

potential in the cytoplasm as in the vacuole. In contrast, glycophytes usually attempt to 

limit sodium uptake or transport sodium to old leaves as an alternative way to extrude 

sodium out of plants (Flower et al., 1977, Greenway and Munns, 1980, Bohnert et al., 

1995). The halobacteria are an exception to the compatible solute strategies. This 

ancient group of bacteria accumulate K"*" as an osmolyte rather than organic solutes to 

counteract high external osmotic potential. The enzyme systems in halobacteria require 

high ion concentration for their optimal activity (Brown, 1990). Because this adaptation 

requires massive changes in protein structure and shows less flexibility to changing 

environments compared with organic solutes which only require minor changes in 

metabolic pathways, evolution has finally selected compatible solute strategies in most 

organisms. 

Several common characteristics exist among the different compatible solutes. 

First, these compounds can be easily synthesized by extending several reactions from 

main metabolic pathways. For example, glycine betaine in higher plants is synthesized 

from choline via two reactions catalyzed by choline monooxygenase and betaine 

aldehyde dehydrogenase (McCue and Hanson, 1990), and pinitol is synthesized from 

inositol via two reactions catalyzed by inositol o-methyltransferase and ononitol 

epimerase (Bohnert and Jensen, 1996). Second, accumulation of compatible solutes 

under osmotic stress is usually an active process, rather than an incidental consequence 
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of other stress-induced metabolic changes. The biosynthetic pathway is coordinately up-

regulated during osmotic stress. For example, two key genes, Inol and Imtl, are up-

regulated by salt stress and leads to increased carbon flux into pinitol biosynthesis under 

salt stress in Mesembryanthemum (Ishitani et al., 1996). Genes involved in degradation 

of compatible solutes are usually down-regulated under osmotic stress (Kiyosue et al., 

1996). Third, these compounds are usually end products of a branch pathway rather 

than an active intermediate. Their accumulation will not disturb other metabolic 

pathways. 

Proline, glycine betaine, and sugar alcohols, such as mannitol, sorbitol and 

pinitol are the most common compatible solutes and have been studied extensively in 

the last two decades. 

Proline 

The role of proline in osmotic stress adaptation is still controversial. Several 

studies suggest a correlation between proline accumulation and tolerance to osmotic 

stress (Delauney and Verma, 1993). However, the amounts of proline accumulated 

under stress are not always correlated with the degree of tolerance. There is no evidence 

that drought or salt tolerant species accumulate more proline than sensitive species. In 

fact, some sensitive tomato species accumulate more proline than tolerant species (Tal 

et al., 1979). Furthermore, stress-induced proline accumulation is not an early event, 

beginning only when cells lose their turgor or cell injury is evident (Hanson et al, 1977; 

Moftah and Michel, 1987; Wang and Shen, 1991). The interpretation of these results is 
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either that proline accumulation in plants is an adaptive response to osmotic stress or 

that proline accumulation is merely a consequence of stress injury. 

Based on studies in bacteria and the latest molecular biological studies of 

proline synthesis and degradation, it seems that proline accumulation does play a role in 

osmotic adaptation. First, mutants of bacteria which overproduced proline clearly 

showed increased osmotolerance, and exogenous application of proline increased stress 

tolerance in bacteria (Le Rudulier et al., 1984). In addition, overproduction of proline in 

transgenic plants resulted in increased osmotolerance as documented by enhanced root 

biomass and flower development under drought stress conditions (Kishor et al., 1995). 

Second, proline in vitro exhibited some protective effects on protein and membrane 

function under osmotic stress (Schobert and Tschesche, 1978; Paleg et al., 1981; 

Rudolph et al., 1986). Third, Sumaryati et al. (1992) have isolated mutants which were 

tolerant to NaCl, KCl, and polyethylene glycol from protoplast cultures of Nicotiana 

plumbaginifolia. The tolersuit mutants produced 10-25 times more proline than the wild 

type. The segregation of tolerant and sensitive phenotypes in either backcross and F2 

generations indicated that the tolerance was controlled by a single dominant nuclear 

gene. It was suggested that a single gene mutation, which led to overproduction of 

proline, could confer salt tolerance. Finally, proline accumulation under osmotic stress 

is achieved by activating the synthetic pathway and inactivating the degradation 

pathway. Although proline can be synthesized from either glutamate or ornithine, the 

glutamate pathway is dominant under osmotic stress (Delauney and Verma, 1993). 

Glutamic acid is converted to Ai-pyrroline-5-carboxylate (P5C) and then to proline (see 

Figure 1.1). The two reactions are catalyzed by P5C synthetase (P5CS) followed by 

P5C reductase (P5CR). The whole pathway is regulated at the level of both gene 
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Figure 1.1 Structures and biosynthetic pathways of common compatible solutes. 

In vascular plants, mannitol is synthesized from mannose-6-P catalyzed by mannose-6-

P reductase (M6PR) (Stoop et al., 1996). Bacterial mannitol-l-P dehydrogenase 

(MTLD) can catalyze the reaction from fructose-6-P to mannitol-l-P directly in 

transgenic tobacco (Tarczynski et al., 1992). Mannitol-l-P is converted to mannitol by 

a non-specific phosphatase. In apple, sorbitol is synthesized from glucose-6-P to 

sorbitol-6-P catalyzed by NADP-sorbitol-6-P dehydrogenase (S6PDH), followed by 

dephosphorylation by a phosphatase (Kanamaya et al., 1992). In higher plants, pinitol is 

synthesized from glucose-6-P. Inositol-1-P synthetase (INOl) catalyzes the first 

reaction from glucose-6-P to m>'c»-Inositol-l-P which is then dephosphorylated to myo

inositol. Myo-Inositol and S-adenosylmethionine are converted to D-ononitol by O-

methyltransferase (IMTl), and D-ononitol is epimerized to D-pinitol by ononitol 

epimerase (OEPl) (Bohnert and Jensen, 1996). In yeast, glycerol is synthesized from 

the glycolytic intermediate, dihydroxyacetone-P catalyzed, by glycerol-3-P 

dehydrogenase (GPD), followed by dephosphorylation via glycerol-3- phosphatase 

(Brown, 1990; Norbeck et al., 1996). Glycine betaine is synthesized from oxidation of 

choline by two reactions in higher plants. The first reaction is catalyzed by choline 

monooxygenase (CMO); the second reaction is catalyzed by betaine aldehyde 

dehydrogeanse (BADH) (McCue and Hanson, 1990). Proline is synthesized mainly 

from the glutamic acid pathway during osmotic stress in plants. A^-pyrroline-5-

carboxylate synthetase (P5CS) catalyzes the reaction from L-glutamate to A^-pyrroline-

5-carboxylate which is converted to proline by A^-pyrroline-S-carboxylate reductase 

(P5CR) (Delauney and Verma, 1993). 
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expression and enzyme activity. Although the levels of P5CS mRNA and P5CR mRNA 

are increased upon osmotic stress (Verbruggen et al., 1993; Yoshiba, et al., 1995), the 

rate limiting step is the P5CS reaction. The activity of P5CS is feedback inhibited by 

proline. During recovery from osmotic stress, proline is rapidly oxidized back to 

glutamate. The first step of degradation is catalyzed by proline oxidase which is 

localized in mitochondria. Expression of the proline oxidase gene is down-regulated by 

osmotic stress and up-regulated by rehydration (Verbruggen et al., 1996; Kiyosue et al., 

1996). The sophisticated regulatory mechanisms in response to osmotic stress cannot be 

explained as a simple consequence of stress injury. The adaptive role of proline may be 

attributed to a protective functions on cell damage, and not simply by adjusting the 

intracellular osmotic potential. Although a certain concentration of proline is required 

for this still unknown protective function, the actual concentration may not be 

correlated to its protective effects which may explain some contradictions in the 

existing data. 

Glycine Betaine 

Glycine betaine is present in a large number of organisms including bacteria, 

cyanobacteria, algae, higher plants, and animals and its roles in osmotic adaptation have 

been recognized over the last two decades (Le Redulier et al., 1984; McCue and 

Hanson, 1990; Rodes and Hanson, 1993). In bacteria, both physiological and genetic 

evidence indicated that glycine betaine had an osmoprotective function. In higher 

plants, however, direct genetic evidence is still needed to verify the adaptive role of 

glycine betaine, although many experiments have indicated a correlation between the 



accumulation of betaine and osmotic stress adaptation. Recently, near-isogenic glycine 

betaine-deficient and -producing lines of maize have been developed and their salt 

tolerance tested (Saneoka et al., 1995). The glycine betaine-producing line exhibited 

less shoot growth inhibition under salt stress than the glycine betaine-deficient line, 

suggesting accumulation of glycine betaine plays a role in osmotic stress adaptation. In 

addition, introduction of a bacterial codK gene into Arabidopsis led to production of 

glycine betaine. The cod\ gene encodes choline oxidase which catalyzes the direct 

conversion from choline to glycine betaine in bacteria. Transgenic Arabidopsis showed 

enhanced tolerance to salt and low temperature (Hayashi et al. submitted to Plant J. 

1997). 

In higher plants, glycine betaine is synthesized from oxidation of choline to 

betaine aldehyde followed by reduction of betaine aldehyde to glycine betaine. The first 

step is catalyzed by choline monooxygenase (CMO) and the second step is catalyzed by 

betaine aldehyde dehydrogenase (BADH) (see Figure l.l). Accumulation of glycine 

betaine under osmotic stress is associated with increases in the activities of CMO and 

BADH enzyme. The increase of the BADH activity followed stress-induced expression 

of the BADH gene (Ishitani et al., 1995; Wood et al., 1996). Glycine betaine is 

predominantly localized in the cytoplasm of cells. Only trace amounts are found in 

vacuoles (Rhodes and Hanson, 1993). Salt-stressed spinach leaves can accumulate as 

much as 0.3 M glycine betaine in chloroplasts, which might protect the photosynthetic 

machinery at low water potential by stabilizing the structure of photosystem 11 (Rhodes 

and Hanson, 1993; Papageorgiou, 1995). The mechanisms responsible for glycine 

betaine transport between cell compartments are still not clear. Although glycine 

betaine is present in some species in many plant families, several important crops, such 
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as rice, tomato, and potato, do not accumulate glycine betaine, probably due to lack of 

induction of the enzymes (Rodes and Hanson, 1993). The lack of glycine betaine in 

these crops may provide an opportunity for genetic engineering of drought and salt 

tolerance by introducing the glycine betaine pathway. 

Sugar Polyols 

Sugar polyols are sugar derivatives in which the aldo or keto group of the sugar 

is reduced to the corresponding hydroxyl group. The common sugar polyols include 

mannitol, sorbitol, glycerol, and pinitol in higher plants. Polyols are not only more inert 

to enzyme activity than other sugars, but their accumulation does also not interfere with 

other metabolic reactions. For example, mannitol and sorbitol when present at high 

concentrations in chloroplasts did not affect the expression of photosynthetic genes, 

whereas addition of non-compatible sugars, such as glucose and sucrose, resulted in the 

inhibition of photosynthetic gene expression in isolated maize protoplasts (Sheen, 

1990). Their structures and abbreviated biosynthetic pathways are shown in Figure 1.1. 

Mannitol is a widely distributed polyol in nature found in bacteria, fungi, algae, 

and more than 100 species of higher plants (Bieleski, 1982; Stoop et al., 1996). In 

crops, such as celery, olive, and carrot, mannitol is a major product of leaf 

photosynthesis and is translocated from source to sink. Mannitol is synthesized from 

mannose-6-P catalyzed by mannose-6-P reductase (M6PR) in source leaves; it is 

translocated to sink tissue and degraded to mannose by mannitol dehydrogenase (MTD) 

in sink tissues (Stoop et al., 1996). The M6PR is localized in the cytosol of 

photosynthetic mesophyll cells and uses NADPH as a cofactor (Everard et al., 1993). 



Unlike M6PR, the MTD enzyme is absent or not detectable in photosynthetic leaves 

and is only present in actively growing sink tissues. The gene encoding MTD has been 

cloned and the predicted protein sequence showed 80% identity to a pathogenesis-

related protein ELI3, suggesting that MTD may be involved in responses to pathogen 

attack in plants (Williamson et al., 1995). In contrast to vascular plants, mannitol in 

lower organisms such as bacteria, yeast and algae is synthesized from fructose-6-

phosphate to mannitol-1-phosphate by mannitol-1-phosphate dehydrogenase (MTLD) 

followed by dephosphorylation to mannitol by mannitol-1-phosphatase (Bieleski, 1982; 

Blomberg and Adler, 1992). 

Although mannitol functions as a translocated carbohydrate like sucrose in 

celery, it may also be involved in stress protections. Under 300 mM NaCl stress, the 

total photosynthetic capacity decreased as indicated by gas exchange and chlorophyll 

fluorescence, whereas the mannitol biosynthetic capacity was increased by salt stress. 

Increased mannitol accumulation is mainly due to partitioning of more fixed carbon 

into mannitol biosynthesis than into sucrose biosynthesis, as indicated by pulse-chase 

experiments using The ratio of mannitol to sucrose increased almost 10-fold in 

salt stressed plants compared to control plants (Everard et al., 1994). In addition, 

activity of the key mannitol biosynthetic enzyme, mannose-6-P reductase, increased 2 

to 6 fold under salt stress, whereas the activity of the mannitol-degrading enzyme, 

MTD, decreased at high salinity in sink tissues, such as expanding leaves and roots. 

Decreased MTD activity was correlated with decreased amounts of MTD protein 

(Everard et al., 1994; Stoop et al., 1994). Thus, accumulation of mannitol under salt 

stress may result from enhanced mannitol biosynthesis in source leaves and reduced 

mannitol utilization in sink tissues. The shift of partitioning of fixed carbon from 
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sucrose to mannitol biosynthesis during salt stress suggested that mannitol might 

provide protection against salt stress. 

Other lines of evidence funher support that mannitol plays a role in osmotic 

stress protection. Accumulation of mannitol in response to osmotic stress is well 

documented in algae, fungi, and plants (Bieleski, 1982; Brown, 1990). In red algae, for 

example, the intracellular mannitol concentration is 312.7 ^mole/g DW when grown in 

sea water and increases linearly up to 738.6 jimole/g DW with increasing salinity to 

70% NaQ (Karsten et al., 1992). In celery, accumulation of mannitol during salt stress 

is correlated with salinity tolerance (Stoop et al., 1994). In addition, non-photosynthetic 

cultured celery cells grown on different carbon sources showed different salt tolerances. 

Cells grown on sucrose as a carbon source did not accumulate mannitol whereas cells 

grown on mannitol contained only mannitol (Stoop and Pharr, 1993). Salt concentration 

which inhibited growth by 50% for sucrose-grown cells was 170 mM, while that for 

mannitol-grown cells was 320 mM. Although the same osmotic potential was detected 

in both sucrose-supplied cells and mannitol-supplied cells, the growth rate of cells on 

sucrose as a carbon source was inhibited more than that of cells on mannitol as a carbon 

source under NaCl stress. These data suggested that the roles of mannitol in stress 

tolerance may be attributed to its unknown protective functions rather than a simple 

osmolyte function (Stoop et al., 1996). Furthermore, introduction of a bacterial 

mannitol-1-P dehydrogenase gene (MTLD) into tobacco resulted in accumulation of 

mannitol in this non-mannitol producing plant (Tarczynski et al., 1992). Accumulation 

of mannitol in transgenic plants conferred a marginal improvement of growth under salt 

stress at certain developmental stages compared to untransformed plants (Tarczynski et 



26 

al., 1993). The mechanisms by which mannitol protects plants against osmotic stress are 

still not clear. 

Unlike mannitol, sorbitol is distributed mainly in higher plants and is less 

common in lower plants. There are a few reports of sorbitol in fungi and bacteria. 

Sorbitol is a major photosynthetic product in the Rosaceae family and accounts for as 

much as 60%-80% of the soluble carbohydrate in mature leaves (Bieleski, 1982). In 

apple, sorbitol is synthesized from glucose-6-P catalyzed by NADP-sorbitol-6-P 

dehydrogenase (S6PDH), followed by dephosphorylation by a non-specific phosphatase 

(Kanayama et al., 1992). The utilization of sorbitol in sink tissues occurs probably 

through oxidation of sorbitol to fructose by sorbitol dehydrogenase (Bieleski, 1982). 

The gene encoding sorbitol dehydrogenase has still not been isolated from higher plants 

but has been recently isolated from yeast (Sarthy et al., 1994). Yeast can utilize sorbitol 

as a sole carbon source for growth and the activity of sorbitol dehydrogenase is induced 

by sorbitol in the medium. 

There are relatively few studies on the function of sorbitol in osmotic stress 

adaptation since most of the sorbitol accumulating plants are woody. Only Ahmad et al. 

(1979) reported that the halophyte, Plantago maritima, accumulated sorbitol instead of 

proline or glycine betaine as a compatible solute in a saline environment. Plantago 

maritima accumulates large amounts of sodium chloride and as much as 116 p.mole 

sorbitol/g under salt stress. In addition, introduction of apple S6PDH into tobacco 

led to accumulation of sorbitol in transgenic plants (Tao et al., 1995; Sheveleva et al. 

1997, submitted to Plant Physiol). The effect of sorbitol on osmotic stress tolerance is 

now being evaluated. Accumulation of low amounts of sorbitol in transgenic plants did 

not cause any visible phenotype, whereas high amounts of sorbitol (>5 |imole/g FW) 



27 

resulted in stunted growth and necrosis in leaves, perhaps due to perturbation of other 

metabolic pathways such as inositol biosynthesis (Sheveleva et al. 1997, submitted to 

Plant Physiol). 

Pinitol is accumulated by glycophytic legumes (Ford, 1984) and halophytic 

Mesembryanthemum (Adams, 1992). There is no report of pinitol in bacteria, fiingi and 

algae. The biosynthetic pathway has been elucidated and several genes involved in this 

pathway have been characterized in Mesembryanthemum (Ishitani, 1996; Bohnert and 

Jensen, 1996). Pinitol is synthesized from glucose-6-P. Inositol-1-P synthetase (INOl) 

catalyzes the first reaction from glucose-6-P to myo-inositoI-l-P. myo-Inositol-1-P is 

dephosphorylated to myo-inositol by inositol monophosphatase (Ins-Pase). myo-Inositol 

is methylated with s-adenosylmethionine to ononitol by inositol O-methyltransferase 

(IMTl). Ononitol is further converted to pinitol by ononitol epimerase (OEPl). The 

different biochemical pathways and stress responses in Mesembryanthemum and 

Arabidopsis provide a good example for biochemical adaptation to osmotic stress. The 

pathway from glucose-6-P to myo-inositol is present in Arabidopsis, tobacco and 

Mesembryanthemum In Mesembryanthemum, however, two enzymes, IMTl and OEPl, 

extend this pathway to the production of ononitol and pinitol, whereas the last two 

enzymes appear to be missing in Arabidopsis and tobacco. Furthermore, in 

Mesembryanthemum, INOl and IMTl are up-regulated by salt stress which initiates the 

accumulation of pinitol. In contrast, INOl is not salt-inducible in Arabidopsis (Ishitani 

et al., 1996). Most higher plant families do not seem to express this pathway. 

Accumulation of ononitol and pinitol is suggested to be related to water stress 

tolerance (Ford, 1984; Bohnert and Jensen, 1996). Although the correlation between 

accumulation of pinitol and stress tolerance has been observed, the function of pinitol in 



salt stress tolerance is still not determined. Isolation of mutants which cannot 

accumulate pinitol in Mesembryanthemum or overexpress of pinitol in Arabidopsis or 

tobacco may eventually demonstrate the role of pinitol in salt tolerance. 

Glycerol is a major compatible solute in yeast and algae (Brown, 1990; 

Blomberg and Adler, 1992). Glycerol is synthesized in yeast from dihydroxyacetone-P 

catalyzed by glycerol-3-P dehydrogenase (GPD) followed by dephosphorylation to 

glycerol by glycerol-3-phosphatase. The genes encoding glycerol-3-P dehydrogenase 

and glycerol-3-phosphatase have been isolated and their expression is up-regulated by 

osmotic stress via the HOG-MAP kinase signaling pathway (Albertyn et al., 1994; 

Norbeck et al., 1996). Interestingly, Hirayama et al. (1995) isolated seven cDNAs that 

were up-regulated by osmotic stress. Five cDNA clones encoded proteins with known 

functions, including glycerol-3-P dehydrogenase, glucokinase, hexose transporter, heat-

shock protein 12 and Na"''-ATPase, while two had unknown functions. One of the two 

unknown cDNAs was later identified as a gene encoding glycerol-3-phosphatase 

(Norbeck et al., 1996). In addition, glycerol synthesis and degradation in Dunaliella are 

spatially separated, which avoids a futile cycle. Dunaliella are algae which can grow in 

a wide range of salt concentrations from 50 mM NaCl to saturation. Glycerol is 

synthesized from dihydroxyacetone phosphate in chloroplasts during hyperosmotic 

stress, whereas glycerol is oxidized to dihydroxyacetone in the cytoplasm under 

hypoosmotic stress (Brown, 1990). 

Physiological and genetic evidence has indicated that glycerol plays an 

important role in osmotic stress adaptation. Yeast cells accumulate glycerol in response 

to external osmotic stress. Accumulation of glycerol is achieved by increased synthesis 

and decreased leakage out of the cells (Blomberg and Adler, 1992). Yeast mutants 
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which cannot accumulate glycerol are osmo-sensitive; for example, deletion of the GPD 

gene resulted in an osmosensitive phenotype, indicating the important role of glycerol 

in osmotic stress adaptation (Albertyn et al., 1994). In higher plants, however, glycerol 

has been detected at low concentrations (Gerber et al., 1988) and may not have any 

significance in stress adaptation. 

The mechanisms of polyol transport across the plasma membrane and its 

intracellular localization are still unknown. Both plant and yeast cells can grow on 

mannitol or sorbitol as a sole carbon source, indicating that mannitol and sorbitol can be 

taken up by cells (Stoop and Pharr, 1993; Sarthy et al., 1994). In yeast, mannitol uptake 

is probably mediated by an energy-dependent transport system (Blomberg and Adler, 

1992). Membrane permeability of glycerol varies among different species. Membrane 

permeability to glycerol in the alga Dunaliella is very low, which prevents leakage of 

glycerol from the cells during osmotic stress (Brown, 1990). Equally, in the yeast 

Zygosaccharomyces rouxii, glycerol production was not up-regulated by osmotic stress, 

as noted by only slight increases of specific activities of the glycerol synthetic enzymes, 

whereas the proportion of glycerol retained within the cell increased during osmotic 

stress. An active glycerol uptake system may exist in this yeast (Brown, 1990). In 

contrast, Saccharomyces cerevisiae accumulated glycerol during osmotic stress by 

producing more glycerol while maintaining a constant retention percentage within the 

cell. The activity of glycerol-3-P dehydrogenase increased up to 30-fold by up-

regulation of gene expression under osmotic stress. The leakage of glycerol into the 

medium resulted in a low energy use efficiency. The difference in the membrane 

permeability to glycerol between the two yeast species may explain why 
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Zygosacch-aromyces rouxii is much more salt tolerant than Saccharomyces cerevisiae 

(Brown, 1990). 

In addition to serving as compatible solutes, polyols could serve as a reserve for 

carbohydrate, a form for translocated carbohydrates, and a storage of reducing power 

(Bieleski, 1982; Blomberg and Adler, 1992). Both mannitol and sorbitol can be 

translocated from source to sink and utilized in sink tissues. The mechanism of polyol 

translocation from source to sink in higher plants is still not clear. Polyols are more 

reduced than sugars and may release more reducing equivalents in the form of NADH 

or NADPH upon their reoxidation. This may result in more energy released during 

catabolism of polyols. Celery shows not only a higher photosynthetic rate, but also 

exhibits more salt tolerance than other C3 plants. This could be due to advantages of 

accumulating mannitol both as a translocated sugar and as a compatible solute (Stoop et 

al., 1996). In this sense, genetic engineering of both polyol biosynthesis in source leaves 

and polyol degradation in sink tissues may result in increased photosynthesis under 

normal growth conditions as well as increased stress tolerance under environmental 

stress. 

FUNCTIONS OF COMPATIBLE SOLUTES 

The concept of compatible solutes was first proposed by Brown in 1972 based 

on many in vitro experiments (Brown and Simpson, 1972). Brown and colleagues found 

that ions at high concentration usually inhibit enzyme activity. In contrast, some organic 

solutes at high concentration did not show any inhibitory effects on enzyme activity. 

These solutes are not only non-toxic to protein structure and function, but also seem to 
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alleviate some inhibitory effects of high ion concentrations or show other protective 

effects. Compatible solutes can be further distinguished as non-osmoregulatory and 

osmoregulatory solutes. Non-osmoregulatory compatible solutes show no response to 

osmotic stress but have some protective effects on stress damage. For example, the 

concentration of trehalose in yeast cells is relatively constant and does not respond to 

osmotic stress, but trehalose can protect cells against stress damage at relatively low 

concentrations (Gadd et al., 1987; Mackenzie et al., 1988; Holmstrom et al., 1996). In 

contrast, osmoregulatory compatible solutes accumulate in response to osmotic stress 

and may function as osmolytes as well as osmoprotectants. The term osmolyte 

emphasizes the osmotic adjustment function of a compatible solute, whereas 

osmoprotectant emphasizes the protective function. Osmotic adjustment or 

osmoregulation is the process which leads to a net increase of osmolytes within the cell 

in response to external high osmolarity. This net increase of solutes reduces the water 

potential in the cell and thus maintains the water balance across the membrane under 

osmotic stress. On the other hand, osmoprotection is to describe some protective effects 

of compatible solutes on protein and membrane functions. 

Recently, water channel proteins have been suggested to be involved in the 

regulation of water movement across plasma membranes. Water channel proteins are 

localized in both the plasma membrane (Kammerloher, et al., 1994, Yamada et al., 

1995; Kaldenhoff et al., 1995) and tonoplast (Maurel et al., 1993). Expression of water 

channel proteins in Xenopus laevis oocytes resulted in increased water permeability of 

the plasma membrane and led to a burst of oocytes in hypoosmotic media (Maurel et al., 

1993; Kammerloher et al., 1994; Yamada et al., 1995). A decrease in water channel 

proteins in transgenic plants by an antisense strategy conferred less water permeability 
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to the plasma membrane and reduced the bursting of protoplasts in hypoosmotic media 

(Kaldenhoff et al., 1995). The activity of water channel proteins could be regulated by 

either the amount of protein in membranes or by phosphorylation of these proteins 

(Chrispeels and Maurel, 1994; Maurel et al., 1995). The function of water channel 

proteins in maintaining water balance across membranes under osmotic stress is still 

debated. They may facilitate water uptake in roots by increasing water permeability or 

they could prevent water loss in the shoot by decreasing water permeability. Further 

experiments are needed to prove that water channel proteins are involved in the 

regulation of water movement in whole plants under stress conditions. 

Compatible solutes may protect or stabilize the function of proteins, membranes 

and other macromolecules under environmental stress. In in vitro experiments, 

compatible solutes at high concentrations reduce the inhibitory effects of ions on 

enzyme activity (Pollard and Wyn Jones, 1979; Yancey et al., 1982; Incharoensakdi, et 

al., 1986; Brown, 1990; Solomon, et al., 1994). Addition of compatible solutes in an in 

vitro assay increased thermal stability (Back et al., 1979) and freezing stability of 

proteins (Galinski, 1993), protected enzymes against heat inactivation (Paleg, et al., 

1981), and stabilized the oxygen-evolving photosystem II complex against inhibitory 

effects of NaCl (Papageorgiou and Murata, 1995). The concentration of compatible 

solutes required to show stabilizing effects in in vitro assays is usually high (>0.5M), 

which raises the question about their function in vivo. However, the concentration of 

glycine betaine required for complete protection of PEP carboxylase activity against 

inhibitory effects of NaCl was inversely related to native protein concentration in the 

assay (Manetas, 1990). Considering the high protein concentration in vivo, the 

concentration of compatible solutes needed for protection may be lower than that 
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required in the in vitro assays. Furthermore, glycine betaine protects spinach thylakoid 

membranes and alfalfa plasma membranes against freezing damage (Coughlan and 

Huber, 1982; Zhao et al., 1992), and red beet plasma membranes against heat 

destabilization (Jolivet et al., 1982). Trehalose and proline may preserve frozen or 

dehydrated biological membranes by interaction with membrane phospholipids 

(Rudolph et al., 1986). 

To explain protective or stabilizing effects of compatible solutes on protein 

structure and function, two main theoretical models have been proposed. The first 

model is the "Preferential Exclusion Model" developed by Timasheff and coworkers 

(Arakawa and Timasheff, 1985). According to this model, compatible solutes are 

excluded from the hydration shell of proteins, which stabilizes protein structure or 

promotes protein-protein interaction. Based on structural differences between hydration 

water and bulk water in the cytoplasm (Wiggins, 1990), small highly charged 

molecules, such as Na"^ would preferentially dissolve in hydration water and disturb the 

protein structure, whereas compatible solutes would preferentially dissolve in bulk 

water and stabilize the protein structure. The second model was originally proposed by 

Schobert (Schobert, 1977; Schobert and Tschesche, 1988) This model emphasizes the 

interaction between compatible solutes and proteins. The presence of the hydration shell 

around a protein is crucial for their structural stability. Under water deficit conditions, 

compatible solutes may interact with hydrophobic domains of proteins and prevent their 

destabilization, or they may replace some water molecules in the vicinity of such 

regions. The two models are not exclusive and may actually complement each other. 

The first model emphasizes that compatible solutes will not disturb the hydration layer 

of the proteins, while the second model emphasizes specific interaction between the 
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protein and compatible solutes. Both models do not yet explain all existing data and 

more studies are required to gain better insight into the stabilizing effect of compatible 

solutes. 

In addition to stabilization of the structures of proteins and membranes, 

compatible solutes may function as hydroxyl radical scavengers. Some enzymes can 

maintain their active form when present in dilute solutions, whereas others lose their 

activity rapidly during extraction and in suspension. These enzymes require the addition 

of protective compounds to stabilize their activities. The most common protective 

compounds are antioxidants and sometimes mannitol. In this case, the function of 

mannitol may be related to its ability to scavenge hydroxyl radicals (Elsmer, 1987; 

Halliwell et al., 1988). Smirnoff and Cumbes tested if other compatible solutes could 

scavenge hydroxyl radicals and found that sorbitol, glycerol, proline, ononitol and 

pinitol also exhibited hydroxyl radical scavenging activity; glycine betaine was the 

exception (Smirnoff and Cumbes, 1989; Orthen et al., 1994). The relative radical 

scavenging efficiency of these compounds is dependent on their rate constants for 

reactions with hydroxyl radicals. For example, the rate constant of mannitol is four-fold 

higher than that of proline (Buxton et al., 1988) and thus it is more effective than 

proline as a hydroxyl radical scavenger. Under drought stress conditions, radical 

production increases (Moran et al., 1994). Accumulation of sugar polyols ander such 

conditions may provide some protective effects against oxidative damage to enzymes. 

Further experiments are needed to demonstrate the role of polyols as hydroxyl radical 

scavengers in vivo. 

Interestingly, some pathogenic fungi produce mannitol and may use mannitol to 

protect themselves against toxic oxygen radicals produced by plant and animal defense 
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responses. Plants and animals produce oxygen radicals in response to pathogen attack. 

The rapid production and accumulation of reactive oxygen species leads to localized 

host cell death, which limits pathogen spread (Tenhaken et al., 1995). On the other 

hand, pathogens may have evolved mechanisms to detoxify the reactive oxygen species 

produced by the host Cryptococcus neoformans is a yeast which infects AIDS patients. 

This yeast produces and secretes mannitol when grown with an appropriate carbon 

source. The secretion of mannitol may contribute to the virulence of yeast as a 

mammalian pathogen. A mutant strain that does not produce mannitol is less virulence 

than the wild type (Niehaus and Flynn, 1994). In addition, the tomato pathogen 

Cladosporium fulvum produces mannitol during the infection process. Mannitol may 

protect fungi against killing by reactive oxygen species produced by plants (Joosten et 

al., 1990). 

It is worth noting that different compatible solutes may protect different aspects 

of cellular processes under osmotic stress. In other words, they may have different 

"niches" in osmotic stress adaptation. Recently, Hanson et al. (1994) found that 

different quaternary ammonium compounds had evolved in members of the 

Plumbaginaceae family which were adapted to different habitats. Different quaternary 

aimnonium compounds may have selective advantages in particular stress 

environments. For example, glycine betaine biosynthesis needs oxygen for the first 

reaction, whereas ^-alanine betaine does not. This may explain that species grown in 

salt marshes tend to accumulate ^-alanine betaine. Evolutionary diversity of compatible 

solutes provides additional possibilities for genetic engineering of different compatible 

solutes in crops which may then be able to cope with different stresses. Furthermore, 

glycine betaine showed stronger protective effects on protein structure and function 
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than sugar polyols (Papageorgiou, 1995). On the other hand, sugar polyois may 

predominantly have the ability to scavenge hydroxyl radicals, a function glycine betaine 

cannot perform (Smirnoff and Cumbes, 1989). Accumulation of both polyols and 

glycine betaine in some higher plants and algae may have evolutionary advantages for 

adaptation to different environmental stresses. Alternatively, they may show a 

synergistic effect on adaptation to environmental stress. Genetic engineering of both 

polyols and glycine betaine may provide increased protection against osmotic stress. 

DETOXmCATION OF REACTIVE OXYGEN SPECIES 

Production and Scavenging of Reactive Oxygen Species 

Production of reactive oxygen species (ROS) is an unavoidable process in 

photosynthetic tissues. Reactive oxygen species including superoxide, hydrogen 

peroxide, and hydroxyl radicals are very reactive and can result in oxidative damage of 

proteins, membrane lipids, and other cellular components (Halliwell and Gutteridge, 

1990; Asada, 1994). Superoxide is mainly produced from photoreduction of oxygen in 

chloroplasts. Oxygen concentration as high as 300 pM in chloroplasts can be 

photoreduced to superoxide by photosystem I via a Mehler reaction (Mehler and 

Brown, 1952; Robinson, 1988). The production of superoxide has been estimated to be 

approximately 30 ^mol (mg chl)"^ h-l on average in washed thylakoids and in intact 

chloroplasts (Asada and Takahashi, 1987), and the rate of production in isolated 

thylakoids was increased 1.5-foId by addition of ferredoxin and decreased 50% by 

addition of NADP"'" (Hodgson and Raison, 1991). Approximately 70% of the 
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superoxide produced in the lumen of thylakoids will diffuse to the stroma (Asada and 

Takahashi, 1987). Most of the hydrogen peroxide in chloroplasts is produced through 

disproportionation of superoxide by superoxide dismutases (SOD). In peroxisomes, 

hydrogen peroxide can be generated by glycollate oxidase directly. Hydroxyl radicals 

are produced through interaction between hydrogen peroxide and superoxide or direcdy 

from hydrogen peroxide in the presence of transition metals, such as Fe"'"^ and Cu"''. 

This reaction is called the Fenton reaction or Haber-Weiss reaction. The oxidized metal 

ions can be re-reduced by superoxide, glutathione, or ascorbate. Only trace amounts of 

metal ions are needed to catalyze the Fenton reaction (Asada and Takahashi, 1987; 

Asada, 1994). 

Reactive oxygen species are scavenged by resident enzyme systems and non-

enzymatic antioxidants (see Figure 1.2). The enzyme systems include superoxide 

dismutases (SOD) which catalyze the reaction from superoxide to hydrogen peroxide, 

and ascorbate peroxidases (APX) which is responsible for the conversion of hydrogen 

peroxide to water. SOD and APX are localized both in the stroma and in the thylakoid 

membrane. Ascorbate can be regenerated by the ascorbate-glutathione cycle. The level 

of reduced glutathione is maintained by glutathione reductase using NADPH (Asada, 

1994; Foyer et al., 1994). In contrast to the detoxification systems for H2O2 and O2', an 

enzyme system that could deal with the short-lived hydroxyl radicals has not been 

identified and, in fact, might not have evolved (Asada, 1994; Foyer et al., 1994). The 

best way to detoxify hydroxyl radicals is to prevent their formation by reducing the 

concentration of H2O2 and metal ions. Once produced, however, protection depends on 

the presence of antioxidants in the vicinity of the site of formation. 
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Figure 1.2. Production and scavenging of active oxygen species in chloroplasts. 

SOD, superoxide dismutase; APX. ascorbate peroxidase; AS, ascorbate; MDHA, 

monodehydroascorbate. 
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The importance of scavenging enzymes in preventing oxidative stress in plants 

have been demonstrated by genetic engineering of these enzymes in transgenic plants 

(Foyer etal., 1994; Allen, 1995). Overexpression of superoxide dismutase, ascorbate 

peroxidase, and glutathione reductase in transgenic plants has already been shown to 

lead to increased resistance to oxidative stress (Bowler et al., 1991; Bowler et al., 1992; 

Gupta et al., 1993; Aono et al., 1993; Van Camp et al., 1994). Non-enzymatic 

antioxidants include a-tocopherol, ascorbate, glutathione, carotenoids, and sugar 

polyols. Ascorbic acid is present in the chloroplast in high concentrations (~10 mM) 

and plays a crucial role in the detoxification of reactive oxygen species. Ascorbate is 

required for the APX activity (Asada, 1994). Ascorbate and a-tocopherol can scavenge 

singlet oxygen, lipid peroxides, and hydroxyl radicals (Bodannes and Chan, 1979; Njus 

and Kelly, 1991; Fryer, 1992). Carotenoids can quench singlet oxygen and excited 

chlorophyll (Taiz and Zeiger, 1992). Glutathione can scavenge singlet oxygen and 

hydroxyl radicals and can protect -SH enzymes in the Calvin cycle against oxidative 

inactivation (Foyer et al., 1994). Sugar polyols, such as mannitol and sorbitol can, at 

least in vitro, function efficiently as hydroxyl radical scavengers (Smirnoff and 

Cumbes, 1989). Botanical sources of such antioxidants not only play important roles in 

plant stress adaptation, but also retard aging and diseases related to oxidative damage in 

animals (Dalton, 1995). 

Reactive Oxygen Species and Environmental Stress 

Under field conditions, plants are often exposed to excess photon fluxes in high 

light with water deficits which limit CO2 uptake due to partial stomatal closure. This 



excess energy intercepted by photoreactions, if not dissipated safely, will cause 

photoinhibition or photooxidative damage to plants. Plants adapted to desert 

environments have evolved many mechanisms to dissipate excess excitation energy. 

These mechanisms include morphological features, such as wax surfaces, leaf and 

chloroplast movement, non-photochemical quenching processes by carotenoids, the 

violaxanthin-zeaxanthin cycle, and photorespiration. Once excess energy becomes 

greater than the capacity for thermal energy dissipation and photorespiration, plants 

have to rely on photoreduction of oxygen which will lead to increased production of 

ROS under stress conditions (Foyer et al., 1994; Osmond and Grace, 1995). Oxidative 

damage may occur due to either enhanced production of ROS or reduced scavenging 

capacity under severe water deficits. The oxidative damage includes inhibition of 

photosynthesis, loss of pigments, oxidation of proteins, and lipid peroxidation 

(Smirnoff, 1993; Wise, 1995). 

Several lines of evidence support the toxicity of ROS during drought stress. 

First, superoxide production is enhanced, as detected by EPR signals in drought stressed 

wheat and sunflower (Price et al., 1989; Quartacci and Navari-Izzo, 1992). Equally, 

H2O2 content increased about three-fold in drought conditions (Mukheijee and 

Choudhuri, 1983; Chowdhury and Choudhuri, 1985). Enhanced production of ROS 

resulted in an increase in lipid peroxidation, as documented by a more than 5-fold 

increase of malonaldehyde production in wheat (I'rice and Hendry, 1991). Second, the 

concentration of free transition iron increased under drought stress (Price and Hendry, 

1991; Moran et al., 1994), which stimulated production of hydroxyl radicals in the 

presence of high concentrations of H2O2 via a Fenton reaction. Compared to superoxide 

and H2O2, hydroxyl radicals are more toxic and can oxidize a variety of molecules at 
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near diffusion-controlled rates and may be responsible for the oxidative damage 

observed under drought stress. Similarly, iron-dependent hydroxyl radical production 

was suggested to be responsible for nodule senescence (Becana and Klucas, 1992). 

Third, the level of non-enzymatic radical scavengers, such as ascorbate, carotenoids, 

flavonoids, sugar polyols, and proline (Smirnoff, 1993), was elevated which may 

complement the enzyme systems to adapt to environmental stress. 

In addition to drought stress, ROS may be involved in chilling-induced 

photooxidative damage in crops (Wise, 1995). Thylakoids isolated from chilling 

sensitive plants produced more superoxide than those from chilling insensitive plants 

under a low temperature treatment (Hodgson and Raison, 1991). Maize is a chilling-

sensitive crop. Young seedlings cannot survive at 4^0 if they are not pretreated at 

for several days. During chilling acclimation, the transcript of the cat3 gene 

accumulated, which encodes a mitochondrial catalase 3 isozyme, suggesting that 

chilling imposed oxidative stress in the seedlings. In addition, the concentration of 

H2O2 increased during acclimation and chilling stress (Prasad et al., 1994). Enhanced 

levels of antioxidant enzymes such as catalase and glutathione reductase during 

acclimation may protect seedlings from oxidative damage during a 40C stress. In 

contrast, non-acclimated seedlings did not exhibit increased radical scavenging capacity 

and may experience oxidative damage under chilling stress (Prasad, 1996). 

Recently, a large number of transgenic plant experiments indicated that ROS are 

involved in environmental stress (Foyer et al., 1994; Van Camp et al., 1994; Allen, 

1995). Overexpression of Mn SOD or Cu/Zn SOD in transgenic tobacco conferred 

resistance to ozone-induced oxidative damage (Van Camp et al., 1994; Pitcher and 

Zilinskas, 1996) and protected plants against photoinhibition caused by high light and 
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low temperature (Gupta et al., 1993). Similarly, overexpression of Mn SOD in alfalfa 

enhanced tolerance to freezing stress and drought stress, suggesting that tolerance of 

ROS toxicity is important in adaptation to field environments (McKersie et al., 1993; 

McKersie et al., 1996). In addition, introduction of E. coli glutathione reductase into 

tobacco chloroplasts or cytosol resulted in an increased resistance to paraquat and SO2-

induced photooxidative stress (Aono et al., 1991; Aono et al., 1993). Similarly, 

overexpression of the same enzyme in chloroplasts of the poplar trees led to increased 

resistance to photoinhibition caused by high light and low temperature due to enhanced 

antioxidant capacity in transgenic plants (Foyer et al., 1995). In contrast, overexpression 

of a Fe-SOD in transgenic tobacco neither enhanced tolerance to chilling-induced 

photoinhibition in leaf discs nor increased tolerance to salt stress in whole plants (Van 

Camp et al., 1996), suggesting that different isoforms of SOD may have different roles. 

MECHANISMS OF SALT TOLERANCE IN YEAST 

-Yeast as a Model for Biochemical Mechanisms of Salt Tolerance in Higher Plants 

Yeast is a eukaryotic unicellular organism with a small genome size that can be 

used as a model for biochemical mechanisms of salt tolerance in higher plants. There 

are several advantages to using yeast for studying molecular mechanisms of cellular salt 

tolerance. First, yeast cells have stress responses similar to halophytic plants. Yeast 

cells accumulate compatible solutes, mainly glycerol, to counteract high external 

osmolarity during salt stress (Brown, 1990); this is similar to the reactions of higher 

plants. For example, Plantago maritima and Mesembryanthemum crystallinum 

accumulate high concentrations of sorbitol and methylated inositols, respectively, under 



salt stress (Ahmad et al., 1979; Adams et al., 1992). Second, both yeast and plants use 

proton gradients as the driving force for secondary transport systems to establish ion 

homeostasis under stress (Niu et al., 1995; van der Rest et al., 1995). Many ion flux 

mechanisms are highly conserved in yeasts and plants. In fact, a number of membrane 

proteins, such as the potassium, amino acid, and sugar transporters have been isolated 

in plants by functional complementation of yeast mutants (Frommer and Ninnemann, 

1995). Third, glycerol is the principal compatible solute in yeast and its accumulation is 

essential for salt tolerance (Albertyn et al., 1994). Glycerol-deficient mutants are 

available for evaluating the functions of other sugar polyols in stress tolerance. Finally, 

yeast provides an unsurpassed system for genetic analysis and transformation, 

especially in light of tlie recent completion of the yeast genome sequence (Goffeau et 

al., 1996). 

5. cerevisiae employs basically two main mechanisms for adaptation to salt 

stress: accumulation of a polyol, glycerol, and maintenance of ion homeostasis. Yeast 

cells, exposed to NaCl, experience both osmotic stress and ion toxicity. To respond to a 

high external osmotic environment, the cells accumulate glycerol, seemingly to 

compensate for the differences between the extra- and intra-cellular water potential 

(Brown, 1990). To reduce sodium toxicity, yeast cells have to maintain low cytosolic 

Na"^ concentrations which are achieved by several mechanisms, such as restricted Na"^ 

influx, rapid extrusion and/or efficient compartmentation of Na^ into vacuoles. The 

genetic evidence indicated that both mechanisms are required for salt tolerance in yeast 

(Yapi and Tada, 1988; Ushio et al., 1992; Garciadeblas et al., 1993). 
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The signaling pathway by which yeast cells sense and respond to external 

osmolarity changes has recently been identified (see Figure 1.3). High osmolarity is 

perceived as a signal by two membrane osmosensors which are the protein products of 

Slnl and Shol. Slnl protein contains an extracellular sensor domain, a cytoplasmic 

hisddine kinase domain, and a receiver domain. Sskl is a receiver protein in the cytosol. 

Slnl and Sskl function like a bacterial two-component system (Ota and Varshavsky, 

1993; Maeda et al., 1994; Posas et al., 1996). Shol is a transmembrane protein 

containing a cytoplasmic SH3 domain which can directly activate a MAP kinase kinase, 

Pbs2, by interaction between its SH3 domain and a proline-rich motif of Pbs2 (Maeda et 

al., 1995). The signal is then transferred via a MAP-kinase cascade that is composed of 

MAP kinase kinase kinase (Ssk2/22), MAP kinase kinase (Pbs2), and MAP kinase (Hog 

1) (Brewster et al., 1993; Maeda et al., 1994; Maeda et al., 1995). The cascade finally 

initiates the expression of the glycerol biosynthetic pathway including the GPD and 

GPP genes. GPD genes encode glycerol-3-phosphate dehydrogenase (GPDH) while 

GPP encodes glycerol-3-phosphatase (Albertyn et al., 1994; Norbeck et al., 1996). 

GPDH catalyzes the reaction from dihydroxyacetone phosphate to glycerol-3-phosphate 

which is then converted to glycerol by glycerol-3-phosphatase. In addition to glycerol 

biosynthesis, genes for other stress responses, such as CCTl encoding catalase T 

(SchuUer et al., 1994) and HSP12 encoding a small heat-shock protein (Hirayama et al., 

1995; Varela et al., 1995) are induced by this signaling pathway. 

Interestingly, similar two-component systems are also present in higher plants. 

Arabidopsis ETRl is an ethylene receptor involved in the ethylene signaling pathway. 
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Figure 1.3. The osmosensing signaling pathway in yeast. 
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The carboxyl-terminal of the ETRl protein contains a histidine kinase and a receiver 

domain which are similar to two-component signal transduction systems (Chang et al., 

1993). Similarly, CKIl is a gene involved in the cytokinin response in Arabidopsis. The 

predicted CKIl product has regions similar to histidine kinase domains and receiver 

domains of two-component systems like Slnl and ETRl (Kakimoto, 1996). In addition, 

several components of the MAP kinase cascade homologous to yeast have recently been 

isolated in plants (Nishihama et al., 1994; Jonak et al., 1994; Mizuguchi et al., 1996; 

Mizuguchi et al., 1997). Thus, the stress signaling pathway found in yeast is likely 

conserved in higher plants. 

In contrast to hyperosmotic stress, hypoosmotic stress initiates a second MAP 

kinase cascade called the protein kinase CI (PKCl) pathway. The MAP kinase in this 

PKCl pathway is phosphorylated when cells are transferred from high osmolarity to 

low osmolarity. Protein kinases downstream of PKCl include BCKl/SLKl, 

MKK1/MKK2 and MPK1/SLT2 (Davenport et al., 1995). PKCl mutants exhibited a 

lytic phenotype due to defects in cell wall biosynthesis. The lytic phenotype can be 

suppressed by addition of osmolytes like sorbitol into the medium (Shimizu et al., 

1994). How the two osmosensing pathways are coordinated remains to be determined. 

Ion Homeostasis 

The mechanisms of Na"^ uptake in yeast are still not clear. Recently, it has been 

suggested that Na"'" may enter cells via essential K"''-uptake systems (Haro et al., 1993; 

Rubio et al., 1995). In yeast, potassium is taken up via a high-affinity K"^(TRK1) and a 

low-affinity K"^(TRK2) transporter (Gaber et al., 1988; Ko et al., 1990; Ko and Gaber, 



1991). The high affinity transporter shows a higher intrinsic K"'"/Na'^ discrimination 

ability than the low-affinity system. High external Na"*" is thought to trigger a switch 

from low affinity uptake to the high-affinity transporter which would reduce influx of 

Na"^ into the cells (Haro et al., 1993). Sodium, which will inevitably accumulate, is 

pumped out of the cells by a Na"'"-ATPase encoded by ENA genes (Haro et al., 1991; 

Garciadeblas et al., 1993; Wieland et al., 1995) and by a Na'''/H''" antiporter encoded by 

NHA 1 gene (Prior et al., 1996). In Saccharomyces pombe, however, only a sodium 

proton antiporter has been identified (Jai et al., 1992). Induced expression of ENA 

during salt stress has been documented, and inactivation of ENA leads to salt 

sensitivity. Another possible mechanism that suppons salt tolerance is vacuolar 

functioning, because mutants defective in vacuole morphology and vacuolar protein 

targeting are salt-sensitive (Latterich and Watson, 1991). A mutant in subunit C of the 

vacuolar ATPase showed increased sensitivity to Na"*" and Li"^ (Haro et al., 1993). The 

essential function may be associated with both compartmentation of ions and 

osmoregulation (see Figure 1.4). 

Potassium plays an important role in salt tolerance in yeast. Sodium becomes 

toxic only at a Na*/K^ ratio greater than 0.5 (Gaxiola et al., 1992). Two halotolerance 

genes, HALl and HAL3, have been isolated by screening for genes that enhance salt 

tolerance when overexpressed (Gaxiola et al., 1992; Ferrando et al., 1995). Both have 

been suggested to be involved in the regulation of K+ homeostasis. Over-expression of 

HALl and HAL3 resulted in increased salt tolerance and higher accumulation of K+ 

under salt stress. The beneficial effects are specific for NaCl stress, and cannot alleviate 

sorbitol or KCl stress, suggesting that high K"^ may alleviate Na"^ toxicity. Yeast double 

mutants with deletions of the high affinity K""" transporter (TRKl) and the Na"*"-ATPase 
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Figure 1.4. Ion homeostasis in yeast under salt stress. 

Calcineurin is a protein phosphatase 2B encoded by the cnbl, cnal and cna2 genes; 

PPZ is a Ser/Thr protein phosphatase; Na''"-ATPase is encoded by ena l/pmr 2 genes; 

the high affinity K"*" transporter is encoded by trk 1 and the low affinity K"*" transporter 

encoded by the trk 2 gene; a Na'^-H^ antiporter in plasma membrane is encoded by the 

Nhal gene and the Sod2 gene. 



(ENAl) are very sensitive to Na"*" because of poor Na"*"/ K"*" discrimination and 

decreased Na"^ efflux (Haro et al., 1993). In addition, increased K+/Na+ discrimination 

of a high affinity potassium transponer fi-om wheat has been shown to increase salt 

tolerance of yeast strains deficient in potassium uptake (Rubio et al., 1995). 

Similarly, tobacco cells adapted to NaCl showed increased capacity for K"*" 

uptake compared to wild type cells, especially under NaCl stress. Inhibition of K"*" 

uptake by NaCl was not observed in these long-term salt-adapted cells (Watad et al., 

1991), suggesting increased Na"'"/K+ discrimination by the K"*" uptake system as a 

significant element for salt tolerance. Likely in the same category, Arabidopsis SOSl 

mutants were hypersensitive to salt stress due to a defect in high affinity K"*" uptake 

system, highlighting the imponant role of K"'" for salt tolerance in plants under salt 

stress (Wu et al., 1996). 

The signal transduction pathway regulating ion homeostasis remains unknown. 

Recent studies revealed that calcineurin (a protein phosphatase 2B) and protein 

phosphatase PPZ may be involved in regulation of ion fluxes (Nakamura et al., 1993; 

Mendoza et al., 1994; Hirata et al., 1995; Posas et al., 1995). Calcineurin was originally 

identified as a component of the T cell receptor signal transduction pathway. 

Calcineurin is a protein phosphtase 2B which consists of a catalytic subunit (CNA) and 

a regulatory subunit (CNB). The activity of calcineurin requires Ca^"^ and calmodulin 

activity. The regulatory subunit binds with Ca^"'" and stimulates the activity of 

holoenzyme (Cyert et al., 1991). Null mutants of calcineurin failed to recover from G1 

arrest in the presence of a-pheromone and showed a normal growth rate under normal 

growth conditions. Under salt stress, however, mutants showed a salt-sensitive 

phenotype (Nakamura et al. 1993; Mendoza et al., 1994), which was caused by reduced 



expression of the ENAl gene in the absence of calcineurin activity. Moreover, the 

mutant lacking functional calcineurin was unable to shift from low- to high-affinity 

potassium transport under salt stress (Mendoza et al., 1994). In contrast, deletions of the 

protein phosphatases PPZl and PPZ2 increased salt-tolerance due to enhanced 

expression of ENAl, suggesting an essential role of these phosphatases in yeast ion 

homeostasis (Posas et al., 1995). In addition, the HOG-MAP kinase pathway appears to 

be involved in regulation of ions fluxes at low salt concentrations, while at high salt 

concentrations the ion homeostasis is mainly controlled by calcineurin (Marquez and 

Serrano, 1996). Other components in the calcineurin signaling pathway remain to be 

identified. 

In higher plants, a calcineurin-like protein phosphatase activity is involved in 

the regulation of the K'^'-channel in guard cells of fava bean (Luan et al., 1993). FK506 

and cyclosporin A are immunosuppressants which can bind with their cellular receptors, 

called immunophilins, and form complexes. These complexes of immunosuppressants 

and their receptors are strong and specific inhibitors of calcineurin (Liu et al. 1993). 

When such complexes were added to guard cells, the Ca^^-induced inactivation of K""" 

channel was inhibited. A Ca2+-dependent phosphatase activity which is sensitive to 

complexes of FK506-FK506 binding protein and cyclophilin-cyclosporin A was also 

identified in guard cells (Luan et al., 1993). The gene which encodes cyclophilin has 

been cloned recentiy (Luan et al., 1994), suggesting the imponant roles of calcineurin in 

higher plants. In addition, by complementation of yeast calcineurin mutants, two 

cDNAs (STO and STZ) which suppress the calcineurin deficient phenotype in yeast 

have been isolated from plants, but the predicted protein sequence did not show any 

homology to phosphatases (Lippuner et al., 1996). Until now, the plant calcineurin gene 
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has not been identified. The imponant function of calcineurin in salt tolerance has 

recently been demonstrated by overexpression of a truncated yeast calcineurin in 

transgenic tobacco. Constitutive expression of this yeast calcineurin increased salt 

tolerance of transgenic plants (Pardo, J. personal communication). 

SUMMARY AND OBJECTIVES 

Drought and salinity are major factors responsible for the loss of crop biomass 

(Boyer, 1982). Salinity caused by irrigation affects many productive agricultural areas 

and will become a more severe problem in the futiire. Development of drought- and 

salt-tolerant crops has been a major objective of plant breeding programs for decades in 

order to maintain crop productivity in semi-arid and saline lands. Although several salt-

tolerant varieties have been released, the overall progress of traditional breeding 

methods is slow and has not been successful (Flower and Yeo, 1995). The lack of 

success is mainly due to the quantitative genetics of the trait and to our poor 

understanding of the mechanisms of salt tolerance. Recentiy, the biochemical basis of 

salt tolerance has been extensively studied. Biochemical pathways that lead to the 

production of compatible solutes like proline, glycine betaine, or pinitol have been 

elucidated and genes involved in these pathways have been cloned and characterized 

(McCue and Hanson, 1990; Delauney and Verma, 1993; Bohnert and Jensen, 1996). 

The protective effects against osmotic stress have been demonstrated by genetic 

engineering of these compatible solutes into tobacco followed by physiological analysis 

(Bohnert and Jensen, 1996). In addition, the metabolic pathways of free radical 

production and mechanisms of radical scavenging have become known in detail and the 
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corresponding genes whose products are involved in detoxification of ROS have been 

isolated and characterized (Asada, 1994; Foyer et al., 1994). Overexpression of these 

radical scavenging enzymes in plants has demonstrated the important role of radical 

scavenging in stress tolerance (Foyer et al., 1994; Allen, 1995). Furthermore, genes for 

several K"*" channels and transponers have been isolated (Sentenac et al., 1992; 

Anderson et al., 1992; Schachtman et al., 1994) and the importance of K"^ in salt 

tolerance has been suggested in plants (Rubio et al., 1995; Wu et al., 1996). The 

osmosensing signaling pathway that regulates stress response gene expression and ion 

homeostasis in yeast is now known (Brewster et al., 1993; Maeda et al., 1995; Mendoza 

et al., 1994; Niu et al., 1995). Based on our current understanding of the biochemical 

mechanisms of osmo-tolerance, and given the maturity of tools of molecular biology, 

genetic engineering for drought- and salt-tolerant crops has become possible and will be 

an alternative to developing salt- and drought-tolerant crops in the future. 

Although the protective effects of compatible solutes on osmotic stress have 

been demonstrated, the mechanisms by which compatible solutes protect cells against 

stress are still not known. The objective of this dissertation was to understand 

mechanisms by which sugar polyols function in osmotic stress protection. First, the 

possible function of mannitol as a hydroxyl radical scavenger was tested in vivo by 

targeting mannitol biosynthesis to tobacco chloroplasts. Second, the target enzymes 

which mannitol may protect against oxidative damage by hydroxyl radicals have been 

investigated. Third, the function of polyols in "osmotic protection" was evaluated by 

replacing of glycerol by mannitol and sorbitol in a yeast glycerol deficient strain. 
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CHAPTERn 

MANNTTOL FUNCTIONS AS A HYDROXYL RADICAL 

SCAVENGER IN VIVO : 

Increased Resistance to Oxidative Stress in Transgenic Plants by 

Targeting Mannitol Biosynthesis to Chloroplasts 

INTRODUCTION 

In several studies, a beneficial effect on abiotic stress tolerance, against 

damage by drought and high salinity, has been documented when transgenic plants 

contained or accumulated a number of metabolites, such as fructans (Pilon-Smits et al., 

1995), proline (Kishor et al., 1995), glycine betaine (Nomura et ah, 1995), trehalose 

(Holmstrom et al., 1996) and mannitol (Tarczynski et al., 1993). As a group, these and 

other metabolites, which alone or in combinations accumulate in a number of stress-

tolerant plants, have been termed compatible solutes (Ahmad et al., 1979; Hanson et al., 

1994), because they do not interfere with normal metabolic reactions even at high 

concentrations. Compatible solutes include sugar alcohols, quaternary ammonia 

compounds, proline, and tertiary sulfonic compounds. Some of the compounds are 

methylated derivatives of common metabolites (Bohnert and Jensen, 1996). The most 

obvious function of these compounds is conceivably in "osmotic adjustment". For 

example, the halophytic ice plant can accumulate more than 1 M D-pinitol, a 

methylated inositol, under salt stress, which will increase cellular osmotic potential and 

sustain water balance (Adams et al., 1992). There is, however, doubt about whether this 
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is the real, or the only, function of these metabolites. Transgenic plants, whether they 

have been engineered to accumulate mannitol, glycine betaine, proline, trehalose or 

fructans, contain these compatible solutes at concentrations in the range of 5 to less than 

100 mM which seems too low to account for significant osmotic adjustment Arguably, 

the demonstrated protection might be based on a different mechanism or individual 

compatible solutes might act through several different mechanisms. To accommodate 

such unknown functions, a concept was proposed that viewed these compatible solutes 

as "osmoprotectants" (Le Rudulier et al., 1984). It was suggested that compatible 

solutes might, for example, stabilize the structure of proteins under stress (Galinski, 

1993; Papagoergiou and Murata, 1995), that these compounds might be radical 

scavengers, or that they might be viewed as low-molecular weight chaperones (Bohnert 

and Jensen, 1996). 

Mannitol is a widely distributed sugar alcohol in organisms from bacteria to 

algae, fungi, and more than 100 species of higher plants including many crops such as 

celery, olive, and carrot (Bieleski, 1982; Stoop et al., 1996). In vitro experiments 

demonstrated that mannitol, sorbitol, and proline at low concentrations (~20 mM) 

inhibited the hydroxylation of salicylate by hydroxyl radicals and protected malate 

dehydrogenase from inactivation (Smirnoff and Cumbes, 1989). Although mannitol has 

been known as a hydroxyl radical scavenger in vitro for many years, products of 

reactions between mannitol and hydroxyl radicals are still not identified (Elsmer, 1987; 

Buxton, et al., 1988; Halliwell et al., 1988). Here, the potential function of mannitol as a 

hydroxyl radical scavenger has been investigated in vivo. 

Production of reactive oxygen species (ROS) is inevitable in chloroplasts in 

the light. High concentration of oxygen in chloroplasts can be reduced to generate 
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superoxide radicals in the Mehler-reaction of Photosystem I (PSI) when reduction of 

PSI exceeds the demand utilized by CO2 fixation (Asada, 1994; Allen, 1995). Efficient 

scavenging of active oxygen species is essential for chloroplasts to maintain 

photosynthesis because even low amounts of H2O2 will inhibit the activity of dark-

reaction enzymes (Kaiser, 1979). Under normal conditions, ROS are scavenged by 

resident enzyme systems and non-enzymatic antioxidants. The enzyme systems include 

superoxide dismutases which catalyze the reaction from superoxide to hydrogen 

peroxide, and ascorbate peroxidases responsible for the conversion of hydrogen 

peroxide to water. Ascorbate can be regenerated by the ascorbate-glutathione cycle 

(Asada, 1994; Allen, 1995). Overexpression of superoxide dismutase, ascorbate 

peroxidase, and glutathione reductase in transgenic plants has already been shown to 

lead to increased resistance to oxidative stresses (Bowler et al., 1991; Gupta et al., 

1993a; Aono et al., 1993; Van Camp et al., 1994a). Non-enzyme antioxidants include 

a-tocopherol, ascorbate, glutathione, and carotenoids. Botanical sources of such 

antioxidants not only play roles in plant stress adaptation, but also retard aging and 

diseases related to oxidative damage in animals (Dalton, 1995). 

The hydroxyl radical can be produced by either the Fenton reaction (Fe2+ + 

H2O2 —> Fe3+ + OH- + oh' ') or by direct interaction of superoxide and hydrogen 

peroxide. In contrast to the detoxification systems for H2O2 and 02-, an enzyme system 

that could deal with the short-lived hydroxyl radical has not been identified and, in fact, 

might not have evolved (Halliwell and Gutteridge, 1990). Considering that hydroxyl 

radicals are even more toxic than either superoxide or hydrogen peroxide, abundant 

generation of this radical would pose a major problem and might lead to the oxidation 
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of proteins. I have now generated tobacco plants that accumulate mannitol in 

chloioplasts to analyze the role of mannitol when ROS increase in vivo. 

MATERIALS AND METHODS 

Gene Constructs and Transformation 

To target mannitol-1-phosphate dehydrogenase into chloroplasts, an Escherichia 

coli gene, mtlD (Novomy et al., 1984 ), was fused with the transit peptide sequence of 

the pea RbcS3A gene. A Pstl-BamHI PGR fragment containing the coding region of 

mtlD was inserted into pJIT117 vector (Guerineau et al., 1988), resulting in plasmid 

pBSl. The Sstl-Xhol fragment of pBSl was then subcloned into Sstl-Sall sites of the 

binary vector pBIN19 and was introduced into Agrobacterium tumefaciens strain 

LBA4404 by electroporation. Transformation of tobacco {N. tabacum, var. SR-1) leaf 

disks was performed as described (Tarczynsld et al., 1992). Thirty three independent TO 

transfonnants were regenerated. TO transformants were selfed to produce T1 seeds. Five 

T1 plants were selfed to produced T2 seeds, and homozygous T2 seeds were used for 

these experiments. 

Analysis of Mannitol in Plants 

Leaf mannitol content was measured by HPLC analysis as described previously 

(Tarczynski et al., 1992). Intact chloroplasts were prepared from mesophyll protoplasts. 

Tobacco leaves (2-4 g) were cut into sections which were incubated in 40 mL enzyme 
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solution containing 1.2% cellulase Onozuka RIO and 0.4% macerozyme RIO, 0.45 M 

sucrose in B5 medium. After a 4-6 hour incubation in darkness, the cell suspension was 

filtered through a 100 ^im nylon mesh and centrifuged at 60 g for 5 min. Intact 

protoplasts were floated on 0.45 M sucrose medium and then washed with B5 medium 

containing 0.45 M glycine betaine. Chloroplasts were released from the protoplasts by 

passing the protoplasts through a 25 ^.m nylon mesh three times and were collected by 

centrifugation at 100 g for 1 min. The amount of mannitol in pellets of protoplasts and 

chloroplasts was measured as described (Tarczynski et al., 1992). Chlorophyll was 

determined according to Amon (Amon, 1949). 

Methylviologen (MV) Treatment of Leaf Disks 

MV sensitivity of leaf disks was analyzed as described (Bowler et al., 1991; 

Gupta et al., 1993a). Leaf disks (1.3 cm diameter) collected from leaves of 4-5 plants in 

the pre-flowering, rapid-growth phase were transferred to 3.5 cm Petri-dishes 

containing 3.5 mL of 2 |xM MV solution. Each Petri-dish contained 8 leaf disks, and 

was incubated at 25®C for 20 hours in darkness. Leaf disks were then illuminated (150 

(Xmole m'2 s-^) for 36 hours, and the chlorophyll of the leaf disks was determined 

(Amon, 1949). 

Analysis of C02 Fixation 

Mesophyll cells were isolated as before (Jensen et al., 1971) with minor 

modifications. Leaf samples were collected from 4-5 individual plants in the pre-
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flowering, rapid-growth phase. Small leaf sections were digested in a maceration 

medium containing 0.5% macerozyme, 0.3% potassium dextran sulfate, 0.6 M glycine 

betaine in 0.5 Hoagland's solution (pH 5.6) and cells were washed twice in the same 

solution without enzyme. Cells equivalent to approximately 20 )ig chlorophyll were 

suspended in 800 ^iL incubation medium (0.6 M glycine betaine, 20 mM Hepes, pH 7.4, 

in 0.5 Hoagland's solution) with or without MV and 40 ^il of 0.25 M KH^'^CQ} 

(specific activity 1 ^iCi/^lmole) was then added. The glass vials were placed in a water 

bath at 25®C and illuminated at 450 |j.moles m"^ s'^ The amount of CO2 fixed in the 

cells was determined with a liquid scintillation counter after removal of excess 

with 1 N HCl. Leaf CO2 fixation was measured by using a LI-6400 photosynthesis 

system (LICOR). 

Hydroxyl Radical Production in Cells 

Production of hydroxyl radicals in mesophyll cells was determined using 

DMSO as a probe. Mesophyll cells containing approximately 300 [Lg of chlorophyll 

were incubated with different concentrations of DMSO and 100 pM MV at 4OC in 

darkness for 30 min. After dark incubation, cells were placed in a water bath at 250C 

and illuminated (500 |imol m"2 s'^ for 1 hour. The reaction was terminated by adding 

500 |j.l of extraction solution (methanol/chloroform/water 12:5:3). The extract was 

centrifuged at 10,000 g for 5 min and the supernatant was dried in a vacuum drier at 

room temperature. The resulting pellet was resuspended in 1 ml of water and passed 

through a Sep-Pak Cig column to remove hydrophobic interfering conpounds. The 

methylsulfinic acid (MSA) in samples was determined as described by Babbs et al. 
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(Babbs et al., 1989; Babbs and Steiner, 1990). The 1.5 ml aqueous sample was adjusted 

to pH 3.5 by addition of 10 mM acetate acid buffer, and the color reaction was started 

by addition of 0.1 ml of 30 mM fast blue BE salt. After incubation at room temperature 

for 10 min, 1.5 ml of toluene/n-butanol (3:1 V/V) was added and mixed completely by 

vortexing. The lower phase was discarded and upper phase was washed with 2 ml of n-

butanol-saturated water to remove unreacted fast blue RR salt. The MSA concentration 

was calculated from OD425 with reference to a standard curve. The recovery of standard 

MSA (from Lancaster) using this procedure is more than 85%. 

RESULTS 

Accumulation of Mannitol in Chloroplasts 

The bacterial mannitol-1-phosphate dehydrogenase gene, mtlD, under control 

of a double CaMV35S promoter, was fused with a pea RbcS transit peptide sequence to 

target the enzyme into chloroplasts of tobacco (Figure 2.1). This enzyme catalyzes the 

reaction from fructose-6-phosphate to mannitol-1-phosphate. Mannitol-1-phosphate is 

then converted to mannitol, presumably by a nonspecific phosphatase in tobacco 

(Figure 2.2). After Agrobacterium-mtdidiicd transformation of the gene construct, 14 

independently transformed tobacco lines were isolated which produced mannitol in the 

T1 generation (Figure 2.3). Mannitol amounts in all transformants were dependent on 

plant and leaf age; highest amounts were found in plants before flowering. Mature 

leaves accumulated more mannitol than young leaves. The highest mannitol-producing 

line, termed BSl-31, accumulated mannitol as high as 7 iimoles/ g fwt in leaves and 3 
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Figure 2.1. Schematic outline of the pBSl gene construct. 

The gene cassette was subcloned into pBIN19 and introduced into plants by 

Agrobacteriwn-hdLStd transformation. TP - transit peptide sequence of the pea RbcS-3A 

gene; mtlD is the coding region of the E. coli mannitol-1-phosphate dehydrogenase 

gene. 
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Figure 2.2. Biosynthetic pathway of mannitol in chloroplasts. 

Mannitol was synthesized from fructose-6-phosphate catalyzed by bacterial mannitol-

1-phosphate dehydrogenase, followed by dephosphorylation in chloroplasts. 
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Figure 2.3. Content of mannitol and inositol in T 1 lines. 

T1 seed was germinated on Kanamycin plates and Kan^ seedlings were transferred to 

soil. Leaf samples were collected at the 5-leaf stage from several plants. Content of 

mannitol and inositol was measured by HPLC. The highest mannitol-producing line, 

named BSI-31, was used for further experiments. M127, transgenic plants with 

targeting mannitol biosynthesis in the cytoplasm (Tarczynski et al., 1992). 
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|i.moles/ g fwt in roots and was selected for funlier experiments. Experiments were 

carried out with the homozygous T2 generation after selfing. All individuals in the T2 

population were kanamycin resistant and accumulated mannitol. Transgenic plants 

grown in soil showed no visual difference in phenotype compared to wild type SR-1 

and had the same leaf CO2 fixation rate as wild type (Table 2.1). Determination of 

mannitol in isolated protoplasts and intact chloroplasts isolated from such protoplast 

preparations indicated that at least 60 % of the total cellular mannitol was present in 

chloroplasts (Table 2.1). Based on the relationships between chlorophyll content and 

chloroplast stromal space (Asada, 1994), the amount of mannitol detected in the 

chloroplast fraction was calculated to be 73 mM based on 35 ^1 stroma space/ mg 

chlorophyll. In comparison, 80% of the ribulose-1,5-bisphosphate 

carboxylase/oxygenase which is located only in the chloroplast stroma, was recovered 

from comparable chloroplast preparations (data not shown). Hence, with that 

adjustment, the actual mannitol concentration in chloroplasts may be approximately 100 

mM. 

Resistance to Methylviologen-Induced Oxidative Stress in Transgenic Plants 

Methylviologen (common name, paraquat) is a bipyridinum herbicide which 

accepts electrons from Photosystem I and reduces oxygen to superoxide (Taiz and 

Zeiger, 1992). BSl-31 plants were treated with methylviologen (MV) to induce 

oxidative stress (Bowler et al., 1991; Gupta et al., 1993) following two different 

experimental strategies. In leaf disk experiments, disks from leaves of identical 

developmental age were incubated with 2 |iM MV and the loss of chlorophyll was 
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Table 2.1. Photosynthetic CO2 fixation and mannitol accumulation in 

wild type tobacco (SR-1) and the transgenic line (BSl-31). 

CO2 fixation 

rate in leaves 

(^.mole m"2 

Mannitol content 

in leaves 

(Hmole/g FW) 
•1 ) 

Mannitol 

protoplasts 

(p,mole/mg 

chl) 

content in 

chloroplasts 

(jimole/mg 

chl) 

%CP 

SR-1 

BSl-31 

10.2±0.2 

10.1±0.4 

ND 

2.5-7.0 

ND 

4.08±0.07 

ND 

2.5410.08 62.3% 

Chloroplasts with five repetitions from different protoplast preparations were isolated 

from leaves of plants before bolting. Values are the means ± SE. ND=none detected. % 

CP, percent of total mannitol localized in chloroplasts. 
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determined. Young leaves are more sensitive to MV than mature leaves, which is 

consistent with the low amount of mannitol in young leaves (Figure 2.4). Leaf disks 

from BSl-31 plants consistently retained significantly more chlorophyll at the end of 

the incubation period than leaf disks from wild type plants.(Figure 2.5). To eliminate 

differences which might exist in MV uptake in leaf disks between BSl-31 and SR-1, 

mesophyll cells were isolated and KH^^COs and 100 |iM MV were added to the 

incubation medium. In the absence of MV, cells from SR-1 and BSl-31 had 

indistinguishable CO2 fixation rates, but after addition of MV cells from transgenic 

BSl-31 showed a higher amount of CO2 fixed than SR-1 (Figure 2.6). 

Enhanced Hydroxyl Radical Scavenging Capacity in Transgenic Plants 

Dimethyl sulfoxide (DMSO) is an ideal molecular probe for trapping hydroxyl 

radicals in plant cells because of its low toxicity in concentrations up to 1 M and 

because DMSO penetrates cell membranes readily (Babbs et al., 1989; Babbs and 

Steiner, 1990). DMSO can be attacked by hydroxyl radicals resulting in the production 

of methane sulfinic acid (MSA), which can be quantitated in a color reaction with fast-

blue BB (Figure 2.7). The rate constants for reaction between DMSO and hydroxyl 

radicals is approximately four-fold higher than the rate constant of reaction between 

mannitol and hydroxyl radicals (Buxton et al., 1988). In a Fenton reaction mixture 

producing hydroxyl radicals, 100 mM mannitol competed with DMSO for hydroxyl 

radicals in the reaction only at less than 50 mM DMSO. With an increase of the DMSO 

concentration, inhibition of MSA formation by 100 mM mannitol decreased. (Figure 

2.8 A). At DMSO concentrations exceeding 100 mM, the inhibition of MSA formation 
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Figxire 2.4. Loss of chlorophyll in leaf disks treated with 2 (iM MV. 

Leaf disks from wild type (SR-1) and transgenic plants (BS1-31) were floated on 2 p,M 

methylviologen (conunon name, paraquat) solution and incubated in light for 36 hours. 

Two duplicated petri dishes for SR-1 and BSl-31 are shown in the picture. Leaf 

number was counted from bottom. The 6th leaf is fully expanded; while the 8th leaf is 

not fully expanded. 
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SR-1 BS1-31 

Figure 2.5. Loss of chlorophyll in MV-treated leaf disks from mannitol-accumulating 

transgenic (BSl-31) and wild type (SR-1) tobacco. 

A total of 64 leaf disks were collected from five plants and randomly distributed in 

petri dishes containg 2 p.M MV. Chlorophyll was determined after incubation in light 

for 36 hours. The experiment was repeated three times with very similar results. 

Values are mean ± SE of one experiment. **, P=0.01. 
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0 30 60 90 120 150 

Time (min) 

Figxire 2.6. Time course of photosynthetic CO2 fixation by isolated 

mesophyll cells from BSl-31 and wild type tobacco. 

100 nM MV was added to mesophyll cells in traces • and#; traces • andO are 

controls without MV. BSl-31 cells are labeled (• , • )and cells from wild type plants 

are (O, •). 
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Figure 2.7. Determination of hydroxyl radical scavenging capacity 

in cells by using DMSO as a probe. 
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by 100 mM mannitol was less than 2%, indicating that nearly all hydroxyl radicals are 

trapped by DMSO under these conditions (data not shown). Based on such in vitro 

competition experiments, I used DMSO at less than 25 mM to detect whether 

competition for hydroxyl radicals between mannitol and DMSO could be shown. To 

measure the total amount of hydroxyl radicals produced in cells, however, 300 mM 

DMSO was chosen. When mesophyll cells were incubated with DMSO in the dark, the 

production of MSA was less than 15 nmole mg chlorophyll"^ h'^. In the absence of 

DMSO, MSA could not be detected in plant cells, indicating that the color reaction is 

specific for MSA. In the presence of 100 [xM MV, BSl-31 cells showed lower initial 

rates of MSA formation than cells from SR-1 (Figure 2.8 B). This change in MSA 

production is correlated with a high concentration of mannitol in chloroplasts, 

suggesting that BSl-31 had a modified hydroxyl radical scavenging capability and that 

mannitol could be responsible for the changes. At high DMSO concentrations (300 

mM), I expected that most of the hydroxyl radicals should be captured by DMSO and 

not by mannitol or by endogenous radical scavengers. In this case, the amount of MSA 

formation would be indicative of the total production of hydroxyl radicals in the 

experiment Incubation of SR-1 and BSl-31 cells in the presence of 300 mM DMSO 

revealed no difference between the two cell types with respect to MSA formation, 

indicating that the synthesis and presence of mannitol in BSl-31 cells did not affect 

hydroxyl radical production per se. When MV was added to the cells, MSA amounts 

and hence hydroxyl radical production approximately doubled in both SR-1 and BSl-31 

cells (Figure 2.9), again indicating that mannitol was not active in reducing the amount 

of hydroxyl radicals formed. The doubling of radical production at the MV 

concentration used was obviously enough to overwhelm the endogenous scavenging 
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Figure 2.8. Kinetics of MSA formation dependent on DMSO concentration. 

A. Competition between DMSO and mannitol for hydroxy! radicals in vitro. 

Hydroxy 1 radicals were generated by a Fenton reaction: 5 mM phosphate buffer, pH 

7.4, 0.1 mM FeCl3, 0.1 mM ascorbate, I niM H2O2, 0.2 mM EDTA. Mannitol 

concentration was 100 mM. The reaction mixture was incubated at room temperature 

for 90 min and MSA was determined as described (Babbs et al., 1989; Babbs and 

Steiner, 1990). 

B. Competition between DMSO and other hydroxyl radical scavengers in 

mesophyll cells from transgenic plants (BSl-31) and wild type (SR-1). 

The mesophyll cells were preincubated with 100 p.M MV and different DMSO 

concentrations at 4OC in darkness for 30 min. MSA formation was determined after 

cells were illuminated with 500 ^ol of quanta m~^ s*^ light at 25®C for 1 hour. The 

values are the mean ± SE of three independent experiments. 
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Figure 2.9. Effect of MV on hydroxyl radical production in mesophyll cells. 

The mesophyll cells were incubated with MV and 300 mM DMSO at 40C in darkness 

for 30 min. MSA formation was determined after cells were illuminated with 500 ^imol 

of quanta m"2 s"' light at 25®C for 1 hour. The values are mean ± SE of four 

independent experiments. 
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systems. Mannitol appears to contribute to the scavenging capacity and to minimize 

damage under such conditions. 

DISCUSSION 

Environmental stresses such as drought (Smirnoff, 1993), low teraperatiu'e in 

high light (Wise, 1995) or air pollution (Mehlhom and Wellbum, 1994) can directly or 

indirectly induce oxidative stress. Under low temperature and drought conditions, 

production of ROS increases significantly (Smirnoff, 1993; Mehlhom and Wellbum, 

1994). Overexpression of radical scavenging enzymes, such as superoxide dismutase 

and glutathione reductase, have resulted in increased resistance to drought, ozone, and 

low temperature and high light stresses (Gupta et al., 1993; Van Camp et al., 1994; 

McKersie et al., 1996). Responding to such environmental stress, many plants 

accumulate compatible solutes, betaines and polyols being most common (Ahdam et al., 

1979; Hanson et al., 1994; Bohnert and Jensen, 1996). One obvious function of 

compatible solutes is osmotic adjustment through which water retention would be 

supported. However, transgenic plants with overexpression of compatible solutes 

typically accumulate these solutes only to low concentrations, yet increased resistance 

to stress has been demonstrated repeatedly (Tarczynski et al., 1993; Pilon-Smits et al., 

1995; Kishor et al., 1995; Nomura et al., 1995; Holmstrom et al., 1996). This raises the 

question whether compatible solutes might have functions in addition to osmotic 

adjustment which could be observed even at low solute concentrations. 

One such function, suggested by in vitro experiments (Halliwell et al., 1988; 

Smirnoff and Cumbes, 1989), is the involvement in hydroxyl radical scavenging. To 
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test if mannitol can function as a hydroxyl radical scavenger in vivo, I introduced a 

mannitol 1-phosphate dehydrogenase gene into tobacco and targeted the enzyme into 

chloroplasts. The rationale was that increases in hydroxyl radical production should 

most effectively be accomplished in the chloroplast compartment. In in vitro 

experiments, 20 mM mannitol scavenged approximately 60 % of hydroxyl radicals 

produced (Smirnoff and Cumbes, 1989). Transgenic plants accumulated as high as 100 

mM mannitol in chloroplasts which would be high enough to function as a hydroxyl 

radical scavenger in vivo. Under normal growth conditions, antioxidant systems in 

plants are able to detoxify active oxygen species. However, following MV-treatment, 

the production of hydroxyl radicals increases two-fold (Figure 2.9). This increase 

appears to exceed the capacity of scavenging systems, resulting in oxidative damage. 

Thus, it is clear that mannitol in the chloroplast does not reduce hydroxyl radical 

production, but that it increases the capacity to scavenge these radicals and protect cells 

against oxidative damage under MV-treatment. When a hydroxyl radical probe, DMSO, 

was introduced into the cells, competition between mannitol and DMSO for available 

hydroxyl radicals was observed. In a comparison with cells from wild type plants, the 

initial rate of MSA formation was much lower in cells from mannitol-containing plants, 

suggesting that the ability to scavenge hydroxyl radicals was enhanced in cells from 

these transgenic plants. Compared to the rate of MSA fomiation in the in vitro reaction 

without any competitor, the initial rate of MSA formation in wild type cells was much 

lower (Figure 2.8), suggesting that other anti-oxidants such as ascorbate, a-tocopherol, 

and glutathione provide protection and that these endogenous systems should be 

sufficient under non-stress conditions. 
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There are several possible advantages in targeting mannitol-1-phosphate 

dehydrogenase to chloroplasts. First, chloroplasts are the main site of ROS production 

in plants (Asada, 1994). Second, mannitol-1-phosphate dehydrogenase catalyzes the 

reaction from fructose-6-phosphate to mannitol-1-phosphate. Fnictose-6-phosphate is a 

substrate for starch biosynthesis in chloroplasts. The low flux of fructose-6-phosphate 

to mannitol biosynthesis will most likely be of little consequence considering the size of 

the fructose-6-P pool. Third, enzymes which degrade mannitol have been localized in 

the cytosol in celery (Stoop et al., 1996). Synthesis of mannitol in chloroplasts would 

separate synthesis spatially from the degradation pathway if such a pathway exists in 

tobacco, which may result in a reduced turnover of mannitol. These implications may 

explain why chloroplast-targeting of mannitol biosynthesis in transgenic plants leads to 

higher mannitol amounts than in plants where mannitol biosynthesis is cytosolic 

(Tarczynski et al., 1992). Finally, sugars like glucose, fructose and sucrose, whose 

radical scavenging capability has been demonstrated in vitro, will inhibit the expression 

of photosynthesis-related genes and affect CO2 fixation at high concentrations (Sheen, 

1990). Mannitol, even at high concentrations, does not suppress photosynthesis and its 

presence has no harmful effects on plants (Table 2.1). The transgenic plants showed leaf 

photosynthetic rates identical to wild type and there was no visible phenotype. 

Compared to superoxide and hydrogen peroxide, hydroxyl radicals are more 

reactive and readily attack lipids, nucleic acids, and proteins at near diffusion-limited 

rates, resulting in oxidative damages to cells (Halliwell and Gutteridge, 1990; Asada, 

1994). Because of their high reactivity and short life time, hydroxyl radicals produced 

in vivo will react at or close to the site of their formation. Protection from damage in 

vivo is then best achieved by mechanisms that prevent hydroxyl radical formation. Once 
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produced, however, protection depends on the presence of antioxidants in the vicinity of 

the site of formation. Most of the hydroxy! radicals generated in vivo originate from the 

decomposition of H2O2 in the presence of transition metals, such as Fe2+ and 

Cu^"*'(Asada, 1994; Allen, 1995). The components for this reaction are abundant in 

chloroplasts, because superoxide and H2O2 are produced in the Mehler reaction of 

photosystem I. In addition, ascorbate, present in concentrations of 10 mM in 

chloroplasts, can reduce Fe3+ to Fe2+ (Asada, 1994). Iron and copper ions are more 

concentrated in chloroplasts than in the rest of the cell (Whatley et al., 1951; Terry and 

Low, 1982). Leaves of sugar beet, for example, contain 127 nmol Fe/mg chl and 

approximately 80 % of the Fe is located in chloroplasts. Stromal amounts of iron are 

approximately 25 nmol Fe/ mg chl which results in a concentration of ~700 nM, while 

the Fenton reaction only requires trace amounts of iron (<10 ^iM) (Terry and Low, 

1982). Considering the presence of H2O2 , Fe2+, and ascorbate in chloroplasts, hydroxyl 

radicals are most likely formed via a Fenton reaction. Indeed, our data demonstrated the 

formation of hydroxyl radicals in vivo by using DMSO as a probe. In chloroplasts, 

hydrogen peroxide rapidly inhibits photosynthesis via inactivation of Calvin-cycle 

enzymes, especially -SH enzymes such as fructose-1,6-bisphosphatase and 

phosphoribulose kinase (Kaiser, 1979). Considering the presence of metal ions in 

chloroplasts, inactivation of -SH enzymes by hydrogen peroxide may be mediated by 

hydroxyl radicals. I have used an isolated thylakoid system in which the hydroxyl 

radical scavengers, mannitol and sodium formate, prevented the loss of phosphoribulose 

kinase activity, suggesting that this enzyme is prone to inactivation by hydroxyl radicals 

(see chapter 3). In contrast to the enzymes of the photosynthetic dark reactions, the 

thylakoid proteins and electron transport carriers are less sensitive to hydrogen peroxide 
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(Asada, 1994). I suggest that the higher CO2 fixation in transgenic plant cells under 

MV-treatment is due to protection of dark reaction enzymes, such as phosphoribulose 

kinase, against hydroxyl radical damage. The precise mechanism by which mannitol 

decreases hydroxyl radical damage is, however, still unknown. It may chemically react 

with the radicals within a diffusion boundary which would be in line with the 

compatible solute hypothesis that considers accumulating osmolytes as osmoprotectants 

(Le Rudulier et al., 1984; Smirnoff and Cumbes, 1989; Bohnert and Jensen, 1996). 

Iron-mediated hydroxyl radical production may be responsible for damage 

during drought stress (Moran et al., 1994). Preliminary results indicated that transgenic 

plants performed significantly better than wild type under drought stress condition. 

Under salinity stress condition, however, there was no difference in growth and leaf 

CO2 fixation between transgenic plants and wild type, whereas transgenic plants which 

have mannitol biosynthesis in the cytoplasm exhibited increased tolerance to salt stress 

(L. Sheveva, unpublished data). The different cellular localization of mannitol seems to 

have protection against different environmental stresses. 
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CHAPTER in 

MANNTTOL PROTECTS PHOSPHORIBULOSE KINASE AGAINST OXIDATIVE 

INACnVATION BY HYDROXYL RADICALS 

INTRODUCTION 

Reactive oxygen species including superoxide, hydrogen peroxide, and hydroxyl 

radicals can result in oxidative damage of proteins, membrane lipids, and other cellular 

components (Halliwell and Gutteridge, 1990; Asada, 1994). Especially under 

environmental stress, the oxidative damage resulting from ROS may occur because of 

an increased rate of production of ROS or under severe stress, because of decreased 

endogenous scavenging capacity (Hodgson and Raison, 1991; Smirnoff, 1993; Moran et 

al., 1994; Wise, 1995). Oxidative damage of proteins by ROS has been well 

characterized. ROS can attack amino acid residues of a protein, especially Tyr, Phe, 

Trp, Met, and Cys, and form carbonyl derivatives. Moreover, ROS promote intra- and 

intermolecular cross-linking, such as -S-S-bonding and protein fragmentation. Such 

modifications mark proteins for degradation mediated by proteases (Stadtman, 1992). 

The damage of membranes by ROS has been documented by increased formation of 

malondialdehyde, a product of lipid peroxidation, during oxidative stress (Smirnoff, 

1993; Wise, 1995). In addition, the burst of ROS leads to localized plant cell death 

during the hypersensitive responses to pathogen infection, which limit the spread of 

pathogens (Tenhaken et al., 1995). 
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The targets most susceptible to damage by ROS in chloroplasts are not known in 

detail, but it is most likely that ROS affect both Calvin cycle enzymes and the 

photosynthetic electron transport machinery. Hydrogen peroxide at low concentrations 

can inactivate photosynthesis rapidly in isolated intact chloroplasts. The rate of CO2 

fixation, for example, was inhibited 50% following the addition of 10 p.M H2O2 to 

intact chloroplasts and the addition of catalase restored CO2 fixation (Kaiser, 1976). 

Based on transient changes of intermediates of the Calvin cycle in illuminated intact 

chloroplasts, it was deduced that the presence of H2O2 inhibited three -SH enzymes: 

fructose bisphosphatase (FBPase), sedoheptulose bisphosphatase (SBPase), and 

phosphoribulokinase (PRK) (Kaiser, 1979). Likewise, in chloroplasts of S02-fumigated 

spinach leaves, accumulation of H2O2 inhibited CO2 fixation by inactivation of three 

-SH enzymes, FBPase and PRK, and NADP-glyceraldehyde-3-phosphate 

dehydrogenase (Tanaka et al., 1982; Tanaka et al., 1982). In contrast to the -SH 

enzymes, Rubisco was less sensitive to H2O2 (Badger et al., 1980) and its total activity 

was not reduced in S02-fumigated leaves (Tanaka et al., 1982). The activity of these 

-SH enzymes is known to be regulated by reduction/oxidation of the thiol-group via the 

ferredoxin/thioredoxin system (Buchanan, 1991). In light, -SH groups are reduced by 

thioredoxin and the enzymes become active, while in darkness, -SH groups are oxidized 

to disulfide bonds (-S-S-) by which the enzymes are inactivated. The reduction of 

thioredoxin is linked directly to Photosystem I via ferredoxin (Wolcsiuk and Buchanan, 

1978; Buchanan, 1991). Based on the sensitivity of -SH enzymes to oxidants, they 

could be the primary targets of ROS in the stroma. 

Compared to the Calvin cycle enzymes, especially the three -SH enzymes, PRK, 

FBPase, and SBPase, photosynthetic electron transport has been reported to be less 
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sensitive to both H2O2 and hydroxyl radicals (Asada, 1994). At 0.5 mM hydrogen 

peroxide, for example, photosynthetic electron transport activity was not signiflcantly 

inhibited, while this concentration of H2O2 inhibited more than 90% of CO2 fixation 

(Asada and Takahashi, 1987). Hydroxyl radical scavenger could only partially prevent 

photoinactivation of PS I and PS II, usually less than 35% (Tschiorsch and Ohmann, 

1993; Jakob and Heber, 1996), suggesting that the main damage (>65%) is probably not 

caused by hydroxyl radicals. 

I have been interested in the functions of polyols which increase in a number of 

species during environmental stress (Bohnert and Jensen, 1996), especially in the 

possible function of mannitol as a hydroxyl radical scavenger (Elstner, 1987; Smirnoff 

and Cumbes, 1989). The results in chapter 2 indicate that targeting mannitol 

biosynthesis to chloroplasts in transgenic tobacco resulted in increased radical 

scavenging capacity and thus, increased resistance to oxidative stress. However, the 

target molecules which mannitol may protect were not identified. In this chapter, I 

utilized in vitro isolated thylakoids to produce hydroxyl radicals which were detected 

by a phenylalanine-tyrosine reaction, and tested if mannitol protected phosphoribulose 

kinase against oxidative inactivation by H202. The results demonstrate that mannitol 

can protect phosphoribulose kinase against oxidative damage by functioning as a 

hydroxyl radical scavenger. 
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MATERIALS AND METHODS 

Isolation of Thylakoids 

Thylakoids were isolated from tobacco leaves according to Paterson and 

Amtzen (1982) with some modifications. Twenty g leaves were homogenized in 1(X) ml 

of extraction buffer containing 400 mM glycine betaine, 50 mM tricine-NaOH pH 7.8, 

5 mM ascorbate and filtered through a 50 |im nylon mesh and then centrifuged at lOOOg 

for 8 minutes. The resulting pellet was washed with washing buffer (20 mM phosphate-

K"^ buffer pH 7.8, 10 mM NaCl, 5 mM MgCl2) and resuspended in the same washing 

buffer at -0.5 mg chl/ml. Chlorophyll was determined as described (Amon, 1949). 

Analysis of Hydroxyl Radicals Production 

Hydroxyl radicals were produced from either a Fenton reaction or an isolated 

thylakoid system. The Fenton reaction contained 100 ^iM FeCls, 100 pM ascorbate, 100 

HM EDTA, and 25 mM phosphate-K+ buffer pH 7.4, 1 mM H2O2. In an isolated 

thyalkoid system, H2O2 was replaced by thylakoids. The reaction mixture contained 50 

(ig chl /ml of thylakoids, 100 P-M FeCls, 100 |iM ascorbate, 100 jiM EDTA, and 25 

mM phosphate-K"*" buffer pH 7.8. The mixture was incubated at 25^C in light (450 

^imol m*2 S'^) for 1 hour and the reaction was stopped by adding 0.6 ml of 

ethanol:chloroform:water (12:5:3). To measure production of hydroxyl radicals in the 

reactions, 5 mM phenylalanine was added and tyrosine formation was determined (Kaur 

et al., 1988; Kaur et al., 1994). 
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Tyrosine produced from phenylalanine in a Fenion reaction was separated 

directly by HPLC without pre-purification. Tyrosine produced in a thylakoid mixture 

was purified using a cation exchange column as described (Lazarus, 1973; Walton et 

al., 1991). The ethanol/water phase of the extract was loaded on a small column filled 

with 0.5 ml of cation exchange resin (AG50W-X4, 200-400 mesh, Bio-Red). The 

column was prewashed with 5 ml 1 N HCl and 5 ml 0.2N NaOH, followed by 5 ml 1 N 

HCl. After the sample was loaded, the column was washed with 5 ml O.OIN HCl, then 5 

ml water. The tyrosine was eluted from the column by adding 2 ml of 0.2 N NaOH. The 

first 0.5 ml of elute containing no tyrosine was discarded. The elute was neutralized 

with HCl and filtered through a nylon filter and vacuum-dried to 800 fxl. Purified 

sample (100 pil) was then loaded on the HPLC. HPLC separation and analysis of 

tyrosines was carried out on an lonPac CS14 column with a lonPac CGI4 guard column 

(Dionex, Sunnyvale, CA). The elutant was 20 mM methanesulfonic acid/10% methanol 

at a flow rate of 1.0 ml/min. Tyrosine was detected with a UV detector at 278 nm. 

Enzyme Activity Assay in vitro 

Phosphoribulokinase activity (PRK) was measured based on production of 

ribulose-bisphosphate (RuBP). Spinach PRK (from Sigma) was added to an isolated 

tobacco thylakoid mixture containing 100 |xM FeCls, 100 p.M ascorbate, 100 ^.M 

EDTA, and 25 mM phosphate-K"*" buffer pH 7.8, 20 mM MgCl2, 1 mM ATP, and 0.1 

unit PRK. The reaction was started by adding 1 mM ribulose-5-P and incubated at 25°C 

in 450 p.mol m"2 s'^ light or in the darkness for 1 hour, and was stopped by adding 5 

drops of cation exchange resin (AG50W-X4, Bio Rad) in the H"'" form. Addition of 
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cation exchange resin lowered the pH to less than 2 and denatured the enzyme. The 

reaction mixture was centrifuged at 10,000 g for 5 min. The supernatant was 

neutralized and used for RuBP measurement. The amount of RuBP was measured upon 

formation of ^^C02-PGA following a reaction with Rubisco. To elinndnate any PRK 

contamination in the rubisco preparation, a recombinant cyanobacterial rubisco purified 

from E.coli was used. The reaction mixture contained 50 mM Hepes pH 8.0, 10 mM 

MgCl2, 10 mM KH 1^*003 with spec. act. of 2 |J.Ci/p.mole, and 50-100 |jJ samples and 

excess rubisco. The mixture was incubated at 25®C for more than 30 min to allow all 

RuBP to be used. All ^"^^02 left in the reaction was removed by addition of 1 ml of IN 

HCl. After heat-drying at 80®C, the acid stable radioactivity was determined by liquid 

scintillation counting. The amount of RuBP was calculated based on the amoimt of 

fixed. Standard RuBP was used as a control. The amount of RuBP measured by this 

procedure is comparable to that measured by the HPLC but this assay is more sensitive 

than HPLC analysis. 

Rubisco activity was measured upon formation of l^C02-PGA. Purified pea 

Rubisco (32 ^ig) was added to an isolated thylakoid mixture containing 100 )iM FeCla, 

100 p.M ascorbate, 100 EDTA, and 25 mM phosphate-K+ buffer pH 7.8, 20 mM 

MgCl2, 10 mM KH1'K303 (spec. act. 2 p.Ci/^mole). The reaction was staned by 

addition of 0.8 mM RuBP (from Sigma) and stopped by addition of 0.5 ml of IN HCl 

after 2 min incubation at 25®C. The activity was calculated based on the acid stable ^^C 

fixed. 
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Measurement of PRK Activity in Mesophyll Cells 

Isolation of mesophyll cells from tobacco leaves was described in the Materials 

and Methods section of Chapter 2. Isolated mesophyll cells were incubated with H2O2 

in light for 1 hour. Cells were washed three times with washing solution to remove 

H2O2 and then stored in liquid nitrogen for enzyme assays. 

Cells were homogenized in extraction buffer containing 80 mM Tricine-NaOH 

pH 8.0, 10 mM MgCl2, 1 mM EDTA, and 15 mM P-mercaptoethanol. PRK activity 

was measured upon formation of l'^C02-PGA linked with rubisco. The reaction mixture 

contained 80 mM Tricine pH 8.0, 10 mM MgCl2, 1 mM ATP, 10 mM KHCO3 

(l|iCi/^imole), 2 |j.l recombinant cyanobacterial Rubisco, and 50-100 ^i,l cell extract. The 

mixture was incubated in a 25° C water bath for 2 min. The reaction was started by 

addition of 1 mM Ru5P and stopped by addition of 500 p.! 1 N HCl after 4 min 

incubation. The amount of RuBP formed was calculated based on the ^"^C fixed. 

The protein content in leaf extracts was determined using the Bradford method 

(Bradford, 1976). 

RESULTS 

Production of Hydroxyl Radicals in Isolated Thylakoids 

Isolated thylakoids were illuminated to produce hydroxyl radicals in the 

presence of 100 p.M iron. Oxygen can be photoreduced to superoxide which is 

converted to H2O2 by superoxide dismutase (Asada and Takahashi, 1987; Robinson, 
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1988). In the presence of iron, hydroxyl radicals are produced from H2O2 via a Fenton 

reaction. Production of hydroxyl radicals was monitored by using a phenylalanine-

tyrosine detecting system (Halliwell et al., 1988). Phenylalanine is attacked by hydroxyl 

radicals randomly and three isomeric tyrosines are produced. The three isomeric 

tyrosines can be separated and quantitated by HPLC (Figure 3.1). Compared to the 

DMSO-MSA detecting system used in Chapter 2, this system is easier and more reliable 

with the only disadvantage that phenylalanine cannot diffuse across the plasma 

membrane, which limits its use as a probe in intact cells (data not shown). In constant 

light (450 n.mol/s/m2), tyrosine formation in isolated thylakoids increased with an 

increase of thylakoid concentration and saturated at approximately 25 ^ig chl/ml (Figure 

3.2A). Without addition of iron, tyrosine formation was still relative high, about 1/4 of 

maximum rate (Figure 3.2B). The amount of tyrosine formed may be due to trace 

amounts of iron released from thylakoids. The concentration of iron required for 

hydroxyl radical production was very low. At 10 |iM FeCls, production of hydroxyl 

radicals reached the maximum rate. Production of tyrosine increased linearly with time 

(Figure 3.2C). Based on these parameters, the conditions for the following experiments 

were set up. 

Mannitol Scavenges Hydroxyl Radicals in vitro 

In a Fenton reaction, mannitol competed with phenylalanine for hydroxyl 

radicals which resulted in inhibition of tyrosine formation. The percentage of inhibition 

was dependent on the concentration of mannitol. At 20 mM, mannitol inhibited tyrosine 

formation by approximately 60 %. In contrast to mannitol, another well known 
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Figiire 3.1. Production of hydroxyl radicals in an isolated thylakoid system. 

(A) Diagram of the hydroxyl radical producing and detecting system. (B) HPLC 

separation of three isomeric tyrosines. 
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Figxire 3.2. Effect of thylakoid and iron concentration on tyrosine formation and the 

time course of tyrosine formation in an isolated thylakoid system. 

Reaction conditions were described as in Materials and Methods. All experiments were 

carried out in 450 p.mol/s/m2 light. Tyrosine is the total of three isomeric tyrosines. 
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compatible solute, glycine betaine at as high as 80 mM, did not inhibit tyrosine 

formation (Figure 3.3). In isolated thylakoids, trace amounts of tyrosine were found 

when the system was incubated in darkness, suggesting hydroxyl radical formation 

required light-driven electron transport. DCMU inhibited electron transport from PSII 

to PS I and also inhibited tyrosine formation by more than 95% during illumination 

(data not shown). In the light, production of hydroxyl radicals led to a signiHcant 

increase in tyrosine formation. Catalase consumed hydrogen peroxide, thus preventing 

tyrosine formation. Mannitol inhibited tyrosine formation by approximately 80% at a 

concentration of 125 mM. In contrast, the same concentration of glycine betaine had 

little effect on tyrosine formation. Addition of superoxide dismutase (SOD) did not 

reduce tyrosine formation and in some experiments even increased tyrosine formation. 

Similarly, methylviologen, which stimulated superoxide production in vivo , did not 

increase tyrosine formation in this system (Figure 3.4). 

Mannitol Protects PRK against Oxidative Inactivation 

by Hydroxyl Radicals in vitro 

Hydrogen peroxide inactivated -SH enzymes in chloroplasts. This inactivation 

may be attributed to direct oxidation of SH groups by H2O2 or, alternatively, indirect 

oxidation by hydroxyl radicals formed from H2O2 via a Fenton reaction. To test 

whether hydroxyl radicals are involved in oxidative inactivation of PRK by H2O2, PRK 

was added to the isolated thylakoid system. When incubated in darkness, PRK retained 

relatively high activity because only trace amounts of hydroxyl radical were formed. 

PRK activity was not affected by addition of mannitol, glycine betaine, formate, SOD, 
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Figure 3.3. Mannitol inhibits tyrosine formation in a Fenton reaction. 

The Fenton reaction mixture contains 5 mM phenylalanine, 25 mM phosphate-K"'" 

buffer pH 7.5, 0.1 mM FeCl3, 0.1 mM ascorbate, 0.1 mM EDTA, 1 mM H2O2. 

Mannitol and glycine betaine were added to the reaction as indicated. The reaction was 

incubated at 25^0 for 90 min and tyrosine formation in solution was measured by 

HPLC. Values are the mean ± SE of three measurements. 
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Figure 3.4. Effects of mannitol, MV, glycine betaine, SOD, or catalase 

on the rate of tyrosine formation in an isolated thylakoid system. 

The isolated thylakoid system was described in Material and Methods. D, incubated in 

darkness; L, incubated in 450 ^mol/s/m^ light; L+MV, light plus 100 |iM 

methylviologen; L+M, light plus 125 mM mannitol; L+G, light plus 125 mM glycine 

betaine; L+SOD, light plus 300 units/ml superoxide dismutase; L+Cat, light plus 3000 

units/ml catalase. 
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or catalase. When incubated in the light, however, the activity of PRK was reduced by 

approximately 65%. Addition of 125 mM mannitol prevented the loss of PRK activity 

completely. Another hydroxyl radical scavenger, sodium formate (15 mM), showed the 

same effect Equally, addition of catalase reduced production of hydroxyl radicals and 

thus protected PRK against oxidative inactivation. Glycine betaine and SOD which do 

not scavenge hydroxyls radical cannot protect PRK against oxidative inactivation 

(Figure 3.5). The results indicated that oxidative inactivation of PRK by H2O2 in 

chloroplasts was mediated by the formation of hydroxyl radicals. As a control, the 

activity of Rubisco was measured after addition of Rubisco to the same thylakoid 

system. Rubisco activity was less sensitive to oxidative damage by hydroxyl radicals. 

Hydroxyl radical scavengers did not affect Rubisco activity in the thylakoid system 

(Figure 3.6). 

Mannitol Protects PRK against Oxidative Damage in vivo 

The protective effect of mannitol on PRK was further tested in transgenic plant 

cells. Mesophyll cells were isolated from SR-1 and the transgenic BS 1-31 which 

accumulate mannitol in chloroplasts. PRK activity was measured after cells were 

incubated with different concentrations of H2O2 for 1 hour. Cells from transgenic plants 

maintained higher PRK activity than cells from wild type plants. For example, the 

activity of PRK in the BS 1-31 cells was not affected at 1 mM H2O2, while PRK 

activity in SR-1 cells decreased by 40% (Figure 3.7). H2O2 only inhibits about 60 % of 

the PRK activity, which is consistent with the in vitro data (Figure 3.5), presumably due 

to the presence of an isoform which is not sensitive to oxidation (Wolosiuk and 



93 

^.S 

II ca V 

O B 

.•Sn u a 
O Q6 JC "* 

sg 
£ B 
O. B 

80 -

60 -

40 -

20 -

0 -i-

• Dark 
0 Light 

CK M SOD Cat DTT 

Figure 3.5. Effects of mannitol, glycine betaine, formate, SOD, Catalase, 

or DTT on PEIK activity in an isolated thylakoid system. 

CK, control; M, addition of 125 mM mannitol; G, addition of 125 mM glycine betaine; 

F, addition of 15 mM Na Formate; SOD, addition of 300 units/ml superoxide 

dismutase; Cat, addition of 3000 units/ml of catalase; DTT, addition of 10 mM 

dithiothreitoi. 
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Figure 3.6. Effects of mannitol, glycine betaine, formate, DCMU, or catalase 

on the activity of Rubisco in an isolated thylakoid system. 

The system was incubated in light. CK, control, M, addition of 125 mM mannitol; G, 

addition of 125 mM glycine betaine; F, addition of 15 mM sodium formate; DCMU, 

addition of 20 |iM DCMU, Cat, addition of 3000 units/ml of catalase. 
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Figure 3.7. Effect of hydrogen peroxide on PRK activity in isolated mesophyll cells. 

BS 1-31 is transgenic tobacco which accumulated mannitol in chloroplasts. SR-1 is 

wild type. 
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Buchanan, 1978). The results indicate that mannitol not only protects PRK in vitro but 

also protects PRK in cells from transgenic plants by functioning as a hydroxyl radical 

scavenger. 

DISCUSSION 

Hydroxyl radicals may be responsible for most of the oxidative damage during 

environmental stress. Hydroxyl radicals can readily be produced from the 

decomposition of H2O2 in the presence of trace amounts of transition metals, such as 

Fe2+ and Cu2+(Halliwell and Gutteridge, 1990). Superoxide and H2O2 are produced 

via the Mehler reaction of Photosystem I (Robinson and Gibbs, 1982; Asada and 

Takahashi, 1987; Robibson, 1988; Osmond and Grace, 1995). High amounts of iron 

have been found in chloroplasts (Whatley et al., 1951; Terry and Low, 1982; Kim and 

Jung, 1993). An in vitro experiments indicated that 10 )iM free iron was enough to 

sustain a maximum production of hydroxyl radicals (Figure 3.2). Under environmental 

stress, both H2O2 and free iron concentrations were increased (Price et al., 1991; 

Smirnoff, 1993; Moran et al., 1994; Wise, 1995). For example, free Fe and Cu 

increased 1.5- and 2.5-fold respectively under water stress and reached as much as 16 

p.M (Moran et al., 1994). This increase in the concentration of free transition metal ions 

may promote production of hydroxyl radicals via a "Haber-Weiss" reaction because 

ascorbate, present in concentrations of 1~ 10 mM in chloroplasts (Asada, 1994; Moran 

et al., 1994), and superoxide (240 |iM S"^) can reduce Fe^"*" back to Fe^"*". Moreover, 

the decline of activity of three -SH enzymes, SBPase, FBPase, and PRK, has been 

correlated with an increase of external Fe"''^ concentrations in photoinhibited 
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chloroplasts (Kim and Jung, 1993). Thus, the oxidative damage observed in vivo under 

environmental stress may be caused by increased production of hydroxyl radicals. 

Mannitol is a well-known hydroxyl radical scavenger (Elstner, 1987; Smirnoff 

and Cumbes, 1989). Targeting mannitol biosynthesis to chloroplasts in transgenic 

tobacco leads to enhanced hydroxyl radical scavenging capacity and thus to increased 

resistance to oxidative stress in transgenic plants as described in Chapter 2. To identify 

which enzymes or pathways mannitol might protect under oxidative stress, an in vitro 

thylakoid system was used to mimic the in vivo situation. PRK, a -SH enzyme, was 

selected to test if hydroxyl radicals were involved in inactivation of -SH enzymes by 

H2O2. The hydroxyl radical scavengers, mannitol and sodium formate, completely 

protected PRK against oxidative inactivation by H2O2 (Figure 3.5), indicating that 

hydroxyl radicals are involved in the toxicity of H2O2 and that the inactivation of -SH 

enzymes is not caused by H2O2 directiy. In contrast, addition of SOD did not prevent 

loss of PRK activity (Figure 3.5), also suggesting that superoxide per se is not involved 

in oxidative inactivation of -SH enzymes. This in vitro result was further demonstrated 

in transgenic plants which accumulated mannitol in chloroplasts. Transgenic plant cells 

maintained higher PRK activity than wild type cells when treated with H2O2, indicating 

that the same protective effect can be accomplished by mannitol in the chloroplast. It is 

concluded that mannitol accumulating in transgenic plants may protect -SH enzymes 

directly from oxidative inactivation by scavenging hydroxyl radicals and thus result in 

increased resistance to oxidative stress. 

In contrast to -SH enzymes, Rubisco activity was not affected by hydroxyl 

radicals under conditions where PRK activity declined by more than 60% (Figure 3.6). 

It was only inhibited at high concentrations of hydrogen peroxide (Badger et al., 1980), 
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suggesting that Rubisco, most likely, is not a primary target of ROS. Although all 

proteins are subject to being attacked by hydroxyl radicals at a near-diffusion limiting 

rate, different proteins may have different sensitivities to the damage caused by 

hydroxyl radicals. 

Another well-known compatible solute, glycine betaine, however, did not show 

any radical scavenging ability nor did it have a protective effect on PRK activity. This 

result suggests that polyols and glycine betaine may have different "niches" in stress 

adaptation. The accumulation of both polyols and glycine betaine in some species may 

then have advantages for coping with different aspects of stress damage. For example, 

polyols may function as hydroxyl radical scavengers (Smirnoff and Cumbes, 1989) 

whereas glycine betaine may stabilize protein structure under stress (Papageorgiou and 

Murata, 1995). 

The role of the ROS in photoinhibition is still controversial. Several groups have 

demonstrated that radical scavengers, such as SOD, catalase, and ascorbate, protected 

Photosystem II against photodamage, especially the degradation of the D1 protein 

during photoinhibition (Richter et al., 1990; Tschiorsch and Ohmann, 1993; Miyao, 

1994; Jakob and Heber, 1996). In contrast, Hideg et al. (1995) found that superoxide 

was not involved in photoinhibitory damage of Potosystem II in spinach thylakoids and 

photoinhibirion occurred more rapidly under anaerobic conditions than in air (Krause et 

al., 1985; Asada, 1994). Because only partial protective effects of radical scavengers 

against photoinhibitory damage was observed, ROS do not seem to be a major factor in 

photoinhibition or may not be involved in the primary step of PSn inactivation 

(Tschiorsch and Ohmann, 1993; Jakob and Heber, 1996). This is confirmed by my 

observations that mannitol and sodium formate did not show any significant protective 
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effects on PS n activity in isolated thylakoid systems (data not shown). Thus, I propose 

that the primary targets of H2O2 and hydroxy 1 radicals are the SH enzymes of the 

Calvin cycle, rather than the photo-electron transport machinery. 



100 

CHAPTER IV 

REPLACEMENT OF GLYCEROL IN YEAST BY 

MANNITOL AND SORBITOL 

INTRODUCTION 

Yeast cells accumulate glycerol as a major compatible solute when exposed to 

high osmolar concentration (Brown, 1990). High osmolarity is perceived as a signal by 

two membrane osmosensors; the protein products of SInl and Shol. The signal is then 

transferred via a MAP-kinase cascade (Brewster et al., 1993; Maeda et al., 1994; Maeda 

et al., 1995) and finally enhances the expression of the glycerol biosynthetic pathway 

(Figure 1.1). Glycerol-3-phosphate dehydrogenase, encoded by two GPD genes, 

catalyzes the first reaction from dihydroxyacetone phosphate to glycerol-3-phosphaie 

which is then converted to glycerol by glycerol-3-phosphatase, encoded by the GPP 

genes (Albertyn et al., 1994; Norbeck et al., 1996). The osmotic induction of the GPDl 

gene and the GPP2 gene is mediated by a HOG-MAP kinase signaling pathway. In 

addition to induced glycerol production, yeast cells may decrease membrane 

permeability to glycerol which leads to an increased retention of glycerol in the cells 

under osmotic stress. In fact, salt-tolerant yeast Zygosaccharomyces rouxii achieves 

glycerol accumulation by increased retention of glycerol within the cell and probably 

active uptake of glycerol rather than by increased production of glycerol during osmotic 

stress (Brown, 1990). In contrast, Saccharomyces cerevisiae appears to increase 

glycerol production, while it fails to decrease membrane permeability for glycerol 
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during osmotic stress. This will require a high energy cost to maintain high glycerol 

concentrations in the cell, which finally seems to limit further increases in salt tolerance 

in Saccharomyces cerevisiae. A glycerol transport protein (Fpsl) which shows 

homology with the MlP-like water channel proteins has been recently isolated. 

Expression of FPS gene was not regulated by the HOG-MAP kinase signaling pathway 

(Luyten et al., 1995). It would be interesting to test whether other polyols, such as 

mannitol and sorbitol, could replace glycerol and show less leakage during osmotic 

stress. 

Yeast cells need to maintain ion homeostasis under salt stress, especially Na"'" 

and K"*". A low Na"^/K"*" ratio is essential for salt tolerance. Low Na"*" concentration in 

the cytoplasm was mainly achieved by an increased efflux via the Na'^-ATPase and the 

Na''"-H''" anriporter under salt stress in S. cerevisiae (Haro et al., 1991; Garciadeblas et 

al., 1993; Wieland et al., 1995; Prior et al., 1996). Mutants which failed to maintain a 

low Na"*" concentrations in cells were salt sensitive despite of normal glycerol 

accumulation (Yapi and Tada, 1988; Ushio et al., 1992; Garciadeblas et al., 1993; 

Welihinda et al., 1994). K"*" was taken up through a high affinity K"*" and a low affinity 

K"*" transporter (Gaber et al., 1988; Ko and Gaber, 1990). The high affinity K"^ 

transporter shows a higher K+ZNa"*" discrimination than the low affinity transporter. 

Under salt stress, high affinity K""" uptake allowed cells to accumulate more K+ than 

Na"*" and thus maintained a low Na'^/K'*' ratio (Haro et al., 1993). Overexpression of 

halotolerant genes, such as HALl and HAL3, resulted in a decreased Na'^/K'*' ratio and 

thus increased salt tolerance (Gaxiola et al., 1992; Ferrando et al., 1995). Increased 

Na'^'/K"'" discrimination by a wheat high affinity K+ transporter enhanced salt tolerance 

of yeast strains deficient in K+ uptake (Rubio et al., 1995). 
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Halophytic plants usually sequester Na"*" into vacuoles to lower the 

concentration of Na"*" in the cytoplasm. Whether such a mechanism exists in yeast is 

unknown. Evidence, however, indicates that the vacuole plays an important role in salt 

tolerance. Mutants defective in vacuole morphology and vacuolar protein targeting are 

salt-sensitive (Latterich and Watson, 1991) and a mutant in subunit C of the vacuolar 

ATPase shows increased sensitivity to Na"*" and Li''"(Haro et al., 1993). The essential 

function may be associated with both compartmentation of ions and osmoregulation. 

Recently, a protein phosphatase 2B, called calcineurin, was found to be involved 

in regulation of Na"*" efflux and K"*" uptake (Nakamura et al., 1993; Mendoza et al., 

1994). The activity of calcineurin requires calcium and calmodulin. Null mutants of 

calcineurin were salt sensitive because the mutants failed to fully induce ENAl gene 

expression and to switch from low- to high-affinity potassium transport under salt stress 

(Mendoza et al., 1994). In contrast, deletions of the protein phosphatases PPZl and 

PPZ2 increased salt-tolerance and enhanced expression of ENAl (Posas et al., 1995). 

The result suggested an essential role of phosphatases in the regulation of yeast ion 

homeostasis. 

Accumulation of glycerol is essential for salt tolerance, since mutants which can 

not accumulate glycerol are salt sensitive. Glycerol can function either as an osmolyte 

contributing to the maintenance water balance or as an osmoprotectant allowing the 

operation of many cellular processes during osmotic stress. In order to test the concept 

that osmotic adjustment by glycerol is a determinant for salt tolerance in yeast, I have 

used a mutant unable to produce glycerol and substituted the function of glycerol by 

genes leading to either mannitol or sorbitol production. Both mannitol and sorbitol 

could not replace glycerol completely. I have also isolated suppressor mutants from the 
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glycerol-deficient strain which partially suppressed salt sensitivity by accumulating 

significantly more potassium under salt stress. 

MATERIALS AND METHODS 

Strains, Media, and Growth Conditions 

Yeast strains used in this study were isogenic to W303-lA(MATa and MATa 

leu2-3, 112ura3-l tryl-l his3-l 1,15 ade2-l canl-100 SUC2 GAL malO). The gpdlA2A 

strain with deletion of the GPD1 gene and the GPD2 gene was kindly provided by Dr. 

Stefan Hohmann (Albertyn et al., 1994). Salt-resistant suppressor mutants were isolated 

from EMS-treated gpdlA2A cells which grew at 4.0% NaCl in YPD plates. EMS 

mutagenesis of gpdlA2A cells was carried out as described (Kaiser et al., 1994). The 

percentage of surviving cells after EMS treatment was 40%. Fifteen salt-resistant 

suppressor lines were isolated from approximately 10^ cells. One such suppressor 

mutant (srl3) has been used here, gpd/cnbl and srl3/cnbl diploids were constructed 

according to Kaiser (Kaiser et al., 1994). Haploid cnblA strain (MATa leu2-3, 112 

ura3-l tryl-l his3-l 1,15 ade2-l canl-100 SUC2 GAL malO cnblA::LEU2-3) (Mendoza 

et al., 1994) was mated with haploid gpd IA2A strain (MATa leu2-3,112 ura3-l tryl-l 

his3-ll,15 ade2-l canl-lOO SUC2 GAL malO gpdlA:;TRPl gpd2A::URA3) and 

haploid srl3 (MATa leu2-3, 112 ura3-l tryl-l his3-ll,15 ade2-l canl-lOO SUC2 GAL 

malO gpdlA;:TRPl gpd2A::URA3 srl3). Diploids were selected on synthetic medium 

without leucine, tiyptophan, and uracil. Cells were grown in either YPD medium (1% 

yeast extract, 2% peptone, 1% dextrose) or in synthetic medium prepared as described 
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(Kaiser et al., 1994). NaCl was added to the medium as indicated. FK506 was a gift 

firom Fujisawa Pharmaceutical Co., LTD. in Japan. FK506 (l|ig/ml) was added to the 

medium as indicated. 

Gene Constructions and Transformation 

The yeast expression vector, pXKL2 (a gift from K. Luyten), was derived from 

YEplaclSl (Gietz and Sugino, 1988) by inserting a 1.8 Kb Hindlll fragment of pMA91 

at the Hindin site. It contains the constitutive strong promoter and terminator of the 

yeast phosphoglyceride kinase gene (Mellor et al., 1983). PCR fragments of a bacterial 

mannitol-l-P dehydrogenase gene (Novotny et al., 1984) and an apple sorbitol-6-P 

dehydrogenase gene (Kanayama et al., 1992) were cloned into the Bgin site of pXKL2, 

resulting in pXKL-MTLD and pXKL-S6PDH as shown in Figure 4.1. The gene 

constructs were introduced into gpdlA2A using the lithium acetate method as described 

(Gietz and Schiesti, 1991). 

Determination of Sugar Alcohols and Ions 

Sugar alcohols were determined by HPLC as described previously (Adams et 

al., 1992, Tarczynski et al., 1992) with some modifications. Yeast cells were collected, 

washed three times with the same growth media without glucose to remove the 

remainder of medium without disturbing the pellets. The pellet was extracted with 500 

p.1 of extraction solvent (chloroform:ethanoI:water = 3:5:1). After 10 min vortexing, 500 

jil water was added. The extract was centrifuged at I2,(XX) rpm in sorval MC 12C for 5 
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min. Extract supemate (400 pi) was added to a small ion exchange column filled with 

Amberlite IRA-68-OH and Dowex-H"*" to remove salt from the samples. The column 

was washed with 4X column volume of ethanolrwater (1:1) and all elutes were vaccum-

dried. E)ried samples were resuspended in 500 p.1 water and filtered through a SEP-PAX 

column or a nylon filter. The analysis of sugar alcohols was performed using a Dionex 

HPLC system as previously described (Adams et al., 1992; Tarczynski et al., 1992). 

The concentration of cations was determined by a Dionex HPLC system. Cells were 

collected, washed with an iso-osmotic sorbitol solution three times, and extracted with 

extraction solvent (chloroform.ethanol:water = 3:5:1). The supernatant of the extracts 

was filtered through a nylon filter (0.2 |im, Gelman), and 100 p.1 was injected into the 

HPLC. The separation and analysis of cations was carried out on an lonPac CS14 

column with a lonPac CG14 guard column. The elutant was 10 mM methanesulfonic 

acid at a flow rate of 1.0 ml/min. Cations were detected by conductivity with a cation 

self regenerating suppressor. 

RESULTS 

Replacement of Glycerol by Mannitol and Sorbitol in gpdlA2A strain 

To test whether sorbitol and mannitol can substitute for glycerol in adaptation to 

salt stress, a bacterial gene encoding mannitol-1-P dehydrogenase (MTLD) and an apple 

gene encoding sorbitol-6-P dehydrogenase (S6PDH) were introduced into the glycerol 

mutant, gpdlA2A. In this strain, two glycerol-3-P dehydrogenase genes were deleted, 

which led to accumulation of only low amounts of glycerol under salt stress. Deletion of 
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the GPD genes resulted in a high sensitivity of the cells to salt stress. The genes 

encoding MTLD and S6PDH, respectively, were cloned into a multicopy expression 

vector under control of a strong, constitutive phosphoglyceride kinase promoter (Rgure 

4.1). Transformants which received the GPDl gene were used as positive controls. 

Polyol amounts in these transformants are shown in Table 4.1. Yeast cells grown under 

salt stress accumulated 3- to 5-fold higher amounts of polyols than cells grown without 

sodium, suggesting that, most likely, membrane permeability to polyols may be reduced 

under salt stress conditions, or that metabolic flux may be changed to favor polyol 

biosynthesis. Under salt stress, the amount of sorbitol in S6PDH transformants was 

374.8 |imole/g DW, which is close to 400.7 p.mole/g DW glycerol in the GPDl 

transformants, while mannitol in the MTLD transformants was approximately half of 

the glycerol found in the GPDl transformants. Mannitol was not found in wild type 

yeast cells, while low amounts of sorbitol were detected. Interestingly, the gpdlA2A 

strain accumulated 10-fold more sorbitol than the GPDl transformants, indicating that 

glycerol biosynthesis appears to inhibit sorbitol biosynthesis. Equally, S6PDH and 

MTLD transformants accumulated less glycerol than the gpdlA2A strain (Table 4.1). 

During culture in the salt medium, GPDl transformants leaked more than 98% of the 

glycerol produced into the medium, whereas only about 50% of the sorbitol leaked out 

in the S6PDH transformants. The result indicated that membrane permeability for 

glycerol was much higher than that for sorbitol under salt stress (Table 4.2). 
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PGK promoter S6PDH PGK3' 

pXKL-S6PDH 
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Figure 4.1. Gene constructs (A) and polyol biosynthetic pathways (B). 

MTLD is a bacterial gene encoding mannitol-1-phosphate dehydrogenase; S6PDH is 

an apple cDNA encoding NADP-sorbitoi-6-phosphate dehydrogenase; PGK represents 

the promoter and 3' non-coding region of a yeast gene encoding phosphoglyceride 

kinase. G-6-P, glucose-6-phosphate; F-6-P, fructose-6-phosphate. 
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Table 4.1. Intracellular polyol content in yeast transfortnants 

glycerol mannitol sorbitol 

. (^imole/gDW) (nmole/gDW) (fimole/gDW) 
Strains — 2 

-NaCl + NaCl -NaCl + NaCl -NaCl + NaCl 

gpd 2.3+0.4 44.4±13.5 ND ND 3.9±0.4 20.411.5 

GPDl 75.3±8.1 400.7±33.7 ND ND 0.310.1 2.010.2 

MTLD 1.0±0.6 14.3±1.1 48.7±6.2 213.4±31.7 0.910.5 12.011.4 

S6PDH 0.710.4 15.9±1.7 ND ND 116.611.9 374.8121.3 

Yeast cells were grown in synthetic, selective media in the absence of NaCl or in the 

presence of 0.6 M NaCl. Cells without NaCl stress were collected for polyol 

measurement when OD 600 reached approximate 1.0; cells stressed by 0.6 M NaCl were 

collected after 36 h culture in the presence of 0.6 M NaCl. Values are mean ± SE of 

three independent transformants. gpd, gpdlA2A strain transformed with pXKL2 vector; 

GPDl, gpdlA2A strain transformed with GPDl gene as described (Albertyn et al. 

1994); MTLD, gpdlA2A strain transformed with pXKL-MTLD; S6PDH, gpdlA2A 

strain transformed with pXKL-S6PDH. ND; not detected. The dection limit of HPLC 

for ployols is 0.1 nmole. 
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Table 4.2. Leakage of polyols during culture in 3.5% NaCI synthetic medium 

Total polyol (p.mole) 

in cells in medium % of retention 

Glycerol in GPDl transformant 7.04 432.4 1.6% 

Sorbitol in S6PDH transformant 6.51 6.48 50.1% 

Yeast cells were cultured in 20 ml 3.5% NaCl synthetic medium and collected at 

OD600~1.0. Amounts of polyols in medium and in cells were determined. % of 

retention is the amount of polyol in the cell divided by the total amount of polyol 

produced. 
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Salt Tolerance of S6PDH and MTLD Transformants 

Salt tolerance of the S6PDH and MTLD transformants was examined. 

Compared with the gpdlA2A strain, MTLD and S6PDH transformants showed some 

improvement in salt tolerance at 0.5 M NaCl (Figure 4.2), but this was not comparable 

to the protection provided by glycerol in the GPD1 transformants which continued to 

grow in 0.8M NaCl (Figure 4.2). The I50 is the salt concentration which inhibits growth 

by 50% in liquid culture. Compared to the gpdlA2A, the I50 for S6PDH and MTLD 

transformants increased from 0.42 M NaCl to 0.52 M NaCl, whereas the I50 for the 

GPDl transformants was 0.9 M NaCl, about two-fold higher than that of the gpdlA2A 

strain (Figure 4.3). The results indicate that mannitol and sorbitol do provide protection 

against salt stress but this protection is much smaller than the protection provided by 

glycerol in GPDl transformants. 

Isolation of a Salt Tolerant Suppressor Mutant 

To better understand the role of glycerol in salt stress adaptation, the gpdlA2A 

strain was mutagenized with EMS and screened for salt tolerant suppressor mutants. 

Fifteen colonies were found which could grow in YPD medium containing 4 % NaCl, 

while the gpdlA2A cells ceased to grow in NaCl higher than 2.5 % NaCl. Sri 3 showed 

the highest salt tolerance and was analyzed further (Figure 4.4). To test if srl3 

accumulated other polyols which would replace the function of glycerol in salt 

adaptation, sugar extracts from srl3 and gpdlA2A strain were analyzed by HPLC. The 

HPLC profiles of two strains are shown in Figure 4.5A. Amounts of glucose, fhictose. 
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Figxire 4.2. Growth of polyol transformants under salt stress. 

Cells were pregrown in synthetic selective medium supplemented with 2% glucose for 

2 days. Saturated cells (ODeoo -1.3) were spotted in a 1:10 dilution series onto YPD 

plates with NaQ, and were grown at 30 for 3 days. The strains were labelled as in 

Table 1. 



112 

GPDl S6PDH MTLD gpd 

YPD 

YPD 
0.5 M NaCl 

YPD 
0.6 M NaCl 

YPD 
0.7 M NaCl 



113 

1.2 

1 
2 

0.8 -

O 
® 0.6 -> 
« 
o 
cr 0.4 -

0.2 -

0.8 0 0.2 0.4 0.6 1.2 1 

NaCI concentration (M) 

Figure 4.3. Growth inhibition of polyol transformants. 

Strains, GPDl (•), S6PDH (•), MTLX) (•), and gpd (O), were incubated in synthetic 

liquid medium containing the indicated concentrations of NaCl for 24 hours. Growth 

was measured at ODeoo. Relative growth is the ratio of ODgoo with NaCl to ODgoo 

without NaCl. I50 is the NaCl concentration which inhibited growth by 50%. Two 

independent transformants gave the same result. 
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Figure 4.4. Growth of the srl3 mutant under salt stress. 

Cells were pregrown in synthetic medium. Saturated cells were spotted in a 1:10 

dilution series onto YPD plates containing different NaCl concentrations. Strains, 

GPDl and gpd were as in Table 1. 
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Figure 4.5. HPLC polyol profiles (A) and intracellular polyol 

content (B) of srl3 and gpdA2A strains. 

Cells were grown in synthetic medium in the absence of NaCl for 24 hours or in 0.6 M 

NaCl for 36 hours. (A) HPLC profiles of sugar polyols in cells incubated in 0.6 M 

NaCl for 36 hours. Sugar polyols were separated by a BioRad HPX-87C column. The 

same amount of cell extract was injected. Trehalose and sucrose were further separated 

by a CarboPac column. (B) Intracellular polyol content was measured as described in 

Materials and Methods. Values are the mean ± SE of 3~6 measurements from three 

independent experiments. 
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sucrose/trehalose were identical in both strains (Figure 4.5A). Glycerol amounts in srl3 

were approximately doubled compared with gpdlA2A under salt stress, but the amounts 

were only 25% of the amount found in wild type (Figure 4.5B, Table 4.1). Amounts of 

sorbitol in srl3 increased about 4-fold, whereas amounts of trehalose in srl3 decreased 

about 1/3 compared to that in gpd 1A2A under salt stress (Figure 4.5B). 

To further determine changes that distinguished srl3 from the original strain, the 

amounts of Na"'" and K+ were measured. Sri 3 accumulated more than twice the amount 

of potassium under salt stress as wild type, while keeping Na"^ levels comparable to the 

amounts found in wild type (Figure 4.6). Without salt stress, the amount of K"'" in srl3 

was similar to that found in wild type cells, indicating accumulation of K"*" in srl3 was 

salt-induced. In a srl3/cnbl diploid, the K+ level was similar to wild type, rather than to 

srl3, indicating that the accumulation of K"*" was recessive. Na"*" levels in the srl3/cnbl 

diploid, however, were not back to wild type level for reasons that I cannot explain, but 

maybe due to the interaction between CNB and SR13. In control experiments, the 

amounts of both sodium and potassium in the gpd/cnbl diploid were indistinguishable 

from the amounts found in wild type (Figure 4.6). Calcineurin is known to be involved 

in the regulation of Na"^ extrusion and K"^ uptake (Mendoza et al., 1994). I further 

tested if accumulation of K""" in srl3 was dependent on calcineurin function by using a 

calcineurin specific inhibitor, FK506. When yeast cells were exposed to NaCl, K"*" 

levels decreased rapidly within two hours and then recovered gradually. Again, srl3 

accumulated more K+ under NaCI stress than the wild type strain. In the presence of 

FK506, accumulation of K"*" in the wild type and gpdlA2A was inhibited, whereas srl3 

still accumulated K"*" and reached the control level after 36 h (Figure 4.7). In contrast, 

Na""" increased rapidly during the first 2 hours and then decreased gradually. In the 
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Figure 4.6. Intracellular content of Na"^ and K"*". 

Cells were grown in YPD medium in the absence of NaCl (A) and in the presence of 

0.77 M NaCl (B). gpd is gpdlA2A ; cnbl is a deletion mutant of the calcineurin 

regulatory subunit (Mendoza et al., 1994); wt is wild type strain W3031-A; gpd/cnbl 

and srl3/cnbl are diploid strains. Ion concentrations under NaCl stress were measured 

after 36 h incubation in 0.77 M NaCl. 
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Figure 4.7. Effect of the calcineurin inhibitor (FK506) on 

K"*" accumulation in srl3. 

Strains and growth condition were as descibed in Figure 4.6. FK506 (lp,g/ml) was 

added to the YPD medium. 
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absence of FK506, there are no significant differences in Na"*" content; in the presence 

of FK506, however, wild type and gpdlA2A cannot pump Na"*" out of the cells, whereas 

srl3 continued extrusion of Na"^ (Figure 4.8). The results indicated that accumulation of 

K"*" and extrusion of Na"*" in srl3 were not inhibited under salt stress by a calcineurin 

inhibitor, FK506, suggesting that srl3 may function downstream of calcineurin in the 

signal transduction pathway, or that a separate pathway may be involved resulting in the 

regulation of K"*" uptake (Figure 4.9). 

DISCUSSION 

Accumulation of compatible solutes plays an essential role in osmotic stress 

adaptation (Brown, 1990; McCue & Hanson, 1990). In yeast, polyols are the main 

compatible solute with glycerol the predominant osmolyte. Although the correlation 

between accumulation of glycerol and osmotolerance has been established, and although 

the essential role of glycerol in the adaptation to osmotic stress has been demonstrated 

by analysis of mutants deficient in glycerol production (Albertyn et al., 1994), 

mechanisms by which glycerol can confer such tolerance are not clear. One obvious 

possibility is that glycerol is involved in osmotic adjustment to maintain water flux 

across the plasma membrane. To test whether osmotic adjustment by glycerol is 

sufficient for the acquisition of osmotolerance, or whether any osmolyte can replace 

glycerol, we introduced the coding regions of enzymes leading to mannitol and sorbitol 

production in a glycerol-deficient mutant. The results indicated that accumulation of 

either sorbitol or mannitol was not sufficient to replace glycerol completely for salt 

tolerance. Although some protective effects were observed upon accumulating mannitol 
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Figure 4.8. Effect of the calcineurin inhibitor (FK506) on 

Na"*" accumulation in srl3. 

Strains and growth condition were as descibed in Figure 4.6. FK506 (l(i.g/tnl) was 

added to the YPD medium. 
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and sorbitol, these effects were much less than the protective effect provided by glycerol. 

By re-introducing one of the deleted yeast GPD genes into the strain, accumulation of 

glycerol in the glycerol-deficient mutant resulted in a significant increase in tolerance 

and the I50 increased to 0.9 M NaCl compared to 0.4 M in the gpdlA2A strain. If 

osmotic adjustment by glycerol was sufficient for salt adaptation, an equal concentration 

of sorbitol or mannitol would be expected to confer the same tolerance. The results 

suggest that the concept underlying the term "osmotic adjustment" may not be 

necessarily the essential determinant for adaptation to high salinity. The consequence of 

this view, then, is that glycerol has specific protective functions for which mannitol and 

sorbitol cannot provide a substitute. Blomberg and Adler (1989) reported conditioning of 

yeast cells at low NaCl concentrations leading to tolerance to a higher NaCl 

concentration. When glycerol, made by the conditioned cells, was flushed out, the cells 

still retained the acquired degree of osmotolerance for some time. Also, glycerol 

accumulation in cycloheximide-treated cells would not protect them against osmotic 

stress, indicating that the continuous maintenance of other functions was necessary and 

possibly enhanced or protected by glycerol. 

Alternatively, the less protective effects by mannitol and sorbitol could be caused 

by different intracellular distribution of polyols. The compartmentation of polyols in 

yeast cells is not clear. Glycerol seems to be evenly distributed in cells. Evidence for a 

selective distribution of polyols is still lacking (Blomberg and Adler, 1992). Different 

polyol biosynthesis may have different metabolic effects on growth, for example, 

glycerol formation is required for removal of excess NADH during anaerobic growth 

(Ansell et al., 1997). From known metabolic pathway, mannitol and sorbitol 

biosynthesis, however, should have the same effect with respect to regeneration of 
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NAD"*". Compared to glycerol, mannitol and sorbitol have six carbons and their synthesis 

may utilize double amounts of carbon. But this is not supported by the fact that glycerol 

synthesis consumed 15-fold more carbon than mannitol and sorbitol biosynthesis 

because most of the glycerol leaked out of the cells (Table 4.2). Accumulation of 

glycerol may have other unknown beneficial effects on yeast growth during salt stress. 

Leakage of glycerol into the medium is a limiting factor for fiirther increases of 

salt tolerance in Saccharomyces cerevisiae. Less than 2% of the glycerol produced was 

retained by the cells during salt stress, which would result in high energy costs to 

achieve glycerol accumulation (Table 4.2). In contrast to Saccharomyces cerevisiae, the 

salt-tolerant Zygosaccharomyces rouxii accumulated glycerol through increased 

retention rather than increased production, which would lead to a low energy cost to 

increase intracellular glycerol concentration (Brown, 1990). Sorbitol showed a much 

higher percentage of retention than glycerol, indicating that membrane permeability to 

sorbitol was lower compared to glycerol. Less leakage of sorbitol during salt stress could 

be an advantage for replacement of glycerol with sorbitol production. During salt stress, 

the polyol contents appear to be increased about 4- to 5-fold. Since the activity of the 

phosphoglyceride kinase promoter I used was actually reduced (personal 

communication, S. Hohmann), the increase in polyol level was, most likely, not due to 

increased amounts of the enzymes. This increased polyol content was probably due to 

metabolic changes that stimulated polyol biosynthesis or to decreased membrane 

permeability to polyols during salt stress. 

To further analyze which other functions might be affected by the presence of 

glycerol, mutants that suppressed glycerol-deficiency and sensitivity to high salt were 

isolated from the gpd 1A2A strain. Four of the 15 mutants accumulated more K"^ under 
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salt stress, indicating that potassium may partially replace the glycerol function at less 

than 5% NaCl. One suppressor mutant strain did not show any differences in both 

Na'^'and K"*" content and the polyol levels were comparable to the gpd 1A2A strain under 

salt stress. However this mutant still showed resistance to 5% NaCl (unpublished data), 

suggesting yet other mechanisms may lead to salt tolerance. In addition to glycerol 

accumulation and ion homeostasis, mutants defective in other cellular components, such 

as plasma membrane ATPase, actin, vacuole function, and cell wall biosynthesis also are 

known to show salt sensitive phenotype (Novick et al., 1985; McCusher et al., 1987; 

Latterich and Watson, 1991; Shimizu et al., 1994). Further analysis of these suppressor 

mutants will provide new insights into the roles of glycerol in salt stress adaptation. 

Potassium plays an important role in salt tolerance in both yeast and plants. In 

yeast, sodium becomes toxic only at a Na^Av^ ratio greater than 0.5 (Gaxiola et al., 

1992). Over-expression of halotolerant genes, HALl and HAL3, resulted in increased 

salt tolerance and accumulation of K"^ under salt stress (Gaxiola et al., 1992; Ferrando et 

al., 1995). In addition, increased K'^'/Na'*" discrimination of a high affinity K"^ transporter 

from wheat has been shown to increase salt tolerance of yeast deficient in K"*" uptake 

(Rubio et al., 1995). I have isolated a salt-tolerant suppressor mutant, srl3, which can 

partially suppress the salt-sensitivity of the glycerol mutant. This srl3 mutant 

accumulated double the amount of K+and glycerol, and four-fold more sorbitol 

compared to gpdlA2A under salt stress. The concentration of glycerol in srlS was only 

25% of the GPDl transformants. S6PDH transformants accumulated 4-fold more 

sorbitol than srlB but were more sensitive to NaCl compared to srl3, suggesting that 

increased sorbitol in srl3 was, most likely, not the cause for salt tolerance. Thus, 

increased salt tolerance in srl3 is caused presumable by either increased glycerol or 



127 

higher K"^ levels. At less than 1 M NaCl, K"*" could probably replace the glycerol 

function. Recendy, a salt tolerant mutant has been isolated from wild type yeast. The 

mutant cells have a lower Na'^'/K"'" ratio than wild type, again supporting the essential 

role of K+ in salt tolerance (Gaxiola et al., 1996). 

Calcineurin is involved in regulation of K+ uptake and Na+ extrusion in yeast 

(Nakamura et al., 1993; Mendoza et al., 1994). Whether accumulation of K+ in srlB 

requires a functional calcineurin was examined by using a calcineurin specific inhibitor, 

FK 506. The result showed that K"*" accumulation and Na"*" extrusion in srl3 were not 

inhibited by FK506, suggesting that SRI3 may function downstream of calcineurin in a 

signaling pathway, or that it may function in a separate pathway which is involved in the 

regulation of the structural proteins for potassium uptake. Diploid strain of srl3/cbnl 

showed wild type K"*" level under salt stress, suggesting that K"*" accumulation in srl3 is 

presumably recessive. The recessive feature of srl3 with respect to potassium 

accumulation argues that the gene may encode a negative regulator for K"^ uptake, rather 

than being a mutant of a K"*" transporter. In contrast to mutants of HALl, HAL3, and 

calcineurin - which result in salt sensitivity and less K"*" accumulation when the genes 

were disrupted - srl3 enhanced salt tolerance and K+ accumulation when disrupted. This 

is similar to the results after deletion of a phosphatase, PPZl, which also resulted in 

increased tolerance to sodium by increasing the expression of a Na'^'-ATPase. It is not 

known whether PPZ also affects K"*" uptake. Both positive and negative regulators, it 

seems, are involved in the control of ion homeostasis in yeast. Experiments are under 

way to isolate SRI3 and to trace the relationship between calcineurin, HALl, HAL2, 

SRI3, and PPZ in a signaling pathway that leads to ion homeostasis. 
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CHAPTER V 

CONCLUSIONS AND FUTURE DIRECTIONS 

Salt and drought stress are major factors that limit crop productivity in fields. To 

adapt to osmotic stress, many organisms accumulate compatible solutes during osmotic 

stress. Accumulation of polyols provides protection against salt and drought stress, but 

the mechanism by which polyols achieve their protective effect is still not clear. This 

dissertation investigated the role of polyols in conferring tolerance to environmental 

stresses. The role of polyols as osmolytes involved in osmotic adjustment was evaluated 

by replacement of glycerol with mannitol and sorbitol in a yeast glycerol mutant. 

Accumulation of mannitol and sorbitol in glycerol-deficient mutant provided 

remarkable protective effects against salt stress, consistent with previous transgenic 

plant results (Tarczynski et al., 1993). Similar concentrations of mannitol and sorbitol, 

however, can not provided the same protection against salt stress as glycerol, suggesting 

that osmotic adjustment by glycerol under salt stress was probably not a sufficient 

determinant for acquisition of salt tolerance and that glycerol may have some specific 

protective effects that can not be provided by either mannitol or sorbitol. The results 

obtained in this dissertation strongly argue against the previous hypothesis about the 

important role of osmotic adjustment in osmotic stress adaptation, and support that 

compatible solutes may provide some specific protective effects against stress damage 

which then confers tolerance to osmotic stress. 

Polyols may provide specific protection against salt stress, such as alleviation of 

ion toxicity and stabilization of proteins, membranes, and other macromolecules under 
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osmotic stress. Mannitol may achieve such protection by functioning as a hydroxyl 

radical scavenger as suggested by in vitro experiments. However, the relevant evidence 

that supported such a function in vivo has been lacking. In this dissertation, the potential 

function of mannitol as a hydroxyl radical scavenger was tested by using a transgenic 

plant approach. The results indicate that the presence of mannitol in chloroplasts 

provides enhanced hydroxyl radical scavenging capacity and protects 

phosphoribukinase from oxidative inactivation and thus results in an increased 

resistance to methylviologen-induced oxidative stress in transgenic plants. Further 

experiments on the drought tolerance of mannitol-producing transgenic plants should 

provide direct evidence to support the important role of mannitol as a hydroxyl radical 

scavenger in water stress protection. 

In addition to accumulation of compatible solutes, maintenance of ion 

homeostasis under NaCl stress, especially maintenance of the Na'^'/K'*' ratio, is equally 

important for osmotic stress adaptation. Although significant progress about the 

mechanism of ion homeostasis in yeast has recently been made, little is known about 

ion homeostasis in higher plants (Niu et al., 1995). K"*" may play an important role in 

salt tolerance, as demonstrated by Arabidopsis salt sensitive mutants that have a defect 

in K"*" uptake (Wu et al., 1996) and by overexpression of HALl and HALS that 

increases salt tolerance via increased Na'^/K"'" ratio in yeast. In this dissertation, a salt 

tolerant yeast suppressor mutant, srl3, was isolated from a glycerol-deficient mutant. 

srl3 partially suppressed salt-sensitivity of glycerol-dificient mutant. Increased salt 

tolerance in srl3 is, most likely, due to a two-fold higher accumulation of K"^ during 

salt stress compared to parental cells. K"*" accumulation and Na"^ extrusion in srl3 were 

not inhibited by the calcineurin inhibitor, FK506, suggesting that SRI3 may function 
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downstream of calcineurin in a signaling pathway, or that SRI3 may function in a 

separate pathway which in involved in the regulation of K"*" uptake. Experiments are 

under way to isolate the srl3 gene by complementation. Once the srl3 gene is isolated, 

the relationship between calcineurin, HALl, HAL3, SRI3, and PPZ in signaling 

pathways that leads to ion homeostasis could be established. Understanding 

mechanisms of ion homeostasis under salt stress in higher plants would then be a major 

objective for the following years. 

Based on our knowledge of the biochemical mechanisms of osmotic stress 

tolerance and availability of technology for plant transformation, genetic engineering of 

osmotic stress tolerance would be an effective way to develop salt and drought tolerant 

crops in the future. The major challenge that would be faced by genetic engineering and 

plant breeding would be to achieve both high yield and high stress tolerance. Most 

previous studies for engineering stress tolerance have used strong and constitutive 

promoters which may compromise crop productivity. Tissue-specific or stress inducible 

promoter should be exploited in the future. Alternatively, genetic engineering of polyols 

might provide benefits for both yield and stress tolerance. First, polyols are natural 

photosynthetic assimilates and phloem-translocated carbohydrates. Accumulation of 

polyols may enhance source capacity by using extra reducing power. Compared to 

sugars, such as sucrose and glucose, polyols show less inhibitory effect on 

photosynthetic gene expression and photosynthetic capacity. Second, polyols can 

function as radical scavengers in chloroplasts and protect the photosynthetic machinery 

against oxidative damage caused by free radicals. Finally, polyols can function as 

compatible solute and increase tolerance to osmotic stress. Genetic engineering of both 

polyol biosynthetic pathways in source leaves and their utilization in sink tissues would 
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produce plants which could show increased photosynthetic capacity under favorable 

growth conditions as well as exhibit increased tolerance during environmental stress. In 

contrast to polyols, glycine betaine, was not effective in scavenging radicals, suggesting 

that different compatible solutes may protect different aspects of cellular processes 

under osmodc stress. Genetic engineering of both sugar polyols and glycine betaine 

may provide higher stress tolerance than either one or may provide tolerance to several 

stresses. This could simply be done by crossing polyol-producing line with glycine 

betaine-producing line in the near future. 

Yeast is a good model for studying biochemical mechanisms of salt tolerance. 

First, the osmosensing signaling pathway has been elucidated recently which may 

provide a model for stress signaling in higher plants. Second, many mechanisms of ion 

flux have been revealed in yeast which may provide the possibility to isolation of 

homologous plant genes by functional complementation. Third, yeast could be used to 

isolate plant salt tolerance genes, for example, a salt tolerant gene, SALl, has been 

recently isolated from Arabidopsis by screening cDNA which increased yeast salt 

tolerance (Quintero et al., 1996). The yeast model, however, can not replace halophytic 

plant models for studying mechanisms of stress tolerance in higher plants. Unlike yeast, 

plants are multicellular organism. The integration of many cellular responses between 

different tissues, organs and different developmental stages would be critical for the 

tolerance at the whole plant level. Some tolerance mechanisms require coordination of 

several types of cells and complex physiological processes, for example, water use 

efficiency. These mechanisms cannot be revealed by a yeast model. Genetic dissection 

of stress responses in Arabidopsis could provide new insights into those mechanisms. 

The complex trait of stress tolerance may be controlled by relatively few genes 
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(Paterson et al., 1995). RFLP mapping of stress tolerant traits may identify the 

chromosomal regions which contribute to stress tolerance. Once such mechanisms are 

understood at the molecular levels, the whole pathway which needs functions of a few 

genes could be introduced into crops which lack this process. For example, water use 

efficiency could be improved if an intracellular CO2 enrichment mechanism is 

introduced into the C3 plants. Genetic engineering of those complex mechanisms will 

finally improve stress tolerance of crops in field conditions and make a significant 

contribution to ftitiu-e agriculture. 
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