
Molecular biology of salt tolerance in the facultative
halophyte Mesembryanthemum crystallinum:

Identification and regulation of stress-responsive mRNAs.

Item Type text; Dissertation-Reproduction (electronic)

Authors Vernon, Daniel Marc.

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 16/05/2023 14:55:23

Link to Item http://hdl.handle.net/10150/185921

http://hdl.handle.net/10150/185921


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

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

be from any type of computer printer. 

The quality of this reproduction 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, drawings, charts) are reproduced by 

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

continuing from left to right in equal sections with small overlaps. 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. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

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

to order. 

U·M·I 
University Microfilms International 

A Bell & Howell Information Company 
300 North Zeeb Road, Ann Arbor, M148106-1346 USA 

313/761-4700 800/521-0600 





Order Number 9238526 

Molecular biology of salt tolerance in the facultative halophyte 
Mesembryanthemum crysta/linum: Identification and regulation of 
stress-responsive mRNAs 

Vernon, Daniel Marc, Ph.D. 

The University of Arizona, 1992 

Copyright @1993 by Vernon, Daniel Marc. All rights reserved. 

(J·M·I 
300 N. Zeeh Rd. 
Ann Arbor. MI 4X 106 





MOLECULAR BIOLOGY OF SALT TOLERANCE IN THE FACULTATIVE HALOPHYTE M. 

CRYSTAWNUM: IDENTIFICATION AND REGULATION OF STRESS-RESPONSIVE MRNAS 

by 

Daniel Marc Vernon 

Copyright © Daniel M. Vernon 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF MOLECULAR AND CELLULAR BIOLOGY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1992 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

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

2 

read the dissertation prepared by __ D_a_n_i_e_l_M __ a_r_c_V __ e_rn __ on ____________________ _ 

Molecular Biology of Salt Tolerance in the Facultative entitled ______________________________________________________________ _ 

Halophyte M. crystallinum: Identification and Regulation 

of Stress-Responsive mRNAs 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of ___ D_o_c_t_o_r __ o_f __ P_h_i_l_o_s_o_p_h_y __________________ __ 

7/27/92 
Date 

7/27/92 
Date 

7/27/92 
Date 

7/27/92 
Date 

Date 

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. 

~1.c' lPN Dissertt4ToIlDiecto~' Dat~ 7 



3 

STATE:MENTBY AUTHOR 

This dissertation has been submittted in partial fulfillment of reqirements for an 
advanced degree at The University of Arizona and is deposited in the University Library 
to be made available to borrowers under the 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 or reproduction of this manuscript in whole or inpart may be 
granted by the copyright holder. 



4 

ACKNOWLEDGMENTS 

I am grateful to the members of the Bohnert laboratory for their technical and scientific 
helpfulness, and, of course, for their unending tolerance of my excessive profanity and 
bad jokes. Thanks especially to Drs. Jim Ostrem and Mitch Tarczynski for their advice 
and periodic guidance. I am also extremely grateful to Sabine Trinkl and Pat Adams for 
technical assistance during the course of this work. 



5 

TABLE OF CONTENTS 

LIST OF FIGURES ................................................................................................................ 7 

LIST OF T ABLES ................................................................................................................. 8 

ABSlRACT .......................................................................................................................... 9 

CHAPlER 1: BACKGROUND AND INTRODuCTION .......................................................... 11 
Affects of Salinity on Plant Growth and Metabolism ............................................ ll 
Strategies of Salt Tolerance in Halophytes ............................................................ 17 
Rationale, Purpose, and Overview of this Study ................................................... 21 

CHAPlER 2: IDENTlFICA TION OF MRNAs INDUCED BY SALT SlRESS ......................... 24 
Introduction ............................................................................................................ 24 
Results .................................................................................................................... 25 
Discussion .............................................................................................................. 31 
Materials and Methods ........................................................................................... 32 

CHAPlER 3: CHARACTERIZATION AND FUNCTION OF IMII MRNA ........................... .35 
Introduction ............................................................................................................ 35 
Results .................................................................................................................... 35 
Discussion .............................................................................................................. 50 
Materials and Methods ........................................................................................... 55 

CHAPlER 4: IMI 1 REGULATION DIFFERS FROM THAT OF CAM GENES ....................... 59 
Introduction ............................................................................................................ 59 
Results .................................................................................................................... 61 
Discussion .............................................................................................................. 64 
Materials and Methods ........................................................................................... 66 

CHAPlER 5: A COMPLEX WEB OF MOLECULAR RESPONSES TO STRESS .................... 68 
Introduction ............................................................................................................ 68 
Results .................................................................................................................... 72 
Discussion .............................................................................................................. 78 
Materials and Methods ........................................................................................... 84 

CHAPlER 6: SUMMARY, SIGNIFICANCE AND FUTURE PROSPECTS ............................... 86 
Summary ................................................................................................................ 86 
Significance of Irntl and Future Prospects ............................................................ 87 
Stress Perception and Response in M. crystallinwn .............................................. 90 

APPENDIX A: PEPCASE TRANSCRIPT LEVELS IN M. CRYSTAUJNUM DECLINE 
UPON REMOVAL OF SALT FROM THE SOIL .............................................. 92 

Introduction ............................................................................................................ 92 
Materials and Methods ........................................................................................... 93 
Results .................................................................................................................... 94 
Discussion .............................................................................................................. 99 

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



6 

TABLE OF CONTENTS - Continued 

APPENDIX B: ALIGNMENT OF IMTI SEQUENCE WITH OTHER OMT SEQUENCES ..... 101 

REFERENCES .................................................................................................................. 102 



7 

LIST OF FIGURES 

FIGURE 2-1, Identification of three mRNAs up-regulated by salt stress ........................ 27 

FIGURE 2-2, Detennination of transcript sizes ................................................................ 28 

FIGURE 2-3, Expression of Imtl mRNA in leaves and roots .......................................... 29 

FIGURE 2-4, Expression of Imtl mRNA in leaves and roots .......................................... 30 

FIGURE 3-1, Southern analysis of M. crystallinwn genomic DNA ................................. 37 

FIGURE 3-2, Nuclear run-on assays of Imtl transcription .............................................. .38 

FIGURE 3-3, Nucleotide sequence and predicted amino acid sequence of Imtl ............ .40 

FIGURE 3-4, Pathway of pinitol biosynthesis in angiosperms ........................................ 42 

FIGURE 3-5, Expression of IMTI in E. coli .................................................................... 44 

FIGURE 3-6, Myo-inositol O-methyl transferase assays of E. coli extracts ................... .45 

FIGURE 3-7, Identification of the methyl myo-inositol product of IMTl.. .................... .48 

FIGURE 3-8, IMTI activity in stressed and unstressed M. crystallinwn ........................ .49 

FIGURE 4-1, Levels of Imtl and Gpdl mRNA in M. crystallinwn of different ages ...... 63 

FIGURE 4-2, Effects of plant age and salt stress on relative expression of mRNAs ....... 65 

FIGURE 5-1, Increased expression ofmRNAs in salt stressed M. crystallinwn ............. 73 

FIGURE 5-2, Transcriptional regulation of salinity-responsive genes ............................. 74 

FIGURE 5-3, Responses of salinity-responsive genes to other environmental stresses ... 76 

FIGURE 5-4, Effects of exogenously-added cytokinin on mRNA expression ................ 77 

FIGURE 5-5, Models for environmental stress perception and response in ice plant ...... 83 

FIGURE A-I, Total PEPCase activity in samples from destressed plants and controls ... 96 

FIGURE A-2, Decline in the amount of PEP Case protein after destress ......................... 97 

FIGURE A-3, Decline in PEP Case mRNA levIes following destress .............................. 98 



8 

LIST OF TABLES 

TABLE 4-1, Pinitollevels in stressed and unstressed M. crysta1linum of various ages .. 64 



9 

ABSTRACT 

As sessile organisms, plants are subject to numerous environmental insults. Of 

these, salinity is one of the most widespread and important in terms of limiting plant 

distribution and productivity. Molecular studies have established that plants challenged 

by high salinity respond by increasing expression of specific genes. A functional role 

for the products of such genes in stress tolerance has not been established, however, and 

little is known about the biochemical mechanisms that allow plants to tolerate osmotic 

stress. 

Mesembryanthemum crystallinum is a facultative halophyte capable of adjusting to 

and surviving in highly saline conditions. I have generated and screened a subtracted 

cDNA library to identify mRNAs that accumulate during this plant's adaptation to salt 

stress. Three mRNAs were identified that increased in abundance in leaf tissue of salt 

stressed plants. Patterns of induction for these mRNAs differed. The most 

dramatically-induced mRNA, Imtl, was characterized in depth. Imtl expression was 

induced in leaves and, transiently, in roots. Nuclear run-on assays indicated that the 

gene is transcriptionally regulated. In several respects, the expression of Imtl differed 

from that of other salinity-responsive genes involved in photosynthetic metabolism in 

M. crystallinum: The mRNA was induced by salinity and low temperature, but not by 

drought, and its induction by stress was not influenced by plant age. Imtl encoded a 

predicted polypeptide of Mr 40,250 which exhibited sequence similarity to several 

hydroxymethyl transferases. The IMTI protein was expressed in E. coli and identified 

by functional assay as a myo-inositol methyl transferase that catalyzes the first step in 

the biosynthesis of the cyclic sugar alcohol pinito!. The presence of high levels of sugar 

alcohols has been correlated with osmotolerance in a wide range of organisms, and the 

stress-initiated transcriptional induction of IMTI expression in a facultative halophyte 



provides the strongest support to date for the importance of sugar alcohols in 

establishing tolerance to osmotic stress in higher plants. The ability of this methyl 

transferase to generate a putative osmoprotectant from a ubiquitous plant substrate 

makes it an attractive candidate enzyme for the creation of stress-resistant transgenic 

plants. 

10 
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CHAPTER! 

BACKGROUND AND INTRODUCTION 

Affects of Salinity on Plant Growth and Metabolism 

All organisms are affected by their environment. Plants, being immobile, must be 

exquisitely in tune with theirs. Plants are subject to numerous environmental stresses, 

both biotic and abiotic, and they have evolved mechanisms to deal with environmental 

challenge. Of the abiotic stresses faced by plants, salinity is one of the most important 

in terms of its effects on plant growth and productivity, and salinization of soils is a 

major limiting factor of agricultural yields worldwide (Boyer, 1982). 

Physiological studies have provided a substantial body of descriptive data on the 

effects of salt stress on plant growth and metabolism. Among salt-sensitive plants 

(glycophytes) there is large variation in sensitivity; growth can be severely affected in 

some crop species by external monovalent salt concentrations of over 60 mM, whereas 

other glycophytic species can survive salt at concentrations over 200 mM (Greenway 

and Munns, 1980). While some of the detrimental effects of stress may be due to the 

toxic effects of high ion concentration on intracellular metabolism, many are similar to 

the' effects of water stress, and it is generally believed that the effects of salinity on 

plants are due chiefly to salt's ability to osmotically invoke water stress. The major 

consequences of exposure to high salinity are reviewed below. Some may serve as 

adaptive responses, while others may be due to physiological or metabolic impairment. 

Several of the studies cited were carried out on drought-stressed glycophytes, but, for 

the purposes of this review, they are applicable to a discussion of salt stress. 

One of the fastest physiological responses of glycophytes to salt stress or water 

deficit is inhibition of shoot growth, which can occur within minutes after application of 
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stress (Rhodes, 1987; Bensen et al., 1988). This response was once considered a 

consequence of turgor loss during water deficit; however, it is now clear that 

biochemical mechanisms, not only physical factors such as turgor, contribute to stress

induced growth inhibition (Creelman et al., 1990). Arrest of growth does not always 

correlate with loss of turgor in growing regions, as turgor is often maintained while 

growth remains inhibited (Bensen et al., 1988; Nonami and Boyer, 1989; Tennaat et al., 

1985; Matsuda and Riazi, 1981; Binzel et al., 1985; Bressan et al., 1990). Further 

evidence of biochemical control over growth inhibition comes from studies on roots. 

Although stress can temporarily halt root elongation, root growth can resume and 

growth rates can actually increase under conditions where shoot growth remains arrested 

or slowed (Westgate and Boyer, 1985; Creelman et al .• 1990). It is likely that roots are 

insensitive to specific biochemical mechanism(s) that slow shoot growth. The physical 

parameters and biochemical mechanisms that control stress-induced growth inhibition 

and differential root/shoot growth have not been thoroughly defined. Alterations in cell 

wall chemistry almost certainly playa role in reducing turgor-driven shoot growth 

under stress conditions (Bressan et al., 1990; Iraki et al., 1989; Mason et al., 1988; 

Bensen et al., 1988), and changes in internal water potential gradients and levels of the 

growth regulator abscisic acid (ABA) are likely to be important in the control of this 

phenomenom (Nonami and Boyer, 1989; Bensen et al., 1988; Creelman et al., 1990; 

Rhodes. 1987 and references therein). Altered expression of actin and tubulin genes in 

stressed growing regions may also somehow be involved (Creelman and Mullet. 1991). 

Immediate suppression of growth and slower shoot growth rates following stress may 

serve as water conservation measures, as general means of conserving resources for 

maintenance. or as mechanisms for concentrating intracellular solutes to maintain 
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osmotic gradients necessary for continued water intake (Binzel et aI., 1985; Bressan et 

al., 1990; Meyer and Boyer, 1981; Cheeseman, 1988; Hanson and Hitz, 1982). 

A second rapid response of plants to water deficit invoked by salt stress or drought 

is stomatal closure. Although some aspects of stomatal control have been worked out at 

the biochemical level, the complete mechanism of stomatal closure in response to 

environmental stress is not yet understood. Stomata are controlled by guard cell turgor; 

increased turgor in guard cells causes stomatal opening. Stomatal closure involves rapid 

release of K+ from guard cells through K+:'selective ion channels in the plasma 

membrane (Schroeder and Hedrich, 1989), which results in efflux of water and loss of 

cell turgor. In most cases, it also involves release of anions (mainly Cl-) by separate 

channels andlor co-transport mechanisms. Such ion flux across the plasma membrane is 

likely to be driven by changes in the activity of the plasma membrane proton-ATPase 

(Rhodes, 1987; Schroeder and Hedrich, 1989). Also, there is evidence that guard cell K+ 

channels are regulated by G-proteins (Fairley-Grenot and Assmann, 1991). ABA has 

been implicated in stress-induced stomatal closure (Harris and Outlaw, 1991; Zeevaart 

and Creelman, 1988), and recent work indicates that this growth regulator triggers 

increases in guard cell cytosolic Ca2+ levels, which may serve as an intracellular 

messenger to trigger cation and anion efflux (McAinsh et aI., 1990). Future work must 

focus on identification of other membrane transport systems and on the mechanisms 

linking stress perception with ABA mobilization and its effects on second messengers 

such as calcium. 

Water deficit due to salt stress or drought has detrimental effects on photosynthesis. 

Decreases in photosynthesis could be due, in part, to stomatal closure (Chapin, 1991; 

Hanson and Hitz, 1982). For example, low internal leaf C02 levels resulting from 

stomatal closure have been proposed to lead to photo inhibition of photosystem II 
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activity (Osmond et al., 1980), and stress-induced increases in levels of enzymes 

proposed to protect against photooxidative damage to the chloroplast have been 

observed in some species (e.g. Gamble and Burke, 1984). It is likely, however, that 

other perturbations not associated with stomatal closure are largely responsible for 

stress-induced decreases in photosynthesis (Sharp and Boyer, 1986; Hanson and Hitz, 

1982). Volume changes due to salinity-induced water loss can affect organelle 

membrane chemistry and may result in altered membrane protein associations 

(Zimmerman, 1978), thereby reducing photosystem activity. Stress-induced membrane 

leakiness may destroy chloroplast pH gradients, resulting in decreased activity of 

soluble photosynthetic enzymes (Zimmerman, 1978; Rhodes, 1987 and references 

therein), either by direct pH effects or by alteration of NADPH/NADP+ ratios. Damage 

to membrane integrity could conceivably be caused by the toxic effects of high ion 

concentrations as well as by salinity-induced water deficit (Greenway and Munns, 

1980). 

Salt stress and water deficit affect a number of miscellaneous cellular processes. 

Protein synthesis is arrested as an early response to water stress (Mason et aI., 1988; 

Matsuda and Rhodes, 1976). This may be a consequence of polysome disassembly due 

to ion sensitivity (Brady et al., 1984), shortage of energy (ATP), or changes in 

membrane chemistry that disrupt polysome-membrane complexes (Bemstam, 1978; 

Bhaya and Jagendorf, 1984). Plasmalemma membrane processes can also be impaired 

by salt stress (Zimmerman, 1978). Disruptive ionic effects and/or water stress-induced 

changes in cell volume and turgor bear on proton-ATPase activity (Reinhold, 1984) and 

membrane leakiness, and therefore can result in cytoplasmic acidification and altered 

ion transport and maintenance of gradients (Rhodes, 1987 and references therein). 

Water stress-induced cell and organelle volume changes can cause additional increases 
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in internal solute concentrations, while high extracellular ion concentrations may have 

disruptive effects on cell walls and intracellular water status (Greenway and Munns, 

1980). 

Much recent work has focused on the effects of salt stress on gene expression. 

Initial studies established simply that stress resulted in changes in plant mRNA 

populations (Ramagopal, 1987; Gulik and Dvorak, 1987). More recent work has 

focused on the identification and characterization of specific mRNAs. Messenger RNAs 

induced by salt stress have been identified in a number of glycophytes, including rice 

(Mundy and Chua, 1988; Cleas et al., 1990), tomato (Cohen et al., 1992; Plant et al., 

1991; Godoy et al., 1990), and barley (Hurkman et al., 1991; Hong et al., 1992; Close et 

aI., 1989). Most of these mRNAs are induced by drought as well as salt stress. Other 

mRNAs isolated on the basis of induction by water deficit have been reported (Gomez et 

al., 1988; Guerrero et aI., 1990; Mason and Mullet, 1990; Creelman and Mullet, 1991; 

Bartels et al., 1991); their possible induction by salinity has not been documented. A 

family of salinity-inducible proteins specific to monocots has been identified whose 

members are related to germin, a wheat protein isolated from germinating embryos 

(Hurkman et al., 1991 and references therein). Sequence information has provided 

initial clues as to the biochemical functions of some of the predicted proteins encoded 

by salt- and drought-induced transcripts. Sequence similarities have been found to RNA 

binding proteins (Gomez et al., 1989), lipid transfer proteins (Plant et al., 1991), 

cysteine proteases (Guerrero et al., 1990); and an aldose reductase (Bartels et al, 1991). 

Although increased expression of mRNAs encoding these proteins is correlated with 

stress, the roles, if any, that these proteins play in adaptation or tolerance to osmotic 

stress are not clear. 
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The proteins encoded by some of the stress-induced genes described above have 

some important characteristics in common. They are glycine-rich, very hydrophilic, and 

share blocks of amino acid similarity (Close et al., 1989; Dure et al., 1989). These 

characteristics are also common to a family of "late embryogenesis abundant" (lea) 

proteins that accumulate in desiccating wheat, cotton, and barley embryos (Dure et al., 

1989; Bartels et al., 1988; Skriver and Mundy, 1990). The accumulation of lea proteins 

in embryos has been correlated with embryo desiccation tolerance. It has been 

suggested that the hydrophilic nature of these proteins allows them to play an 

osmoprotective role by shielding membranes and macromolecules from excessive water 

loss. A similar role has also been proposed for leas in osmotically-stressed vegetative 

tissues (Skriver and Mundy, 1990; Dure et al., 1989). Experimental evidence 

supporting this hypothesis is lacking . 

. Most of the osmotic stress-induced genes identified to date share another feature: 

they may be regulated by ABA. This growth regulator has long been thought to be an 

important mediator of various plant stress responses such as stomatal closure and 

growth inhibition (Zeevaart and Creelman, 1988; Skriver and Mundy, 1990; Hanson and 

Bitz, 1982). ABA controls the expression of genes such as leas during the desiccation 

stage of embryo development (Skriver and Mundy, 1990; Dure et al., 1989), and it has 

been implicated in the control of the expression of these proteins in vegetative tissue 

during osmotic stress, due to its accumulation in stressed tissues and its ability to induce 

these genes when applied exogenously (Mundy and Chua, 1988; Gomez et al., 1988; 

Godoy et al., 1990; Claes et al., 1990; Hong et al., 1992). ABA has been conclusively 

shown to control the expression of drought and salinity-induced genes in tomato (Plant 

et al., 1991, Cohen et al., 1991). ABA acts on gene expression at least in part by 

regulating transcription; cis-acting promoter sequences and accompanying trans-acting 



factors that mediate ABA-invoked transcriptional induction have been identified 

(Marcotte et al., 1989; Guiltinan et al., 1990). 

Strategies of Salt Tolerance in Halophytes 

17 

Investigations of salt- and drought-stressed glycophytes have described 

physiological and cellular consequences of stress and indicated the importance of gene 

expression in stress response, but they have not succeeded in identifying mechanisms by 

which plants can tolerate osmotic stress. Halophytes have evolved mechanisms that 

allow them to survive and reproduce in highly saline conditions (Jefferies, 1981). Some 

of the strategies used by halophytes have been defined by physiological studies, and 

they are outlined below. 

The chief difference between halophytes and glycophytes is the ability to 

osmotically adjust. By intracellular accumulation of solutes, cell water potential can be 

lowered below that of the environment, allowing continued influx of water into the plant 

(Wyn Jones and Gorham, 1983; Jefferies, 1981). Many glycophytes have the ability to 

osmotically adjust and maintain turgor in their growing regions under moderately 

stressful conditions (Matsuda and Riazi, 1981; Nanomi and Boyer, 1989; Greenway and 

Munns, 1980). Halophytes, however, have an increased capacity to adjust which allows 

them to continue to grow and reproduce in highly saline environments (Jefferies, 1981). 

The ability to accumulate salts is the key to successful osmotic adjustment. Some 

glycophytes accumulate electrolytes to some extent (Binzel et al., 1988). As a general 

rule, however, salt accumulation correlates· with salt sensitivity in these plants (Binzel et 

al., 1988; Greenway and Munns, 1980). Glycophytes attempt to avoid adverse effects of 

high salinity chiefly by excluding ions from shoot tissue (Staal et al., 1991; Reimann, 

1992; Flowers et at, 1977; Greenway and Munns, 1980), and in most such salt sensitive 
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plants, shoot ion accumulation likely occurs when ion export mechanisms in the roots 

are overwhelmed. The resulting ion accumulation has toxic effects on leaf tissues. In 

halophytes, ion accumulation is an efficient and controlled process that is coordinated 

by mechanisms acting both subcellularly and at the whole-plant level (Wyn Jones and 

Gorham, 1983; Jefferies, 1981). These mechanisms work to insure that the need to 

accumulate salt for osmotic adjustment is balanced with the need to avoid ion toxicity in 

both growing and expanded regions. 

Halophytes have evolved several strategies for the control of salt influx into the 

plant and for the distribution of ions. Root mechanisms work to control the initial flow 

of electrolytes to the shoot, both at the endodermis, where Na+ and CI- first enter the 

transpiration stream, and in the vascular system, where ions may be selectively pumped 

out of the xylem for transport back to the roots (Jefferies, 1981; Greenway and Munns, 

1980). Some halophytes, such as mangroves, excrete excess salt through specific salt 

glands in the leaves, which actively pump out Cl- ions; Na+ then follows passively 

(Wyn Jones and Gorham, 1983; Jefferies, 1981). Mechanisms must also be present to 

insure proper distribution of salt between growing regions and expanded source leaves 

once salt reaches shoot tissue (Greenway and Munns, 1980). Salt accumulation 

mechanisms must be coordinated with plant growth. Cell expansion rates under saline 

conditions are adjusted such that growth is coordinated with ion transport and 

intracellular sequestration (see below) capabilities (Bress an et al., 1990). 

Perhaps the most important adaptive feature of halophytes is their ability to 

intracellularly compartmentalize Na+ and CI- accumulated to maintain turgor. High 

intracellular ion concentrations would be harmful to cell membranes, macromolecular 

structures, and enzyme activities. The vacuole is therefore used to accumulate ions and 

provide turgor while maintaining homeostasis of cytoplasmic Na+ and CI- levels (Wyn 
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Jones and Gorham, 1983; Jefferies, 1981; Greenway and Munns, 1980). Selective 

compartmentation of ions to the vacuole has been observed in osmotolerant algae 

(Jefferies, 1981), in halophytes (e.g. Staal et aI, 1991), and in salt adapted tobacco cell 

suspension cultures, which accumulate NaCl to concentrations of over 700 mM in the 

vacuole while maintaining cytoplasmic concentrations under 100 mM (Binzel et al., 

1988). The ability of halophytes to maintain high salt gradients across the tonoplast is 

likely due to high vacuolar H+ -ATPase activities and increased capacity for secondary 

ion transport, such as that carried out by Na+/H+ antiport systems (Staal et al., 1991; 

Blumwald and Poole, 1987; Bremberger et al., 1988; Narasimhan et al., 1991). 

Decreased permeability of tonoplast membranes may also be important (Jefferies, 1981). 

Although vacuolar ion accumulation is largely responsible for turgor maintenance 

during osmotic adjustment, compensating solute accumulation must also occur in the 

cytoplasm. Because high cytoplasmic salt levels would be harmful, it is believed that 

non-ionic, low-molecular weight metabolites accumulate in the cytoplasm to serve as 

compatible solutes. Examples of such molecules include amino acids, such as proline, 

quaternary ammonium compounds, such as glycine betaine, and polyhydroxylated sugar 

alcohols (polyols) (Wyn Jones and Gorham, 1983; Hanson et al., 1991; Hanson and 

Hitz, 1982; Rhodes, 1987; Bieleski, 1982)." The accumulation of putative "compatible 

solutes" is widespread, being common to halotolerant algae, fungi, and bacteria as well 

as salt stressed and halophytic plants (Csonka and Hanson, 1991; Warr et al., 1988; 

Bieleski, 1982; Flowers, 1977; Hellebust, 1976; Yancey et aI., 1982). It is believed that 

the chemical properties of these compounds (e.g., their high solubility and non-reducing 

nature) allow them to build up to considerable levels without being harmful to enzyme 

activities or cellular structure (Yancey, 1982; McCue and Hanson, 1990). It has also 

been suggested that some of these low molecular weight metabolites serve an 
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osmoprotective role: they may associate with membranes and proteins and exert a 

protective effect against elevated ion levels and/or water loss (Shobert, 1977). In vitro 

studies support the hypothesis that glycine betaine and a number of sugar alcohols do 

not adversely affect enzyme activities when present in high concentration, and that they 

actiIally can exert protective effects against high temperature, high salt concentrations, 

or freezing damage (Laurie and Stewart, 1990; Ahmed et al., 1982; Bieleski; Pollard and 

Wyn Jones, 1979). Although there is a large body of correlative evidence supporting 

the role of these compounds as compatible solutes or osmoprotectants, it has also been 

noted that their accumulation may serve as a storage mechanism or be a consequence of 

stress-induced metabolic impairment (Wyn Jones and Gorham, 1983; Hanson and Hitz, 

1982; Greenway and Munns, 1980). However, recent molecular and genetic studies, 

including the work presented here, support the view that these compounds do serve an 

adaptive role (Tarczynski et al., 1992b; Delauney and Verma, 1990; Weretilnyk and 

Hanson, 1990; Dandekar and Uratsu, 1988). 

Very little molecular work has been carried out on halophytes. Messenger RNAs 

have been identified that accumulate in desiccating leaf tissue of the resurrection plant 

Craterostigma piantagineum, which can remain viable during long periods of complete 

desiccation (Bartels et al., 1990; 1991). Desiccation tolerance, however, is distinct from 

the ability to osmotically adjust and continue growth in saline conditions. Cellular 

mechanisms of salt tolerance have been investigated in tissue cultured tobacco cells, 

where a protein, "osmotin", has been identified (Binzel et al., 1985; Singh et al., 1987; 

1989). Osmotin expression correlates with stable salt tolerance in tobacco cell lines , and 

its expression, like that of the salt tolerance phenotype, is enhanced by ABA (La Rosa et 

al., 1985; Singh et al., 1987; 1989). Homologues of osmotin, apparently encoded by a 

multigene family, have been detected in cell lines established from the halophyte 
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Atriplex nwnmularia (Casas et al., 1992). Osmotin's function is unknown; its sequence 

resembles that of some pathogenesis-related proteins (Neale et al., 1990). 

Rationale, Purpose, and OhTview of this Study 

The preceding section described the major effects of salt stress on salt-sensitive 

plants, including changes in gene expression, and defined the physiological 

mechanisms that are believed to be important in imparting salinity tolerance to 

hal?phytes. Although the studies mentioned above have provided important 

descriptive data, most have not defined at the biochemical level mechanisms by 

which higher plants may tolerate high salinity. In this section I define the goal of 

the present study, introduce the model system, provide the rationale for the choice of 

the system, and summarize the results of the work 

The goal of this study was to identify mechanisms of higher plant stress 

tolerance. To achieve this, I have taken advantage of the inducible, adaptive stress 

response of Mesembryanthemwn crystallinum (common ice plant). This plant 

provides an excellent model system to investigate the mechanisms by which plants 

adapt to salinity-induced water deficit. As a facultative halophyte, the ice plant 

undergoes a set of stress-inducible physiological and biochemical changes that allow 

it to adjust and maintain cell viability and turgor, conserve water, and continue 

growth during extreme salt stress. One physiological adaptation, the stress-induced 

switch from C3 to Crassulacean acid metabolism (CAM), has been studied in depth 

(Winter and von Willert, 1972; Bohnert et al., 1988 and references therein). CAM 

is an alternate photosynthesis pathway that allows daytime stomatal closure and 

nighttime carbon fixation, thereby resulting in decreased evaporative water loss 

(Ting, 1985). The shift to CAM has been ::;rown to require increased expression of 



mRNAs encoding a number of CAM pathway enzymes (Ostrem et a/., 1987; 

Vernon et a/., 1988 [see appendix]; Schmitt et a/., 1988; Ostrem et a/., 1990), 

establishing M. crystallinum as an attractive system for the study of salt stress at the 

molecular level. 

CAM is considered to be only one component of the salt-stress response in M. 

crystallinum. CAM is a complex, whole-plant phenomenon that involves the 

coordination of changes in photosynthetic biochemistry with changes in stomatal 

regulation. I have hypothesized that, in addition to CAM, other changes that act at 

the cellular level to adjust turgor and aid cell viability during osmotic stress are 

triggered by salt stress in M. crystallinum. Such adaptations could conceivably 

include increased levels of osmoticaliy-active intracellular solutes, increases or 

decreases in proton and ion flux across membranes, changes in membrane 

composition and permeability, and structural changes in cell walls. An 

understanding of cellular-level adaptations to c::motic stress in M. crystallinum 

would lead to a better understanding of general mechanisms of salt tolerance that are 

likely to be more widespread than the complex shift to CAM photosynthesis. 

To investigate such salt tolerance mechanisms, I have taken advantage of the 

inducible, adaptive stress response of M. crystallinum. By differentially screening a 

subtracted cDNA library enriched for stress-regulated sequences, I have isolated 

three cDNAs representing salinity-responsive mRNAs. To understand how these 

mRNAs may contribute to adaptation to salinity, the regulation and function of the 

mO,st dramatically induced transcript, Imtl, have been studied in depth. The protein 

encoded by Imtl has been identified as a novel myo-inositol hydroxymethyl 

transferase that is involved in the biosynthesis of the cyclic sugar alcohol pinitol, a 

putative osmoprotectant. The pattern of expression of the Imtl mRNA with respect 
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to plant development and organ specificity, and the profile of its induction in 

response to different environmental stresses, distinguish Imt1 from mRNAs 

involved in the ice plant's CAM response. These results indicate that the response to 

stress in the ice plant is complex, consisting of adaptive changes that act at both the 

whole-plant and cellular levels, and that these changes may be controlled by distinct 

molecular genetic mechanisms. The significance of the identification of Imt1 within 

the context of an understanding of higher plant osmotolerance is discussed. 
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CHAPTER 2 

IDENTIFICATION OF mRNAS INDUCED BY SALT STRESS 

Introduction 

It has been established that environmental stress can lead to changes in gene 

expression in plants (Ramagopal, 1987; Gulik and Dvorak, 1987). Although a number 

of mRNAs induced by salt stress have been identified in many plants (see Chapter 1), it 

has not been clear whether the proteins encoded by these transcripts play any 

constructive role in the stress responses of their respective species. As a facultative 

halophyte, the ice plant, M. crystallinum, provides a system where stress-induced 

changes in gene expression can be correlated with an (inducibly) salt-tolerant 

phenotype. 

Studies of the induction of CAM in M. crystallinum have established that this 

response to stress involves increased expression of mRNAs encoding CAM 

enzymes (Ostrem et al, 1987; Schmitt et al., 1988; Ostrem et al. 1990, Cushman, 

1992a,b). It therefore seemed reasonable to use molecular biology to investigate 

inducible aspects of the stress response more directly related to osmotolerance. 

Rather than focus on molecular characterization of a particular phenomenon already 

presumed to be important for cellular salt tolerance, such as proline accumulation or 

ion transport, I decided to let the plant decide what is important, and to use 

differential screening to identify mRNAs induced during salt stress. It was hoped 

that this unbiased type of approach would yield cDNAs that, upon sequence 

determination and expression analysis, would identify biochemical mechanisms of 

higher plant osmotic stress tolerance. Such adaptations could conceivably include 

increased levels of osmotically-active intracellular solutes, increases or decreases in 



proton and ion flux across membranes, changes in membrane composition and 

penneability, and structural changes in cell walls. 

In this chapter I describe the isolation of cDNAs representing three salinity

responsive mRNAs. Northern and slot-blot analyses indicate that these mRNAs 

exhibit distinct patterns of expression. Two of these mRNAs, [rntl and 2i, do not 

appear to be part of the well-characterized M. crystallinum CAM response, as 

judged by their expression patterns in root and leaf tissue. 

Results 
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To identify environmentally-induced molecular changes involved in the ice plant's 

adaptation to salinity, I constructed and differentially screened a subtracted cDNA 

library enriched for stress-induced sequences. cDNA was generated from poly A + RNA 

that had been isolated from 7-week old plants stressed with O.SM NaCI for 10 hours. By 

this time point, plants start to recover from stress-induced transient wilting (Winter and 

Ga~emann, 1991), but have not yet accumulated large amounts ofmRNAs encoding 

components of the well-characterized CAM pathway (Ostrem, et al., 1987; 1990). 

Three cycles of differential screening of approximately 105 plaques with labeJed first

strand cDNAs from stressed and unstressed plants yielded eight consistently up

regulated inserts. Cross-hybridization experiments indicated that the inserts represented 

three distinct mRNAs, now referred to as [mtl, 2i, and 2B. 

To verify the increased expression of [mtl, 2i, and 2B during salt stress, total RNA 

was isolated from M. crystallinum leaf and axillary tissue harvested at several time 

points during the course of a four-day stress, slot blotted, and probed with the cDNA 

inserts (Figure 1). The three mRNAs exhibited distinct patterns of induction. The [rntl 

transcript was induced quickly from almost undetectable levels in unstressed plants, 
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reaching maximum expression by the end of the second day of the salt treatment. The 

response of 2i to salinity was less dramatic than that of Imtl. 2i underwent a slight 

decrease in expression during the initial day of stress, followed by a recovery and 

gradual increase during the next several days. By the end of the fourth day of stress (82 

hours), 2i mRNA levels were more than 4-fold the pre-stress levels. The expression 

pattern of the 2B transcript was complex. 2B exhibited apparent diurnal regulation, 

being more abundant at evening time points than at mid-day. Following stress, 2B 

retained its diurnal fluctuation, but over-al~ levels appeared to undergo roughly a two

fold increase. Northern blot analysis showed transcript sizes to be 1.6 kb, 2.0 kb, and 

1.4 kb for Imtl, 2i, and 2B, respectively (Figure 2 ), indicating that 2i and 2B clones 

isolated (.9 and 1.0 kbp, respectively) were not likely to include complete coding 

regions. 

The expression of 2i and Imtl in root tissue of hydroponically-grown plants was 

investigated. RNA was isolated from leaves and roots of unstressed hydroponically

grown M. crystallinum and from stressed plants harvested 6, 30, 78, and 126 hours after 

irrigation with 400 mM Nae!. RNA was resolved on formaldehyde/agarose gels, 

northern blotted, and probed with 32P-Iabeled Imtl (Figure 3) or 2i (Figure 4). 

Induction of each mRNA in leaf tissue of the hydroponics was similar to that seen in 

soil-grown plants. In roots, Imtl was transiently expressed, reaching maximum levels of 

expression after 30 hours of stress and completely disappearing by the time of maximal 

expression in leaves. Northern blots of dilutions of leaf and root RNA indicated that, at 

the times of maximum expression, Imtl was 25-50 times more abundant in leaf tissue 

than roots. A longer exposure of the root blot is shown in Figure 3, to illustrate the 

complete disappearance of this RNA prior to the 126 h time point. 2i was constitutively 

eXp'ressed in roots at a level higher (on a total RNA basis) than in stressed leaves. 
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Figure 2·1 Identification of three mRNAs up-regulated by salt stress. The lmtl, 

2i, and 2B cDNA inserts were used to probe slot blots of total RNA isolated from 

combined leaf/axillary tissue of stressed and unstressed (US) soil-grown M. 

crystallinum. Lengths of stress treatment are indicated in hours. The 4- and 28-

hour time points occurred at mid-day; all other time points occurred at the end of the 

light period. Material from 3-5 plants was harvested and combined for each sample. 

2-fold serial dilutions (beginning with 10 Jlg of RNA in the top slot) were loaded. 
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Figure 2·2 Determination of transcript sizes_ The RNA used in the slot blots 

shown in Figure 1 was resolved on formaldehyde/agarose gels, transferred to 

nitrocellulose, and probed with labeled eDNA inserts. Panels: A, Imtl; B, 2i; C,2B. 

Time points are as in Figure I, except that only the unstressed control from the end 

of the treatment (end of the light period, day 4) is shown for Imtl and 2i. 
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Figure 2·3 Expression of Imtl mRNA in leaves and roots of hydroponically

grown plants. Total RNA was isolated from leaves (A) or roots (B) of 

hydroponically-grown six-week old control plants (unstressed) aild plants that had 

been stressed with 400 mM Nael for 6,30,78, and 126 hours. Control plants were 

harvested at each time point. 10 Jlg ofleaf (A) or 20 Jlg ofrcot (B) RNA from 

each time point were resolved on formaldehyde-agarose gels, transferred to 

nitrocellulose, and probed with 32P-Iabeled Imtl cDNA. Autoradiograms of blots 

are shown. The root blot was over-exposed to illustrate the disappearance of the 

transcript in roots between 78 and 126 hours of stress. 
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Figure 2-4 Expression of 2; mRNA in leaves and roots of hydroponically-grown 

plants. Total RNA was isolated from leaves (A) or roots (B) of hydroponically-grown 

six-week old control plants (unstressed) and plants that had been stressed with 400 mM 

NaCI for 6,30, 78, and 126 hours. Control plants were harvested at each time point. 

10 J.1g of leaf or 20 J.1g of root RNA from each time point were resolved on 

formaldehyde-agarose gels, transferred to nitrocellulose, and probed with 32P-Iabeled 2i 

cDNA. Autoradiograms of blots are shown. 
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Discussion 

Working under the assumption that mechanisms of salinity tolerance in M. 

crystallinum are, like the switch to CAM photosynthesis, controlled at the level of RNA 

expression, I have cloned three cDNAs that are up-regulated by salt stress in this 

facultative halophyte. Although the stressed material used for cDNA library 

construction supposedly did not contain high levels of CAM-related mRNAs due to the 

time point chosen for harvest (based on previously observed rates of PEPCase mRNA 

accumulation), subsequent work has indicated that a great deal of variability exists 

between sets of plants with regard to the magnitude and rate of mRNA accumulation in 

response to stress (D Vernon, JC Cushman, EJ De Rocher, JC Thomas, unpublished 

observations). This variability is evident in the northern blots shown in Figures 2 and 3, 

where Imtl RNA accumulates at slightly different rates. Plant age, as well as 

environmental parameters such as light intensity, soil acidity, and temperature all may 

have significant effects on the molecular stress response in the ice plant (Ostrem et al., 

1987; Cushman et al., 1990; McElwain et al., 1992). Because of this variation, it would 

not be prudent to assume that these transcripts are part of a "pre-CAM", cellular 

response to osmotic stress in the ice plant on the basis of their increased expression 

during the first 10 hours of stress 

. Some aspects of the expression patterns of 2;, Imtl, and 2B differ from what has 

previously been observed for mRNAs involved in the CAM response, suggesting that 

these transcripts may indeed be more directly involved in stress tolerance rather than 

photosynthetic metabolism. The 2; transcript, for example, undergoes a transient 

decrease in expression during the initial hours of stress. No such decrease has been 

observed in CAM-related mRNAs such as Ppcl or Gpdl (Michalowski et al., 1989; 

Ostrem et al., 1990). The 2B mRNA undergoes only a modest increase (approximately 
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two-fold) in expression after stress. 2B also appears to be diurnally regulated, being 

more abundant at the end of the light period than at mid-day both before and after stress. 

Further work (involving more time points during the first few days of stress) must be 

carried out with 2B, however, to verify both its slight increase in expression and its 

putative diurnal regulation. Diurnal regulation may indicate that the 2B gene product is 

actually involved in photosynthetic metabolism. 

The expression of the 2i and Imtl transcripts in roots strongly suggests that these 

mRNAs are part of a stress response distinct from the shift to CAM. The CAM genes 

characterized to date are induced by salt-stress in a leaf-specific manner (Cushman et 

aI., 1989; Ostrem et al, 1990), consistent with their role in photosynthetic carbon flux. 

2i and Imt1, however, are both expressed in roots, 2i constitutively, and Imtl transiently, 

during stress. It is possible, however, that such root expression is an artifact of 

imperfect gene control mechanisms, or, in the case of 2i, indicative of a non-stress

related function in root tissue. Functional analysis of the proteins encoded by these 

genes is obviously necessary before their roles in salt tolerance can be assessed. 

Materials and Methods 

Plant Material: M. crystallinwn were grown from seed in growth chambers as 

pre.viously described (Ostrem et al., 1987) and either kept in soil or transferred 14 days 

after seeding to Hoagland's solution in aerated, light-tight containers for hydroponic 

growth. Plants were salt stressed when six-weeks old (unless otherwise noted) with 500 

mM NaCI or (for hydroponics), by addition of 400 mM NaCI to Hoagland's solution. 

Leaves and roots were harvested at times indicated in figure legends. Unstressed 

controls for each experiment were grown alongside stressed plants and were harvested at 

the same time. Harvest time points for various experiments are described in Results. 



33 

Harvested material for RNA extraction was immediately frozen in liquid N2 and stored 

at -700 C until used. 

Subtracted eDNA Library Construction and Screening: Leaf RNA was extracted and 

polyA+ mRNA was prepared as described by Ostrem et al. (1987). First-strand eDNA 

was generated from polyA+ RNA from stressed plants using a BRL cDNA synthesis kit 

(BRL, Gaithersburg, MD). 0.75 1.11 32p-dCTP (3000 Ci/mmol) was included per 100 JlI 

synthesis reaction as a tag for further manipulations and yield calculations. Following 

first-strand synthesis, RNA was removed by base-hydrolysis with 0.1 M NaOH (700 , 60 

min.). Single-stranded (ss) cDNA yield was estimated (Ausubel et al., 1989), and 

single-stranded cDNA was hybridized to a 5.SX excess of poly A+ RNA from control 

plants using a protocol and conditions previously described (Briehl et aI., 1990). 

Hybridizations were carried out for 18 hours. Ss eDNA remaining after hybridization 

was isolated by differential elution from hydroxyl-apatite (Davis, 1986), transferred into 

10 mM Tris/1mM EDTA pH 8.0, and precipitated. cDNA was made double-stranded 

using cDNA synthesis kit materials (BRL, Gaithersburg, MD) and Poly(dN)6 random 

primer (pharmacia Inc., Piscataway, NJ). Double-stranded cDNA was ligated to hemi

phosphorylated EcoRl/NotI adapters (Invitrogen Inc., San Diego, CA) and ligated into 

Lambda ZapJI (Stratagene Inc., La Jolla, CA). Recombinants were packaged using 

Gigapack in vitro packaging extracts (Stratagene Inc., La Jolla, CA). Phage were plated 

and screened by standard differential plaque hybridization (Ausubel et al., 1987). 32p_ 

labeled ss cDNA probes used for screening were generated from poly A+ RNA isolated 

from unstressed M. crystallinum and plants salt stressed for 10 hours. After three cycles 

of plating and re-screening, DNA from selected plaques was rescued as Bluescript SK

phagemids (Stratagene Inc., La Jolla, CA) and used to transfect E. coli XLI-Blue cells. 



Insert DNA was isolated, excised by EcoRI digestion and analyzed on agarose gels 

(Maniatis et al., 1982). 
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RNA Expression Analysis: Total RNA from leaves and roots was isolated as previously 

described (Ostrem et al., 1987), except that the buffer used for root RNA extractions 

contained additional detergent: A total of2% SDS and 2% Triton X-l00. Total RNA 

was either slot blotted (Vernon et al., 1988; Appendix A) or resolved under denaturing 

conditions on formaldehyde/agarose gels (Ausubel et aI., 1987) and northern blotted 

(Thomas, 1983). Blots were probed, wash~d, and visualized as previously described 

(Vernon et al., 1988; see appendix A) using 32P-Iabeled, gel-purified Imtl insert DNA 

as a probe (Ostrem et al., 1990). 



CHAPTER 3 

CHARACTERIZATION AND FUNCTION OF IMTI MRNA 

Introduction 

Of the three salinity-regulated mRNAs described in Chapter 2, [mtl was the 

most dramatically-induced. Also, [mtI showed increased expression in roots. 

Because of this, and the availability of an insert potentially containing the entire 

coding region, this cDNA was chosen for further analysis. It was hoped that in

depth characterization of [mtl expression, and determination of Imtl sequence, 

would lead to testable hypotheses on the biochemical functions of the protein 

encoded by [mtl, and hence, to a greater understanding of its biological role in 

salinity tolerance. Here I show that this transcript is encoded by a single nuclear 

gene that is transcriptionally-regulated in response to salt stress. Also, I show by 

sequence comparison that the protein encoded by Imtl is similar to S-adenosyl 

methionine-dependent hydroxymethyl transferases (OMTs). This methyl transferase 

is identified by functional assay as a myo-inositol O-methyl transferase involved in 

the biosynthesis of a cyclic sugar alcohol, pinitol. Pinitol is abundant in a number of 

salt- and drought-tolerant plant species, including salt-stressed M. crystallinwn, 

where it can accumulate to over 70% of soluble carbohydrate (Paul and Cockburn, 

1989). The significance of ImtI induction and pinitol accumulation to the ice plant's 

adaptation to salinity are discussed. 

Results 

Before carrying out additional expression studies on Imtl, it was necessary to 

determine how many Imtl genes were present in M. crystallinum. Southern 
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analyses of ice plant nuclear DNA were therefore carried out, and it was determined 

that the ImtI transcript induced in leaves and roots is encoded by a single nuclear 

gene (Figure 1). Nuclear genomic DNA digested with various restriction enzymes 

wa~ resolved by 1 % agarose gel and Southern-blotted along with genome copy 

number equivalents of the cloned cDNA. Blots were probed with 32P-labeled 

cDNA fragments and signal intensities were quantified by f3-scanner (Betagen Inc., 

Waltham, MA). Probes specific to either the 5'-coding region or the 3'-non-coding 

end of the cDNA (see Materials and Methods) hybridized to single bands of equal 

intensity in each lane (Figure 1, panel A). High stringency wash conditions were 

identical to those used for northern blots shown in Chapter 2, Figure 3. Comparison 

of band intensities with copy number reconstructions (Figure 1, panel B) indicated 

that the bands likely represent a single gene. A blot probed with a 396 bp 3'-end 

fragment is shown. 

The Imtl mRNA is transcriptionally induced in leaf tissue (Figure 2). Nuclear 

run-on experiments were performed with nuclei isolated from control and salt

stressed M. crystallinum. Transcripts were labeled with 32p-UTP and hybridized to 

excess Imtl cDNA slot-blotted onto nitrocellulose. Ppcl DNA, which encodes the 

transcriptionally-induced CAM enzyme PEP carboxylase (Cushman et al., 1989), 

was included as a positive control. Hybridization to 18S rDNA was used to 

normalize the overall transcription rates of different reactions. f3-scan analysis of 

experiments such as that shown in Figure 1 indicated that transcription of the Imtl 

message is 4 to 5 times higher in leaves from salt-stressed plants than in leaves of 

unstressed control plants of the same age. This increase is comparable to, and 

perhaps greater than, the stress-induced increase in transcription rate observed for 

the Ppcl transcript (Figure 2; Cushman et al., 1989). 
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Figure 3-1 Southern analysis of M. crystallinwn genomic DNA. A: 4 Jlg of 

nuclear DNA were digested with EcoRI (1), HindIII (2), or HinelI (3), resolved by 

agarose gel, and Southern blotted alongside known amounts of Imt] cDNA 

corresponding to 0.5, 1,2,4, and 10 copies per genome (B). The blot shown was 

probed with a 32P-Iabeled 396 bp 3'-end fragment of the Imt] cDNA (see Materials 

and Methods). Positions of size markers are shown in kbp. 
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Figure 3·2 Nuclear run-on assays of Imtl transcription. Imtl cDNA was slot

blotted onto nitrocellulose and probed with 32P-labeled transcripts generated by 

nuclei isolated from unstressed and salt-stressed (102 hours) M. crystallinum. A 

PEP carboxylase cDNA clone (Ppc1) was included on blots as a positive control for 

transcriptional induction (Cushman et al., 1989). Bluescript DNA (KS+) served as a 

control for background. Hybridization to 18S rDNA (18S) was used to normalize 

total transcription rates of nuclei from stressed and unstressed plants. 
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To gain insight into the possible biochemical and physiological functions of the 

IMT1 protein, the sequence of the cDNA was determined (Figure 3). The clone was 

1524 base pairs long. It contained an Aff-rich leader sequence and an ATG start 

codon followed by an uninterrupted reading frame of 1,095 nucleotides. The 3' end 

consisted of a long non-coding region of 383 nucleotides, which included two 

possible polyadenylation recognition sequences (AATAA and AATAAA) located 

28 bases and 74 bases (respectively) upstream of a 31-base polyA tail. Analysis of 

the Imtl sequence predicted a hydrophilic polypeptide of 365 amino acids with a 

molecular mass of 40,250 (Figure 3). A search of the NBRF database revealed 

similarity to a bovine pineal gland hydroxyindole O-methyltransferase (Ishida et 

aI., 1987). Homology (including conservative amino acid replacements) was 55% 

over the entire length (see HMT comparison, Appendix B). Significant identity 

(27%) was confined to 195 amino acids in the carboxy-terminal portion of the 

protein. The predicted IMT1 polypeptide was found to be even more closely related 

to two plant bifunctional hydroxymethyl transferases which methylate the lignin 

monomers caffeic acid and hydroxyferulic acid (Bugos et al., 1991; Gowri et al., 

1991). Comparison to these proteins revealed over 50% identity over the entire 

length of the IMTI sequence (see asp and alf comparisons, Appendix B). Regions 

of shared homology with S-adenosyl-L-methionine (SAM)-dependent hydroxy

methyl transferases (OMTs) are underlined in Figure 3 (Bugos et al., 1991). 
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Figure 3·3. Nucleotide st;quence and predicted amino acid sequence of the Imtl 

eDNA. Underlined regions share homology with hydroxymethyl transferases from 

plant, bacterial, and mammalian sources (Bugos et ai., 1991). 
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Although sequence alignments suggested a general biochemical function for the 

IMTI protein, amino acid identities were not sufficient for the identification of the 

enzyme's substrate specificity. I hypothesized that one possible role for a methyl 

transferase in the salt stress response in M. crystallinum was in the biosynthesis of 

pinitol (lD-3-0-methyl chiro-inositol). Pinitol is a methylated cyclic sugar alcohol 

(cyclitol) that accumulates to high levels in salt-stressed M. crystallinum (Paul and 

Cockburn,1989). Its appearance and accumulation parallel that of the Imtl mRNA 

(Chapter 2, Figure 3) during the initial days of salt stress (paul and Cockburn, 

1989). Pinitol has potentially osmoprotective properties and is thought to serve as 

an intracellular osmolyte (possibly in the chloroplasts) during osmotic adjustment in 

this inducible halophyte (see Discussion). Pinitol is derived from the six-carbon 

cyclic sugar alcohol myo-inositol (Figure 4). Its synthesis involves an initial 

methylation of myo-inositol by a SAM-dependent hydroxymethyl transferase, 

followed by an enzyme-catalyzed epimerization via a keto intermediate. In 

angiosperms, the pathway proceeds via ononitol (lD-4-0-methyl myo-inositol; 

Figure 4). An isomer of ononitol, sequoyitol (lD-5-0-methyl myo-inositol), is the 

methylated intermediate in gymnosperms (Dittrich and Brandl, 1987). 
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Figure 3-4 Pathway of pinitol biosynthesis in angiosperms. Pinitol (lD-3-0-

methyl chiro-inositol) is synthesized from myo-inositol, a six-carbon ring polyol 

derived from glucose-6-phosphate. The synthesis pathway consists of a methylation 

step catalyzed by a position-specific S-adenosyl-L-methionine (SAM)-dependent 0-

methyl transferase (OMT), followed by an enzyme-catalyzed epimerization which 

may require NAD+ and/or NADPH (Loewus and Dickinson, 1982). The methylated 

intermediate is ononitol. Vertical bars on ring structures represent hydroxyl groups. 
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· To substantiate the hypothesized physiological role of the IMTI protein in 

pinitol biosynthesis, the polypeptide was expressed in E. coli, and bacteriallysates 

were tested for myo-inositol hydroxymethyl transferase activity. As is evident in 

Figure 5, panel A, E. coli containing the clone in the proper orientation expressed a 

protein of molecular mass of approximately 40 kDa that was not present in control 

cells (containing the clone in the opposite orientation) that were grown under 

identical conditions. This protein co-migrated on SDS-polyacrylamide gels with the 

reticulocyte system in vitro translation product of the in vitro-transcribed Imt1 clone 

(Figure 5, panel B). Expression ranged from approximately 1 % to more than 10% 

of E. coli protein, depending on growth conditions. 

I tested E. coli extracts from control cells and cells expressing the IMTI protein 

for.myo-inositol-dependent O-methyl transferase activity in an assay using 14CH3-

labeled SAM as a methyl group donor. Carbohydrates from post-assay extracts 

were separated by HPLC and radioactive fractions identified by scintillation 

counting. A radioactive product with a retention time of approximately 11.1 

minutes was generated by extracts from cells expressing the IMTI protein, but not 

by control extracts (Figure 6). The appearance of this peak was dependent on the 

addition of myo-inositol to the assays. Two less prominent peaks were generated by 

all assays (regardless of myo-inositol addition or IMTI expression), suggesting the 

presence of endogenous SAM-dependent OMTs in E. coli. The activity was 

sensitive to both heat (700 C, 15 min) and proteinase K treatment, and 14C_ 

incorporation into product was linear during the course of the assay. These assays 

indicated that Imt1 encodes a SAM-utilizing, myo-inositol-dependent O-methyl 

transferase. 
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A B 

Figure 3·5. Expression of IMTI in E. coli. The Imtl cDNA expression constructs 

were transfonned into E. coli BL21(DE3) cells as described in Materials and 

Methods. A: SDS-PAGE of proteins from E. coli transfonned with Imtl cloned 3'-5' 

(-) or 5'-3' (+) behind the bluescript T7 promoter. B: SDS-PAGE of in vitro 

translation products of unprogrammed reticulocyte lysate translation system (-) or 

lysate programmed with in vitro-transcribed Imtl RNA (+). All samples in panels A 

and B were run on the same gel, which was cut and either coomassie stained (A) or 

fluorographed (B). Positions of size markers are labeled in kDa. Arrow indicates 

position of !MTl. 
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Figure 3-6. Myo-inositol O-methyl transferase assays of E. coli extracts. Equal 

amounts of total soluble protein from cells expressing IMTI were assayed with (~) 

or without (1) myo-inositol. Control extracts from cells transformed with only 

bluescript (m) were assayed with myo-inositol. 14C-methyl-SAM was included as a 

methyl group donor. A portion (8%) of post-assay carbohydrates were resolved by 

HPLC as described in Materials and Methods. 14C dpm of 0.5 min fractions from 

representative HPLC runs are shown. Inset: To define more precisely the retention 

time of the IMTI product, 7.5-second fractions with retention times between 10.5 

and 12.0 min were collected and analyzed. 
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The 14C-Iabeled product of the assays on E. coli extracts was visible on HPLC 

traces as a distinct peak with a retention time of slightly under 11.1 minutes (Figure 

7, panel 3) that was not present in assays from control extracts (Figure 7, panels 1, 

2). To establish that the methylated myo-inositol generated by the IMTI protein 

was ononitol, the methylated intermediate in pinitol biosynthesis, its retention time 

was compared to the retention time of methyl-myo-inositol standards. There are 

four methyl-myo-inositol isomers: sequoyitol, ononitol, and D- and L-bomesitol 

(ID- or lL-I-0-methyl myo-inositol) (Loewus and Loewus, 1980). Only ononitol 

and sequoyitol are possible precursors for pinitol (Dittrich and Brandl, 1987; Figure 

4), and only ononitol has been documented as the precursor to pinitol in 

angiosperms (Dittrich and Brandl, 1987). Extracts from control E. coli (such as that 

shown in Figure 7, panel 1) were spiked With standards, processed as assays (see 

Materials and Methods), and analyzed by HPLC. The retention times of sequoyitol 

and bomesitol were 11.5 and 12.2 minutes, respectively. Ononitol, however, 

displayed a retention time identical to that of the reaction product (Figure 7, panel 

4), indicating that the myo-inositol dependent O-methyl transferase encoded by the 

lmtl mRNA does indeed generate the methylated intermediate in the biosynthesis of 

pinito!. 

To verify that the induction of the lmtl mRNA in stressed M. crystallinum is 

accompanied by an increase in IMTI expression, extracts from leaves of salt 

stressed (102 hours) and unstressed M. crystallinum were assayed for IMTI enzyme 

activity (Figure 8). Carbohydrates from post-assay plant extracts were resolved by 

HPLC, fractions were collected, and cpm determined by scintillation counting. 14C 

cpm were detected in a single peak with a retention time of approximately 11.1 

minutes, and the appearance of 14C in carbohydrate fractions was dependent on the 
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addition ofmyo-inositol to assays. Stressed plants exhibited a large (-60-fold) 

increase in IMTI activity over unstressed plants, which contained an almost 

undetectable level of activity (Figure 8). 14C-incorporation into product was linear 

during the course of the assay. These assays indicated that Imt} mRNA induction 

results in increased IMTI activity in stressed-plant extracts, suggesting that the 

increased expression of this transcript is, at least in part, responsible for the 

concurrent accumulation of pin ito I observed in salt-stressed M. crystallinwn. 
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Figure 3·7. Identification of the methyl-myo-inositol product of IMTI. 

Representative HPLC traces of carbohydrates from post-assay E. coli extracts are 

shown: Panel 1: Assay of extract containing IMTI but no myo-inositol. Panel2: 

Assay (with myo-inositol) of extract from control cells transformed with vector 

only. Panel 3: Assay of extract containing IMTI protein plus myo-inositol. Panel4: 

Same extract as panel 1, but spiked with 1.5 nmol of ononitol standard. Peak labels: 

G, glycerol added to protein extracts for storage. M, myo-inositol added to extracts 

for assay. P, assay product. 0, ononitol spike. Arrows mark the position of product 

and ononitol standard; retention times of product and of ononitol standard are 

indicated in minutes. 
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Figure 3-8. IMTI activity in stressed and unstressed M. crystallinum. Crude 

soluble protein extracts from leaves of unstressed plants (unstressed), or plants 

stressed for 102 hrs (stressed), were assayed for myo-inositol GMT activity. Assays 

were run for two hours, during which time 14C incorporation into product was 

linear. Proteins were extracted from leaf material pooled from three stressed or 

three unstressed plants. Activity values are the mean of three separate assays; 

standard deviations are shown. No activity was detected in assays carried out 

without myo-inositol (data not shown). 
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Discussion 

Halophytic plants have developed mechanisms of osmoregulation that allow 

them to avoid salinity-induced water stress. I have used a facultative halophyte, M. 

crystallinum, to investigate the molecular basis of salt tolerance. When subjected to 

salinity stress, M. crystallinum undergoes a brief period of wilting followed by 

recovery and continued growth (Winter and Gademann, 1991; Bohnert et al., 1988). 

In an attempt to elucidate the biochemical inechanisms responsible for this observed 

adjustment to stress, I generated a cDNA library enriched for transcripts induced 

during the initial hours of stress (Chapter 2). Differential screening of this library 

yielded a dramatically up-regulated mRNA, Imtl, encoding a polypeptide with 

homology to several methyl transferases. Expression of the protein in E. coli and 

activity assays identified the enzyme as a myo-inositol O-methyl transferase. This 

enzyme methylates myo-inositol to produce ononitol, which is subsequently 

epimerized by a different enzyme to produce pinitol, a cyclic sugar alchohol known 

to accumulate to high levels in salt-stressed M. crystallinum (paul and Cockburn, 

1989). Enzyme assays performed on plant extracts established that the induction of 

Imtl mRNA is accompanied by the appearance of myo-inositol O-methyl 

transferase activity in salt-stressed plants. To my knowledge, this study is the first 

in which differential screening of a cDNA library has led to the discovery of a novel 

plant enzyme with defined physiological role. Never before has the correlation 

between stress-induced expression and functional role in adaptation been so clear. 

Pinitol is one of a larger class of compounds, sugar alcohols, whose presence 

correlates with osmotic stress tolerance in a wide range of organisms. Cyclic sugar 

alcohols such as pinitol and straight-chain polyols, such as mannitol and sorbitol, are 

found in high levels in desiccation - and salt-tolerant bacteria, fungi, and algae as 
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well as in halophytic higher plants (Csonka and Hanson, 1991; Bieleski, 1982; 

Flowers et al., 1977; Hellebust, 1976). Pinitol is the most common of the various 

myo-inositol-derived cyclitols found in plants (Dittrich and Korak, 1984). It is 

found at high levels in a diverse set of salt-tolerant plant species, including maritime 

pine (Nguyen and Lamant, 1988), several legumes (Gorham et al., 1988), halophytic 

mangroves (popp, 1984), and both dicots and monocots from maritime habitats 

(Gorham et al., 1981). In M. crystallinum, pinitol can accumulate to over 70% of 

total soluble carbohydrate (up to 10% of plant dry weight) following NaCI stress 

(paul and Cockburn, 1989). It may reach intracellular concentrations of up to 300 

mM. Localization studies by Paul and Cockburn (1989) suggest that over 60% of 

the pinitol in stressed M. crystallinum is in the cytoplasm, with the rest residing in 

the chloroplasts. 

The exact physiological role of sugar alcohols during osmotic stress has not 

been determined. One view is that sugar alcohols are involved in osmoregulation: 

they accumulate to high levels to act as intracellular osmolytes that balance external 

osmotic pressure. In many osmotolerant fungi and algae, sugar alcohol levels are 

variable and correlate with the osmotic potential of the extracellular environment 

(Bieleski, 1982; Hellebust, 1976). In halophytic higher plants, sugar alcohols are 

thought to accumulate in the cytoplasm (and/or chloroplasts) to counteract the high 

osmotic potential of the vacuoles, which selectively accumulate salt to maintain 

turgor and sequester ions away from the cytosol, where they would be harmful to 

enzyme activities (McCue and Hanson, 1990; Pollard and Wyn Jones, 1979; 

Hellebust, 1976). A similar role has been proposed for other low molecular weight 

metabolites such as proline and glycine-betaine, which accumulate in many 

environmentally-stressed plants (McCue and Hanson, 1990; Pollard and Wyn 
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Jones, 1979). Compounds that accumulate to high levels to serve as osmolytes in 

the cytoplasm must be compatible with cellular function. They must be 

nondisruptive to enzyme structure and activity even when present in high 

concentration, and they must be non-reactive (Yancey et al., 1982; Gorham et al., 

1981; Hellebust, 1976). Also, osmolytes that accumulate to high intracellular 

concentration must be removed from the flux through major metabolic pathways. 

Metabolically inert, non-reactive cyclitols such as pinitol fit all of these criteria. 

Osmoregulation is only one of the roles suggested for sugar alcohols in stress

tolerant organisms. It has also been proposed that their primary purpose is one of 

macromolecular osmoprotection (Schobert, 1977). In vitro studies indicate that 

these compounds may have hydrogen bonding characteristics that allow them to 

protect macromolecules from the adverse effects of excessive water loss, high 

temperature, and increased ionic strength in the surrounding media (Laurie and 

Stewart, 1990; Bieleski, 1982; Ahmad et al., 1982), presumably by tightly 

associating with proteins and membrane components to replace water lost during 

desiccation (Schobert, 1977; Yancey et al., 1982). For this purpose, sugar alcohols 

are thought to be important in desiccation -tolerant organisms such as yeast 

(Coutinho et aI., 1988) and, possibly, the resurrection plant Craterostigma 

plantaginewn (Bartels et al., 1991). It is likely that sugar alcohols can carry out 

either osmoregulatory or osmoprotective roles in the various organisms where they 

are found, depending on the level to which they accumulate, their intracellular 

location, and the environmental stress being encountered. 

Although polyol accumulation has been correlated with osmotolerance in a 

number of plants, the mechanisms of accumulation have not been clear (Loewus and 

Dickinson, 1982). It has been noted that the higher levels of cyclitols and other 
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putative intracellular osmolytes seen in stressed or salt-tolerant plants could, rather 

than being a beneficial response, be a consequence of "impaired metabolism" during 

stress (Wyn Jones and Gorham, 1983). The transcriptional induction of the myo

inositol OMT (Figure 2) during adjustment to saline conditions indicates that sugar 

alcohol accumulation in the ice plant is not an artifact of disturbed metabolism. 

Rather, it appears to be part of a genetically-determined, adaptive response that 

enables M. crystallinum to physiologically adjust to extreme osmotic stress. 

The IMT enzyme is one of four distinct O-methyl transferases that methylate 

myo-inositol at specific hydroxyl positions to create ononitol, sequoyitol, or L- or 

D-bornesitol (Hoffmann-Ostenhoff et aI., 1978; Loewus and Loewus, 1980). 

Although two of these enzymes (those that methylate myo-inositol to make L- and 

D-bornesitol) have been purified (Hoffman-Ostenhoff, 1978), none have been 

extensively biochemically characterized, and no myo-inositol OMT sequences have 

been determined prior to this study. That these enzymes are highly specific for their 

site of methylation is supported by the work of Hoffmann-Ostenhoff (1978), as well 

as by our assay results, which generated only ononitol (Figures 6 and 7; and data not 

shown). Cloning and sequence analysis of other myo-inositol OMTs, as well as 

more in-depth biochemical analysis of the ice plant OMT described here, would 

provide information on the comparative biochemistry and specificity of these 

enzymes. The over-expression of IMTI in E. coli (Figure 5) is a first step for both 

of these endeavors. 

The transient expression of Imtl in roots (Figure 3, Chapter 2) provided the first 

indication that the Imtl transcript was involved in a non-organ-specific stress 

response distinct from the leaf-specific switch to CAM photosynthesis that occurs in 

salt-stressed M. crystallinum. However, the different patterns of Imtl expression in 
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leaves and roots, and the much greater abundance of the transcript in leaf tissue, 

may indicate that the cells in these organs have distinct mechanisms of 

osmoregulation, or that the roots playa different role in the response to stress at the 

whole-plant level. Indeed, it has been noted in physiological studies that the root 

cortical cells of M. crystallinum do not fully regain turgor following NaCI stress, 

while leaves fully recover turgor after three to four days of stress (Winter and 

Gademann,1991). The greater accumulation of Imtl mRNA in leaves reflects what 

has previously been observed for pinitollevels in the ice plant (paul and Cockburn, 

1989). Higher expression of Imtl in leaves may be indicative of a role for pinitol in 

chloroplast osmoprotection, although pinitol is not localized solely to these 

organelles (paul and Cockburn, 1989). 

The salinity-induced accumulation of Imtl is due to transcriptional activation 

(Figure 2). Based on a number of genes whose patterns of expression have been 

studied in the ice plant, increased transcription appears to be the primary mechanism 

of regulation for stress-induced genes (Figure 2; Vernon et al., 1991; Cushman et 

al., 1989). This is true for both CAM-related mRNAs and those more directly 

involved in salt tolerance, such as Imtl (see chapter 3). An understanding of how 

the plant's transcriptional machinery is cued by the environment is central to an 

understanding of environmental stress tolerance, and this topic is currently being 

investigated by the in-depth analysis of selected promoters (Cushman and Bohnert, 

1992). 

The transcriptional induction of a myo-inositol hydroxymethyl transferase in 

this facultative halophyte suggests that sugar alcohols play an important role in 

osmotic stress tolerance. Whether the exact function of these compounds is to serve 

as non-disruptive cytoplasmic osmolytes or to act as "osmoprotectants" of protein 
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and membrane structure remains to be elucidated. Experiments utilizing 

transformation of glycophytes with the Imt1 gene will address the question of 

whether production of cyclitols is sufficient for higher plant osmotolerance. If so, 

the ability of this methyl transferase to create a non-reducing, metabollically-inert 

sugar alcohol from a ubiquitous plant substrate makes it an attractive enzyme for the 

creation of stress-resistant transgenic plants. 

Materials and Methods 

Plant Material: Plant material was grown, stressed, and harvested as described in 

Chapter 2. 
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Gene Copy Number Determination: Nuclear genomic DNA was prepared as described 

by Bedbrook (1981), using for plant materi,al young (4-week old) unstressed plants that 

were kept for 36 hours in the dark to reduce starch levels. Four J,1g of nuclear DNA was 

digested to completion with either EcoRI, HindIII, or Hincn, resolved on 1 % agarose 

gels, and Southern blotted (Southern, 1975). Blots were processed as described (Vernon 

et aI., 1988). 32P-Iabeled probes were made from gel-purified 5'- or 3'-end restriction 

fragments of Imt1 or from full-length insert. An internal SacI restriction site 396 bp 

from the 3'-end and an internal HincH site 319 from the 5'-end were used to generate the 

3'-end and 5'-end probes, respectively. Genome copy-number equivalents were based 

on an estimated M. crystallinum haploid genome size of 390 Mbp (De Rocher et al., 

1990). Hybridization signals were quantified by ~-scope (Betagen, Inc., Waltham, 

MA). 
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Run-on Transcription Assays: Nuclei isolations from fresh leaf tissue, in vitro run-on 

experiments, DNA slot blotting, and hybridization of transcripts to DNA were carried 

out as described previously (Cushman et al., 1989). Cpm hybridized to filters were 

directly quantitated using a ~-scanner (Betagen Inc., Waltham, MA). 

Sequence analysis: The nucleotide sequence of both strands of the Imtl cDNA was 

obtained by dideoxy sequencing (Sanger et al., 1977) of suitable overlapping Imtl 

restriction fragments and full-length insert cloned into Bluescript KS+ and KS- cloning 

vectors (Stratagene Inc., La Jolla, CA). IMT1 amino acid sequence and restriction sites 

were identified using the Mount-Conrad-Meyers program (Williams, 1988). Sequence 

comparisons to the NBRF protein sequence database were performed using the FASTA 

program (pearson and Lipman, 1988). 

Expression of IMT1 in E. coli: The full IMT1 reading frame was cloned into Bluescript 

KS+ as a transcriptional fusion in both orientations behind the TI polymerase promoter. 

Constructs were transformed into BL21 (DE3) cells (Studier et al., 1987), which contain 

the gene encoding the TI polymerase under the control of an isopropyl-b

thiogalactoside (IPTG)-inducible promoter. A fortuitously located AAGAG sequence in 

the 5' leader of the cDNA was predicted to act as an E. coli ribosome binding site. IPTG 

was added to cultures at a final concentration of 0.5 mM four hrs before harvest. Protein 

expression was analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on 

10% acrylimide gels (Ostrem et al., 1987). Samples were prepared by boiling aliquots 

of E. coli cultures for 3 minutes in an equal volume of SDS extraction buffer. 

In vitro transcription of the Imtl cDNA was carried out with TI RNA polymerase 

(Stratagene Inc., La Jolla, CA). In vitro translation of the resulting transcript was 



57 

accomplished using a reticulocyte lysate system (BRL Inc., Gaithersburg, MD). 35S_ 

methionine-labeled translation product was resolved by SDS-PAGE alongside E. coli 

protein samples and visualized by fluorography. 

Soluble Protein Extraction and Activity Determination: Soluble protein from E. coli 

transformed with the IMTI expression construct or native Bluescript KS+ was extracted 

from 20-200 ml cultures pelleted at 2500 g for 10 min and resuspended in methyl 

transferase extraction buffer (MTEB): 100 mM Tris-CI pH8, 10 mM EDTA, and b

mercaptoethanol; 1 ml/20 ml of culture}. Cells were lysed by sonication and extracts 

were clarified by centrufigation at 10,000 g for 20 min. Total protein concentration was 

determined by the method of Ghosh et al. (1988). Supernatants were either used 

immediately for assays or stored at _70° C with 5% glycerol. 

Myo-inositol O-methyl transferase assays on E coli extracts were carried out in a 

200 JlI volume containing 1.0 mg total soluble protein, 50 mM Tris-CI pH 8.0, 10 mM 

MgCI2, and 1.0 mM myo-inositol. Assays were pre-incubated at 30°C for 5 min and 

initiated by the addition of S-adenosyl-L-methionine (SAM) to a final concentration of 

0.5 mM. SAM stock solution contained unlabeled SAM (Sigma Chemicals, St. Louis, 

MO) and 14C-Iabeled SAM (47 mCi/mmol; ICN Biochemicals, Irvine, CA) at a 50:1 

rati.o. Assays were carried out at 30°C for 60 min and terminated by transfer to ice and 

chloroform extraction. The aqueous phase was subjected to further processing and 

HPLC analysis (see below). 

Total soluble plant protein was extracted as described by Ostrem et al. (1987) using 

MTEB plus 2mM leupeptin as extraction buffer. Assays were carried out on crude leaf 

extracts as with E. coli extracts, except that myo-inositol was included at a final 



concentration of S mM, and assays were run for 2 hrs. Assays were terminated with 

phenoVchloroform (1:1) extraction followed by a chloroform extraction. 
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HPLC Analysis of Assay Products: Samples were prepared for HPLC by extraction 

with 2 x volume methanoVchloroformlwater (12:S:3) followed by addition of 0.4 m1 

water. A desalting column of AGSOWX4 (BioRad, Richmond, CA) and Amberlite 

IRA-68 (Sigma Chemicals, St. Louis, MO) in OH- form was used to desalt extracts and 

remove charged species (including remaining 14C-SAM). Samples were dried, 

dissolved in deionized water, and filtered through a nylon Acrodisc 13 (Gelman, Ann 

Arbor, MI). Equal amounts of dissolved carbohydrates from each assay were resolved 

on a 300 x 7.8 mm HPX87C calcium-form ligand exchange column (BioRad, 

Richmond, CA) at 8SoC with a 0.6 mVmin flow rate using degassed, deionized water as 

an eluent. Post-column NaOH was added at 0.3 M, 0.6 mVmin, and traces were 

obtained using a pulsed amperometric detector (Dionex, Sunnyvale, CA) at 3SoC and a 

Spectrophysics SP4290 integrator (Spectrophysics Analytical, San Jose, CA). Fractions 

were collected at 7.S second or O.S minute intervals and scintillation counted. 
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CHAPTER 4 

IMTI REGULATION DIFFERS FROM THAT OF CAM GENES. 

Introduction 

The functional identification of IMT1 has provided an opportunity to learn more 

about the control of gene expression in response to salt stress in the ice plant. Previous 

studies of salt stress in the M. crystallinum have been carried out on CAM enzymes or 

the mRNAs that encode them. The cloning of Imt} , and the identification of its protein 

product as having a non-CAM-related function in stressed M. crystallinum, allow 

descriptive studies on the regulation of another facet of the stress response. It is hoped 

that by looking at the regulation of genes involved in a variety of aspects of the ice 

plant's stress response, a unified model incorporating stress perception, gene regulation, 

and salinity tolerance can eventually be formulated. Also, descriptive studies on the 

expression of newly-discovered genes such as Imt} can complement biochemical studies 

in the effort to understand cellular and/or physiological roles for the products of those 

genes. In this and the following chapter, I present studies of Imt} expression and 

discuss their significance to our understanding of how M. crystallinum responds to 

environmental conditions. 

The best-characterized stress-induced enzyme from M. crystallinum is phosphoenol 

pyruvate carboxylase (pEPCase), which catalyzes the primary carbon fixation step in 

CAM. PEPCase mRNA (Ppcl) and protein expression have been used as markers to 

study the stress response in M. crystallinum at the molecular level. Although PEPCase 

expression in the ice plant is primarily environmentally regulated (Vernon et aI., 1988; 

see appendix), a number of recent studies have noted that the capacity of plants to 

induce PEPCase in response to stress, and the rate of Ppcl induction, increase with plant 
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age (Cushman et al., 1990; Ostrem et al., 1987; Winter and Gademann, 1991). After 

five days of stress with 500 mM NaCI, three-week old ice plant seedlings exhibit no 

significant increase in PEPCase activity (Ostrem et al., 1987), and only a modest 

increase in Ppcl mRNA levels. In contrast, plants six- to nine-weeks of age induce 

Ppcl to maximum levels when subjected to such a stress (Cushman et al., 1990). Also, 

gradual increases in Ppcl transcription and PEPCase activity are observed in unstressed 

plants of increasing age (Chu et al., 1990; Cushman et al., 1990; Winter and Gademann, 

1991). Such observations have led to the proposal (Cushman et al., 1990) that the stress 

response in M. crystallinum is modulated by a developmental program that allows 

maximum expression of salinity-responsive genes only after a certain plant age 

(approximately five weeks under our growth conditions) is reached. 

To determine whether other salt stress-responsive mRNAs exhibit expression 

patterns similar to that of Ppcl, I have examined the influence of plant age on the 

expression of two additional salinity-induced genes. One, Gpdl, encodes a CAM

related enzyme, glyceraldehyde 3-phosphate dehydrogenase (GAPdH) (Ostrem et al., 

1990), which is important in carbon flux during CAM. The second salinity induced 

gene, Imtl, encodes a rnyo-inositol O-methyl transferase that catalyzes the first step in 

the biosynthesis of pin ito I (Chapter 3), a methylated cyclic sugar alcohol that is thought 

to serve as an intracellular osmolyte and/or osmoprotectant during osmotic adjustment 

in salt-stressed M. crystallinum (Paul and Cockburn, 1989). In this chapter, I show that 

the expression of Imtl, as well as the accumulation of pinitol, exhibit a pattern of 

induction that differs from that of the CAM-related gene Gpdl. While the behavior of 

Gpdl during development and stress reflects the trend previously observed for Ppcl , 

Imtl and pinitollevels are readily induced by salt stress in M. crystallinum, regardless of 



plant age. In regulation as well as function, this mRNA seems to be part of a stress 

response distinct from the induction of CAM in the ice plant. 

Results 
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Because it has been proposed that the stress response in M. crystallinum is 

controlled by a developmental program (Cushman et al., 1990), I examined the 

expression of two salt stress-induced transcripts, Gpdl and [mtl, in 3-, 6-, and 8.S-week 

old.M. crystallinum (Figure 1). Plants of all three ages responded to a five day stress 

with 500 mM NaCI by significantly increasing the expression of [mtl to approximately 

equal levels. This result contrasted with what was observed for Gpdl. Gpdl was up

regulated to a greater extent in older plants in response to stress. Post-stress Gpdl 

transcript levels were approximately three times higher in stressed 6- and 8.S-week old 

M. crystallinum than in stressed 3-week old plants. An additional difference between 

Gpdl and lmtl expression was apparent in unstressed controls, where there was a 

gradual accumulation of Gpdl mRN'A with age. Gpdl levels were at least 2-fold higher 

in 8.5 week-old unstressed plants than m 3-week old unstressed plants. No reproducible 

increase was observed for [mtl. 

The protein encoded by [mtl catalyzes the initial step in the stress-induced 

bio.synthesis of the methylated cyclic sugar alcohol pinitol (Ve~on and Bohnert, 1992; 

chapter 3). To verify that the increased expression of [mtl mRNA results in the 

expected physiological response (the appearance of pinitol) in young as well as old 

stressed plants, carbohydrates were extracted from leaf/axillary tissue of plants of 

designated ages and subjected to HPLC analysis. Values for pinitol detected in plant 

extracts are shown in Table 1. Pinitol did increase as much in 3 week-old M. 

crystallinum as it did in older plants, reflecting the induction of the [mtl transcript seen 
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in Figure 1. Some pinitol was present in older control plants. Low levels of pinitol have 

been observed previously in unstressed leaf tissue from mature plants (Paul and 

Cockburn, 1989). This accumulation is likely due to the fact that pinitol, being 

relatively metabolically inert, has a slow turnover time; the pinitol produced in small 

amounts by unstressed plants therefore may accumulate over time (paul and Cockburn, 

1989; E.J. DeRocher, P. Adams, unpublished observations). In any case, it is clear from 

both the RNA data (Figure 1), and the large increase of pinitol in stressed young 

seedlings, that this aspect of the M. crystallinum stress response is not dependent on 

plant age as is the expression of CAM-related genes. 
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Figure 4-1. Levels of Imtl and Gpdl mRNA in M. crystallinWll of different ages. 

Plants were grown in soil and either left unstressed (-) or stressed with 500 mM N aCI in 

the nutrient solution (+). Plant ages at the beginning of stress treatments are shown. All 

plants were harvested at the end of the 5 d stress period. Total RNA was isolated from 

leaf and axillary shoot material pooled from 3 plants for each sample. Two-fold selia! 

dilutions of RNA (5 Jlg to 0.625 Jlg) were hybridized to 32P-Iabeled Gpdl or Imtl 

eDNA probes. Autoradiograms of blots are shown. 
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Table 1. Pinitollevels in stressed and unstressed M. crystallinum of various ages. 

Carbohydrates were extracted from leaf and axillary tissue and resolved by HPLC as 

described in Materials and Methods. Material from 3 to 5 plants was pooled for each 

sample. Values shown are the mean of three HPLC runs of each sample. Standard 

deviations are from variation between HPLC runs. N.D.- not detected. 

Plant age at start of stress 

3 weeks 

6 weeks 

8.5 weeks 

*detection limit: =25 pmoVinjection. 

Discussion 

Pinitol (J.lmoV g fresh weight) 

unstressed 

N.D.* 

O.7±O 

O.6±O.1 

stressed 

3.0±O.2 

2.4±O.1 

2.8 ±O.1 

The pattern of expression described here for Gpdl resembles that described 

previously for Ppc1 (Cushman et al., 1990). The expression before and after salt stress 

of both CAM-related transcripts seems to be influenced similarly by plant age. ImtJ 

exhibited a different pattern of accumulation, being dramatically induced to maximum 

levels in young and old plants alike, without increasing significantly with age in 

unstressed plants. The different effects of salt stress and development on the expression 

of Imtl and the CAM mRNAs GpdJ and Ppcl are summarized in graphic form in 

Figure 2. The relatively high level of GpdJ in unstressed controls is not unexpected 

(Ostrem et aI., 1990), as GAPdH carries out glycolytic housekeeping functions in 

unstressed tissue. 
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Figure 4·2. Effects of plant age and salt stress on the relative expression of mRNAs. 

The behavior of the CAM-related transcripts Ppcl and Gpdl (A) with respect to 

development and response to stress is compared to that of Imtl, a non-CAM gene (B). 

Transcript levels (relative to maximum expression for each) from unstressed plants are 

solid black. Levels after a 5 d stress with 500 mM NaCI are stippled. Ages at start of 

stress are noted. Ppc1 expression information is from Cushman et al. (1990). 
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It is not known what causes the observed influence of age on CAM induction and 

the gradual increase of CAM gene expression seen in unstressed plants. Cushman et al. 

(1990) suggest that the response to salt stress in M. crystallinum is dependent on a 

"developmental program". Others hypothesize that the ice plant's stress response is 

triggered by decreases in turgor (Winter and Gademann, 1991); differences in PEP Case 

expression between young and old plants are attributed to the cumulative effects of 

diurnal changes in water status that become more dramatic as plants age. The data 

presented in this chapter are not easily accommodated by either model. The putative 

developmental program that modulates the· CAM response at the molecular level does 

not suppress the induction of Imtl or the accumulation of pinitol in young, stressed M. 

crystallinum, nor does it significantly affect the levels of Imtl mRNA in unstressed 

plants. Likewise, the inducibility of Imtl in older plants, and the background levels of 

Imtl in plants of increasing age, do not appear to be augmented by diurnal transient 

reductions in water status. The regulation of the CAM response (as gauged by Ppc1 and 

Gpdl mRNA levels) therefore differs in some respects from the regulation of other 

aspects of stress adaptation (such as osmoregulation or osmoprotection, as gauged by 

Imtl mRNA expression). It appears as though there is not a single signal or pathway 

that coordinately regulates molecular responses to osmotic stress in the ice plant. 

Rather, the response to the environment in M. crystallinum is likely to be complex, and 

the regulation of stress-responsive genes may involve several signals, or the interplay of 

multiple control mechanisms. 

Materials and Methods 

Plant Materials: Plants were grown, stressed, and harvested as described in Chapter 2. 

Plant ages at time of stress are designated in Results. 
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RNA Extraction and Analysis: Total RNA was extracted from leaf/axillary tissue as 

previously described (Ostrem et al., 1987), and dilution series were slot blotted and 

probed according to Vernon et al. (1988; Appendix A). Blots were probed with 

random-primed full-length [rntl cDNA (Chapter 1; Vernon and Bohnert, 1992) or a 650 

bp partial GpdJ cDNA (McUA1) (Ostrem et al., 1990). 

Carbohydrate Extraction and Analysis: Carbohydrates were extracted by grinding 50 

mg leaf/axillary tissue in 1.0 ml methanoV chloroform! water (12:5:3) in a glass 

homogenizer. After grinding, one m1 water was added and phases were separated by 

centrifugation. The aqueous phase was desalted on a column of AG50WX4 (BioRad. 

Richmond, CA) and Amberlite IRA-68 in the OH- form (Sigma Chemicals, St. Louis, 

MO). Samples were dried, dissolved in deionized water, and filtered through a nylon 

Acrodisc 13 (Gelman Sciences, Ann Arbor, MI). Equal amounts of extracts were 

resolved by HPLC on a 300 x 7.8 mm HPX87C calcium-form ligand exchange column 

(BioRad, Richmond, CA) as described (Vernon and Bohnert, 1992; chapter 3). Three 

replicate runs of each extract were carried out. Pinitollevels were quantified by 

co~paring HPLC peak areas obtained with a Spectrophysics SP4290 integrator 

(Spectrophysics Analytical, San Jose, CA) to peak areas of pinitol standards of known 

concentration. 
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CHAPTERS 

A COMPLEX WEB OF MOLECULAR RESPONSES TO STRESS 

Introduction 

Environmental conditions such as low temperature and water stress imparted by 

drought or high salinity are important factors in limiting plant distribution and 

productivity. At the physiological level, the consequences of these abiotic stresses seem 

to have much in common. For example, these stresses all share a water stress 

component. Salinity causes water stress by lowering the water potential of the rooting 

medium below that of the plant. Chilling can slow root water uptake (Winter, 1974), 

and more extreme cold can cause internal osmotic stress because ice formation removes 

water from the intracellular environment (Rhodes 1987; Hejala, 1990). Low temperature 

and water stress can cause cessation of growth, changes in membrane chemistry, and 

alterations in plant water status (Chapin, 1991; Godoy et al., 1990; Rhodes, 1987). 

Also, both water deficiency and low temperature have been associated with the plant 

growth regulator ABA, which accumulates in virtually all drought-stressed plants and in 

many species exposed to low temperature (Hejala et al., 1990; Kurkela and Franck, 

1990; Rhodes, 1987). Recent molecular studies have shown that water stress, osmotic 

stress, low temperature, and exposure to ABA can also have similar effects on the 

expression of specific genes. Messenger RNAs from a number of species have been 

identified that accumulate in response to all of these treatments (Hong et al., 1992; PI:mt 

et al., 1991; Hejala et al., 1990; Kurkela and Franck, 1990). It has been suggested that 

the similar effects of different environmental challenges could be due to the existence of 

a general plant stress response mechanism that transduces environmental signals into 

physiological events (Chapin, 1991; Hanson and Hitz, 1982). Conceivably, such a 



transduction pathway could be triggered by growth regulators such as ABA, or by 

changes in turgor and/or membrane events, and it could mediate a defined set of 

physiological and/or molecular responses after receiving an environmental cue. 
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The common ice plant, M esembryamhemum crystallinum, is a facultative 

halophyte that undergoes a set of molecular and physiological changes during its 

adaptation to drought or saline conditions. One such change, the shift from C3 to CAM 

photosynthesis, has been well characterized. The switch to CAM is a water 

conservation strategy that allows nighttime carbon fixation and closure of stomata 

during the day, thereby reducing evaporative water loss. CAM induction involves 

increased expression of mRNAs encoding CAM proteins, and a concomitant increase in 

CAM-associated enzyme activities (HoItum and Winter, 1982; Ostrem et al., 1987a; 

Ostrem et al., 1990; Schmitt et al., 1988). The ice plant also responds to salt stress by 

accumulating ABA, as well as putative osmoprotectants such as proline (Thomas et al., 

1992) and a methylated cyclic sugar alcohol, pinitol (Paul and Cockburn, 1989). 

A number of biochemical and molecular studies on M. crystallinum have been 

carried out. Most of these have focused on the expression of the key CAM enzyme PEP 

carboxylase and on Ppcl, the mRNA encoding the inducible form of this enzyme. 

PEPCase and Ppc1 expression have been used as tools to gauge the stress response in 

the ice plant in efforts to understand how exposure to high salinity triggers changes in 

gene expression. For example, Ppcl has been shown to be transcriptionally induced by 

salt stress in leaf tissue (Cushman et al., 1989), and this induction is apparently 

modulated by plant age (Cushman et al., 1990). Also, PEPCase and Ppc1 expression 

have been found to be reversible; removal of salt from the rooting medium results in 

rapid down-regulation of the Ppc1 transcript and gradual disappearance of the PEPCase 

pro,tein (Vernon et al., 1988; see appendix). Several recent studies have used PEPCase 
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expression to investigate the possible role of plant growth regulators in the ice plant 

stress response. Chu et al. (1990) reported that exogenously-added ABA could increase 

PEPCase activity and protein expression. Subsequent work determined that this 

response to exogenous ABA is dependent on specific lighting and temperature 

conditions (McElwain et al.; 1992). Most recently, Thomas et al. (1992) reported that, 

based on inhibitor studies, ABA may not actually be necessary for salt stress-induced 

PEPCase expression, and that 6-BAP, a cytokinin, readily induces the accumulation of 

Ppc1 mRNA and PEPCase. 

The identification of additional salinity-induced mRNAs in the ice plant (Ostrem et 

al., 1990; Chapter 2) has provided an opportunity to investigate a variety of genes in an 

effort to better understand the signal transduction pathway(s) that link environmental 

stress to changes in gene expression. The newly-identified mRNAs are useful markers 

for environmental stress responses at the molecular level. Here I present a comparative 

study of the expression of several ice plant transcripts that increase in abundance in 

response to high salinity. The transcripts chosen for this work are representative of 

different aspects of the ice plant's response to salinity: Ppc1, mentioned above, encodes 

the inducible form of the CAM enzyme PEPCase. Gpdl, encodes GAPdH (Ostrem et 

al.; 1990), a housekeeping enzyme that undergoes a stress-induced increase in 

expression to fulfill CAM-related functions in carbon flux, and Imtl encodes a myo

inositol O-methyl transferase involved in the biosynthesis of a cyclic sugar alcohol, 

which is thought to serve as an osmoprotectant and/or intracellular osmolyte during 

osmotic adjustment in salt-stressed M. crystallinum (Paul and Cockburn, 1989; Chapter 

3). The fourth salt-induced transcript, 85, encodes a putative thiol protease (I.A. 

Ostrem, unpublished), the physiological function of which is unknown, but which could 



be involved in nitrogen mobilization during recovery from stress (Hanson and Hitz, 

1982). 
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I have used run-on transcription assays with isolated nuclei to investigate the 

mechanism of regulation of these genes. The results verify that transcription is the 

primary mechanism of gene activation during salt stress in the ice plant. I have also 

compared the expression of the Ppc1, Imtl, and B5 transcripts upon exposure of plants 

to low temperature, salinity, and drought. At the level of steady-state mRNA 

expression, these genes each respond differently to this set of similar environmental 

stimuli. Expression patterns of Ppc 1, Imt1, and B5 after exposure to exogenously-added 

ABA and to the cytokinin 6-BAP have also been investigated. Taken together, the 

results presented suggest that a network of distinct environmental-response pathways 

exists to link stress perception to changes in gene expression in the ice plant 
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Results 

The Ppcl, lmtl, B5, and Gpdl mRNAs have all been identified on the basis of their 

increased expression during salt stress in the ice plant. Their accumulation in leaf and 

axillary tissues of hydroponically-grown plants during a five day stress with 400 mM 

NaCI is illustrated in Figure 1. Previous work established that the increased expression 

of the Ppcl gene is due to transcriptional activation (Cushman et al., 1989). To 

determine whether the other NaCI-induced genes are also transcriptionally regulated, 

nuClear run-on experiments were carried out with nuclei isolated from leaf tissue of 

plants that were salt stressed when six weeks old or from unstressed plants of the same 

age. 32P-Iabeled transcripts generated by nuclei were hybridized to Ppcl, lmtl, B5, and 

Gpdl DNA slot-blotted onto nitrocellulose. Stress increased the transcription of Ppcl, 

lmtl, and B5 between 3 and 5-fold (Figure 2). Transcription of Gpdl increased to a 

slightly lesser extent (- 2.5-fold), qualitatively consistent with the less pronounced 

accumulation of this transcript after salt stress (see Figure 1). 

The results of the in vitro transcription assays were consistent with a model of 

coordinated activation of salinity responsive genes in M. crystallinum. This model 

predicts the NaCI response to be triggered by a stress-induced change in a specific 

physiological parameter (such as turgor), which in turn affects the expression of 

responsive genes via a common mechanism. To determine whether salinity-induced 

genes are coordinately-expressed in response to other abiotic stress treatments that affect 

plant water status, I exposed six-week old M. crystallinum to low temperature (4°C) and 

direct water stress imposed by drought. the molecular response to these treatments was 

gauged by monitoring their effects on Ppcl, lmtl, and B5 steady-state mRNA levels. 
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Figure 5-1 Increased expression ofmRNAs in salt stressed M. crystallinum. Total 

RNA isolated from six-week old ice plants stressed for 5 d with 400 mM NaCI (+) or 

from control plants of the same age (-) was resolved on formaldehyde/agarose gels and 

probed with 32P-Iabeled cDNAs representing the Ppcl, [rntl, B5, or GpdJ mRNAs. For 

each sample, RNA was isolated from leaf/axillary tissue combined from 3-4 plants. 10 

/lg of RNA were loaded per lane. Autoradiograms of blots are shown. 
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Figure 5·2 Transcriptional regulation of salinity-responsive genes. Run-on 

transcription analysis was performed on nuclei isolated from 6-week old plants stressed 

for 5 days with NaCI (+), or from unstressed control plants (US) of the same age. 32p_ 

labeled transcripts were hybridized to cDNA clones representing mRNAs that 

accumulate in salt-stressed M. crystallinum: CPM hybridized to filters were quantified 

directly by p-scanner. 18S rRNA hybridization signals were used as an internal control 

to normalize the over-all transcription rates of different reactions. Expression of each 

transcript after 5 days of salt stress was designated as "100%" for that transcript. Nuclei 

for each sample were isolated from combined leaf material harvested from 4-6 plants. 

Data represent the average of two experiments carried out on separate sets of plants. 
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Plants exposed to each treatment were harvested after 30 and 78 hours of stress. 

The effects of the various stress treatments on mRNA levels are illustrated in Figure 3., 

which shows slot-blots of RNA isolated from plants harvested at 78 hours. Surprisingly, 

each salt-responsive transcript had a unique expression profile under the various stress 

regimes. Each mRNA was, as expected, up-regulated in response to 400 mM NaCl. 

However, not all transcripts responded similarly to water stress. Only one rnRNA, 

Ppc1, was induced by water stress. The 3-' to 4-fold increase in Ppcllevels, though 

pronounced, was less than that observed during NaCI stress, consistent with previous 

observations on PEPCase protein expression (Bohnert et al., 1988). In contrast to Ppc1, 

Imtl and B5 transcript levels did not increase with water stress. Expression of these 

mRNAs did not change significantly within the first 30 h of stress (not shown), and 

actually declined by the 78 h time point (Figur 3). Low temperature had different 

effects on the expression of each transcript. Imtl was strongly induced, while Ppc1 

remained at control levels. B5 was significantly down-regulated, dropping to less than 

one fourth pre-stress levels, according to slot blot analysis. 

Recently, it was reported that addition of the cytokinin 6-benzylarnino purine (6-

BAP) to hydroponically-grown M. crystallinum mimics some of the effects of salt stress 

in these plants. Specifically, 6-BAP triggered an increase in free proline levels and 

induced the expression of the Ppc1 mRNA and PEPCase protein (Thomas et al., 1992). 

I therefore tested the effects of this cytokinin on the expression of the Imtl and B5 

mRNAs, as well as Ppc1 (Figure 4). RNA from control plants and plants exposed to 6-

BAP in the hydroponic media was analyzed by northern blot. B5, like Ppc1, was 

induced by 6-BAP. Imtllevels did not change. 
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Figure 5·3 Responses of salinity-responsive genes to other environmental stresses. 

Six-week old M. crystallinwn were left unstressed (-), or exposed to salt stress (S), 

direct drought stress (D), or low temperature (4°C), as described in materials and 

methods. Two-fold serial dilutions (starting with 5 J..1g) of RNA isolated from plants 

exposed to various stress treatments was slot-blotted and probed with 32P-Iabeled Ppc1, 

Imt1, or B5 cDNA clones, RNA extraction was carried out on leaf and axillary shoot 

material combined from 3-5 plants from each treatment. Experiments were repeated on 

two separate sets of plants. Autoradiograms of representative blots are shown. 
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Figure 5-4 Effects of exogenously-added cytokinin on mRNA expression. Total RNA 

from control plants (-) or from plants treated with 6-BAP (+) in the hydroponic media, 

was resolved by fonnaldehyde/agarose gel, transferred to nitrocellulose, and probed 

with 32P-Iabeled Ppc1, Imtl, or B5 cDNA clones. 10 ~g of RNA were loaded per lane. 
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. ABA has been shown to induce the expression of a number of drought, salinity, and 

cold-responsive genes. ABA was added to hydroponic media and plants were subjected 

to RNA analysis. Although a range of ABA concentrations was tested, and plants were 

harvested at several time points between 6 hours and 7 days after exposure to ABA, no 

reproducible effects on the expression of lmtl, Ppc1, or B5 were observed (data not 

shown). 

Discussion 

Most of the molecular studies of the stress response in the ice plant to date have 

focused on Ppc1, the gene encoding the enzyme responsible for primary carbon fixation 

during CAM. I have extended the investigation of molecular stress responses in the ice 

plant to include three mRNAs other than Ppc1. All have been identified on the basis of 

their induction by NaCl. These mRNAs represent different aspects of the salt stress 

response in the ice plant. 

The nuclear run-on experiments indicate that all of the genes studied here are 

regulated, at least in part, at the level of transcription during salt stress (Fig 2). 

Although increased transcription of Ppc1 during salt stress has been established 

(Cushman et al., 1989), post-transcriptional regulation (i.e., control of mRNA stability) 

also has been proposed as a mechanism of gene regulation in response to environmental 

stress, both in the ice plant (Vernon et al., 1988; Cushman et al., 1990; De Rocher et al., 

1991), and in other systems. In Arabidopsis, for example, three of four recently

identified mRNAs induced by osmotic stress and low temperature were found to be 

regulated at the level ofmRNA stability (J-Iejala et al. 1990). It can not be ruled out that 

there is some post-transcriptional control on the mRNAs investigated here; apparent 

transcription rates did not increase to the same extent as steady state mRNA levels (Figs. 
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1 and 3). The possible role of regulated rnRNA stability in the ice plant's stress response 

must be directly experimentally addressed in the future. 

The concurrent transcriptional activation of Ppc1, [mtl, B5, and Gpdl during salt 

stress was not inconsistent with a model involving induction of these genes by a 

common stress response pathway. To better understand what aspect(s) of salinity or 

drought stress might playa role in triggering such a response pathway in the ice plant, I 

monitored the effects of different environmental challenges and plant growth regulators 

on the expression of Ppc1, [mtl, and B5. These experiments did not distinguish 

between transcriptional and post-transcriptional control of mRNA levels; the purpose 

was to observe the effects of similar environmental treatments at the level of mRNA 

expression. Recently, a thorough physiological study by Winter and Gademann (1991) 

suggested that stress-induced and age-related reductions in leaf turgor serve as a trigger 

for events leading to increased PEPCase expression and CAM in the ice plant. The 

environmental stress treatments used in this work all can induce water stress, and they 

therefore were expected to have similar effects on Ppc1, [mtl, and B5 transcript 

accumulation. 

The different effects of salinity and drought stress on Ppc1, B5, and [mtl 

expression (Fig. 3) are an indication that, at the level of mRNA expression, the ice plant 

can distinguish between direct water stress and osmotic stress imposed by high salinity. 

Although the decreased expression of B5 and [mt after 78 h of drought may be due in 

part to the pathological effects of extended water loss, the concurrent rise in Ppc11evels 

indicates that up-regulation of specific transcripts does occur in M. crystallinwn in 

response to extreme water stress. Although both salinity and drought initially result in 

severe wilting in the ice plant (Winter and Gademann, 1991; Bohnert et al., 1988), they 

do not trigger the expression of the same subset of genes. Turgor loss, therefore, can not 
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be the sole trigger responsible for increased expression of stress-responsive genes. 

There is one chief difference between the salinity and drought treatments: during salt 

stress, water is available for osmotic adjustment Halophytes such as M. crystallinum, 

which are capable of ion accumulation and osmotic adjustment, must be capable of 

"perceiving" this. How this difference can. manifest itself in the expression of specific 

mRNAs is not clear. It is likely that salinity-induced changes in gene expression in M. 

crystallinum are subsequent to initial adaptive changes in ion flux, membrane chemistry, 

and root physiology that allow this plant to re-establish turgor and resume growth after 

salt stress. Unlike Ppc1, Imtl accumulation seems to correlate not with water loss, but 

with conditions in which the ice plant can adjust and maintain turgor. Perhaps increased 

expression of this gene is triggered, not by water loss and stress per se, but by changes 

in membrane chemistry or root physiology associated with osmotic adjustment. 

It is difficult to reconcile the divergent behavior of the various salt-stress induced 

transcripts (Figs 3) with a simple "coordinated stress-response" model, in which a 

defined set of stress-response genes is expressed in a concerted fashion in response to 

changes in a single physiological parameter (e.g. turgor). The different responses of salt 

stress-induced transcripts to drought and cold stress indicate that altered gene expression 

by salinity or low temperature is not necessarily a result of water stress. Water deficit 

alone (direct or indirect) can not account for the behavior of all of these transcripts in 

response to the various treatments tested; it is unlikely to act alone in triggering their 

expre~sion during salt stress. 

. Increases in PEPCase enzyme activity have been reported in plants exposed to 

exogenously-added ABA, and this growth regulator has been proposed to serve as a link 

between environmental stimulus and CAM gene induction in M. crystallinum (Chu et 

al., 1990; Cushman et al., 1992). A role for ABA as a general mediator of drought or 
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salinity-responsive gene expression in this system, however, seems unlikely. McElwain 

et al. (1992) recently reported that induction of PEPCase expression by ABA is, unlike 

induction by salt stress, dependent on specific light and temperature conditions. Under 

the growth conditions used in this study, addition of ABA to hydroponics did not trigger 

the expression of any of the salt-induced mRNAs. Furthermore, low temperature has no 

affect on endogenous ABA (at the whole plant level) in M. crystallinum (D.M. Vernon 

and J.C. Thomas, unpublished), yet this treatment triggered expression of the Imt} 

transcript at least as well as salinity (Fig. 3). A partial or highly localized role for ABA 

in controlling the expression of some stress-responsive ice plant genes certainly cannot 

be ruled out, but this growth regulator does not appear to playa central, indispensable 

role in gene regulation during adaptation to salinity in this facultative halophyte. 

Likewise, it does not appear that cytokinins playa central role in mediating stress

responsive gene expression. Although 6-BAP dramatically induces Ppcl and B5 

mRNA expression, it does not influence Imt1 transcript levels (Fig. 4). Also, cytokinin 

levels do not change during salt stress in ice plant leaf or root tissue (Thomas et al., 

1992). Increased expression of Ppcl and B5 in response to cytokinin may be a 

secondary response to physiological events triggered by exogenously-added 6-BAP, or 

it may reflect additional, non-stress-related, roles for Ppcl and B5 in distinct, cytokinin

controlled pnenomena in the ice plant. 

It has been suggested that the molecular response of plants to environmental stress 

may actually involve a combination of stress-specific mechanisms, ABA-mediated 

events, tissue-specific gene regulatory mechanisms, and/or developmental modulation 

of gene expression (Bostock and Quatrano, 1992; Hong et al., 1992; Plant et al., 1991; 

Cohen et al., 1991; Skriver and Mundy, 1990; HejaJa et aI., 1990). The observations 

presented here are consistent with such a scenario. I suggest that molecular responses to 
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stress in M. crystallinum may be triggered by multiple signals, and that a complex web 

of parallel response pathways and gene-regulatory mechanisms exists that allows this 

plant to increase the expression of specific genes or subsets of genes in response to a 

range of environmental stimuli. Such a stress-response scenario is depicted in Figure 5. 

This scheme is not proposed as a definitive model for stress perception and response in 

the. ice plant. Rather, it serves to illustrate the type of complex stress response network 

that is consistent with our obser/ations. Although they may have some physiological 

effects in common, different environmental stresses each may also trigger unique 

physiological and biochemical responses, allowing the plant to distinguish between 

stress treatments. In addition, individual stress-responsive genes may each be 

responsive to a variety of regulatory pathways, allowing specific genes to respond to 

more than one environmental stress. This scenario contrasts with a "coordinated 

response" model, also shown in Figure 5, in which loss of leaf turgor or root water 

intake, by some central mechanism, induces the concerted expression of phenomena 

associated with adaptation to water stress, such as CAM pathways and sugar alcohol 

accumulation. In-depth analysis of gene regulation, including more transcription 

analyses, characterization of stress-responsive promoter sequences, and possibly 

identification of mRNA stability control mechanisms, is necessary for a full 

understanding of the pathways linking environmental stress to plant responses at the 

molecular level. 
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Figure 5·5 Models of environmental stress perception and molecular response in the 

ice plant. Panel A: "Coordinated response" scheme in which different environmental 

stimuli effect a common physiological parameter (e.g., water status) and trigger 

coordinated increased expression of a defined set of genes via a central stress 

transducing mechanism (e.g., ABA). Panel B: A more complex scheme consistent with 

observations. Environmental stresses each affect various physiological parameters (e.g., 

turgor, or membrane chemistry), which in tum affect the expression of stress-specific 

sets of genes. Overlap between molecular responses (illustrated by overlapping 

rectangles and exemplified by Imt} and PpcJ) may be due to multiple control 

mechanisms on individual genes and/or common effects of different stresses on some 

physiological parameters (illustrated by overlapping circles) that affect gene expression. 

Responses to environment are themselves subject to control by tissue specific, 

developmental, and other environmental factors (in modulation box). 
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Materials and Methods 

Plant material: M. crystallinum used for nuclei isolation were grown from seed in 

growth chambers and stressed with 500 mM NaCI when six weeks old as described 

(Ostrem et al., 1987). Plants used for comparative stress treatments were transferred to 

hydroponics (Vernon and Bohnert, 1992) 14 d after seeding. Plants were subject to 

various environmental stress treatments for 78 h (harvested on the fourth day of stress) 

beginning at age 6 weeks. Control plants remained in nutrient solution for the duration 

of the experiments. For salt stress, plants were transferred to nutrient solution 

supplemented with 400 mM NaCl. Low temperature treatments were carried out by 

transferring hydroponic buckets to growth chambers that had been pre-cooled to 4°C 

(day and night). Plants subjected to drought stress were transferred to empty buckets. 

Treatments with 6-BAP were carried out by J .C. Thomas, and are described elsewhere 

(Thomas et al., 1992). To avoid potential variation due to diurnal fluctuation of mRNA 

levels, all harvests were carried out at the same time during the day/night cycle, four 

hours before the end of the light period. Plant material used for RNA extraction was 

pooled from 3-5 plants for each sample, ground in liquid N2, and stored at -70°C until 

use. 

Transcription Assays: Nuclei isolations from fresh leaf tissue, in vitro run-on 

experiments, DNA slot blotting, and hybridization of transcripts to DNA were carried 

out as described previously (Cushman et al., 1989). DNA blots included a full-length 

Imtl cDNA (Vernon and Bohnert, 1992), Ppc1 cDNA (Cushman et al., 1989), and 

partial Gpdl and B5 cDNAs, McDA1 and McDB5, both described by Ostrem et al. 

(1990). 18S rDNA clones (Cushman et al., 1989) and Bluescript KS+ (Stratagene Inc., 

La Jolla, CA) were included as controls. Cpm hybridized to filters were directly 
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quantified using a 13-scanner (Betagen Inc., Waltham, MA). Run-on experiments were 

repeated with nuclei isolated from 2 different sets of plants. Leaf material from 4-6 

plants was combined for each nuclei isolation. 

RNA extraction and analysis: Total RNA was extracted from leaf/axillary tissue as 

previously described (Ostrem et al., 1987), and either slot blotted or resolved under 

denaturing conditions on formaldehyde/agarose gels and northern blotted (Ausubel et 

al., 1987). Blots were probed, washed, and visualized as previously described (Vernon 

et al., 1988), using random-primed 32P-Iabeled probes made from the clones described 

above for run-on transcription assays. 
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CHAPTER 6 

SUMMARY, SIGNIFICANCE, AND FUTURE PROSPECTS 

Summary 

The goal of this study was to identify molecular mechanisms by which higher plants 

can tolerate high salinity. The common ice plant, M. crystallinwn, served as a model for 

this investigation. The ice plant is a suitable system for molecular studies of plant salt 

stress for several reasons. It is a facultative halophyte that is capable of growing 

nonnally in a well-watered environment and adjusting when faced with saline 

conditions. Previous work on the salinity-induced switch from C3 photosynthesis to 

CAM in M. crystallinwn established that that switch involves increased expression of 

CAM-related genes. The ice plant therefore was already an established system for 

molecular studies of higher plant environmental stress. 

The well-characterized shift to CAM serves as a long-term water conservation 

mechanism that allows M. crystallinwn to complete its life cycle in its native arid 

environment or in coastal environments. Because changes in photosynthetic pathways 

alone are not sufficient to afford a plant the ability to adjust to dramatic changes in its 

osmotic environment. I hypothesized that the ice plant also undergoes biochemical and 

physiological changes that are more directly related to this plant's ability to adjust to 

and survive saline conditions. 

By differentially screening a cDNA library, I have isolated tllree cDNAs 

representing mRNAs that accumulate in M'. crystallinwn leaf tissue following NaCI 

stress (Chapter 2). In depth characterization of one of these mRNAs,lmtl, has 

identified its protein product, IMT!, as a myo-inositol O-methyl transferase that 

catalyses the first step in the biosynthesis of pinitol, a cyclic sugar alcohol thought to 
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serve as an osmoprotectant or a cytoplasmically-compatible solute in stressed M. 

crystallinum (Chapter 3). Descriptive studies on the expression of the Imtl mRNA 

have shown that this mRNA is regulated differently than those encoding CAM-related 

genes, and these observations have contributed to our view of how the ice plant 

perceives and responds to environmental stress at the molecular level (Chapters 4 and 

5). 

Significance of Imtl and Future Prospects 

. The salt stress-induced transcriptional induction of IMTI expression in a 

facultative halophyte provides the strongest evidence to date that polyols play an 

important role in higher plant stress tolerance. Still, the link between accumulation of 

these compounds and osmotolerance is based on correlative evidence. Additional work 

is necessary to establish: 1) that polyols playa causal role in salinity (or drought) 

tolerance, and 2) their exact role in stressed cells. Theoretically, genetic or "reverse 

genetic" experiments would help to establish the former. Suppression of IMTI 

expression by antisense Imtl, for example, could reduce stress-induced pinitol 

accumulation and determine whether the cyclitol is really necessary for survival of 

plants exposed to salt. Unfortunately, M. crystallinum is not yet amenable to such 

manipulations. An alternate strategy, the production of ononitol or pinitol in an easily 

transformable glycophyte, such as tobacco, followed by analysis of stress sensitivity, is 

more feasible (Tarczynski et al., 1992a). Efforts toward this end are already in progress; 

tobacco/lmtl transformants have recently been generated and have been found to 

produce ononitol (MC Tarczynski, DM Vernon, P Adams, unpublished data), and 

reduced growth inhibition during stress with 250 mM NaCI has already been established 
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in l!ansgenic tobacco plants producing another sugar alcohol, mannitol (Tarczynski et 

al., 1992b). 

It is less clear how the mechanism of polyols in cellular salt tolerance can be 

elucidated. Although there is substantial in vitro evidence supporting the 

osmoprotective potential of these molecules (Bieleski. 1982; Ahmad et al., 1982; 

Yancey et al., 1982; Warr et al., 1988; Laurie and Stewart, 1990), definitive proof of 

their in vivo function is likely to remain elusive. Detennination of their subcellular 

localization could yield important clues toward this end. Genetic analysis - that is, 

observing the phenotype of stressed M .crystallinum plants (or cells) unable to 

accumulate pinitol, (but having other stress responses intact) - would provide perhaps 

the most useful information on cyclitol function. 

The identification of Imtl and the detennination of its transcriptional regulation 

support the hypothesis that adaptation to salt stress in M. crystallinum is a complex 

process that involves both physiological ("whole-plant") responses and cellular 

adaptation mechanisms. The switch to CAM is an example of a whole plant response; it 

involves the coordinated activity of different cell types and results in reduced water use 

by the plant over the long-term. Accumulation of osmoprotectants such as pinitol can 

be considered a "cellular" response to stress, as these compounds are likely to act 

intracellularly to adjust individual cells to changing osmotic conditions. This notion is 

supported by the observation that polyol accumulation is common to many unicellular 

halotolerant algae and fungi (Rhodes, 1987; Bieleski, 1982; Yancey et al., 1982; 

Hellebust, 1976) as well as some osmotically-stressed bacteria (Csonka and Hanson, 

1991). 

It is likely that accumulation of low molecular weight osmoprotectants is but one 

of a number of cellular events that work in combination to re-establish turgor, preserve 
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cell integrity, and allow continued growth (Hanson and Hitz, 1982; Binzel et al., 1985). 

For example, re-establishment of turgor may require adjustment of cell wall 

extensibility (Bressan et al., 1990; Benson et al., 1988; Rygol et al., 1989). It also is 

known to involve ion accumulation, which must be accompanied by mechanisms that 

maintain acceptable cytoplasmic salt levels. Such mechanisms may include increases in 

the activity and/or expression of plasma membrane and tonoplast proton pumps and ion 

transport systems, and accompanying changes in membrane structural chemistry (Saal et 

al., 1991; Bremberger et al., 1988; Narasimhan et al., 1991; Blumwald and Poole, 1987). 

To understand fully the contribution of sugar-alcohol accumulation and other 

cellular responses to plant stress tolerance,. we must understand how they are integrated 

with whole-plant stress responses. Osmotic adjustment and osmoprotection, for 

example, may only occur in some parts of the plant, while other areas are sacrificed to 

salvage nutrients and water. Cellular ion accumulation and vacuolar ion sequestration, 

key elements of osmotic adjustment, depend on the solute content of the immediate 

cellular environment, which is controlled at the whole-plant level by root ion uptake and 

exclusion. The importance of considering cellular stress responses in a whole-plant 

context is exemplified by the different expression patterns of the Imt] transcript in M. 

crystallinum root and leaf tissues (Chapter 2, Fig. 3). Clearly, cellular responses to 

salinity differ in these organs; to understand the role of increased Imt] expression (and 

other cell-level events) in ice plant salt adaptation, the contribution of the cells in which 

they are expressed must be fit into a scenario accommodating the distinct contributions 

of different tissues and organs. More descriptive work on specific cellular responses 

and their location, and a greater understanding of root stress physiology (especially at 

the molecular level), are necessary before meaningful models explaining osmotic stress 

adaptation and tolerance can be generated. 



90 

Stress Perception and Response in M. crystallinum 

Imtl is the fIrst stress-induced M. crystallinum gene characterized to date that is 

clearly associated with osmotolerance rather than CAM photosynthesis or related carbon 

flow pathways. As such, it has provided an opportunity to expand our observations on 

gene regulation in response to the environment. Descriptive studies on Imt1 mRNA 

expression (Chapters 4 and 5) have changed our (still rather crude) models of stress 

perception and response in the ice plant. 

To accommodate observations of Imt1 mRNA expression, our views have been 

altered with respect to: 1) how salt stress is perceived by the plant, and 2) the 

mechanisms by which it affects gene expression. In both cases, the studies presented on 

Imt1 expression have not resulted in a more refIned model for stress perception and 

response; rather, they have indicated that the ice plant stress response is more complex 

than previously thought. Whereas salt stress was previously assumed to be a method of 

quickly and reproducibly inducing water stress and CAM photosynthesis (Winter, 1974; 

Bohnert et al., 1988), it is now apparent that M. crystallinwn can, at the molecular level, 

distinguish between these environmental challenges (Chapter 5). Differences between 

the-pattern of Imt1 expression and CAM gene expression with respect to plant age 

(Chapter 4) and in response to different environmental stress treatments (Chapter 5) 

indicate that there is not a single "salt-stress response" in the ice plant. A single stress 

may affect individual genes via distinct mechanisms, and the expression of individual 

stress-responsive genes may be modulated differently by other factors such as plant 

growth regulators or development. 

Mechanistic studies on M. crystallinum gene expression have focused on the role of 

growth regulators (Chu et al, 1991; Thomas et al., 1992; Cushman et al., 1992) and on 
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the identification of a putative cis-acting promoter region, or "salt-box", that was 

thought to be important in triggering the hypothetical concerted molecular response to 

salinity in the ice plant (Cushman et al., 1989; Cushman and Bohnert, 1992). Although 

future work should include these pursuits, the ultimate goal of understanding stress

responsive gene regulation is to obtain a complete picture of how the plant adapts to 

stress by linking stress exposure and perception with mechanisms of gene induction. 

Studies should expand, therefore, to include a greater variety of stress-inducible genes, 

and more emphasis should be placed on the differences between stress treatments and 

their effects on gene expression. The different effects particular treatments have on 

plant physiology will yield clues to how those stresses are perceived by cells. Breaking 

down promoter regions and defining their component parts, such as those responsible 

for ABA- versus turgor-responsive or salt-responsive gene expression, could help 

simplify the problem. A thorough understanding of how environmental stress triggers 

adaptive changes in gene expression, however, will require an understanding of how 

stress affects whole-plant physiology. The changes in gene expression are occurring, 

after all, in cells responding to their immediate environment. This environment is 

controlled, at least in part by the organism. 
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ApPENDIX A 

PEPCASE TRANSCRIPT LEVELS IN MESEMBRYANTHEMUM CRYSTAUINUM DECLINE 

UPON REMOVAL OF SALT FROM THE SOIL 

This appendix is derived from a publication reporting work perfonned prior to the 

dissertation project It is related in a broad sense to the work described in the main body 

of the dissertation in that the experiments describe an aspect of the molecular salt stress 

response in M. crystallinum. This project, however, was concerned with 

characterization of the CAM response. 

Introduction 

When subjected to water stress induced by drought or salinity, 

Mesembryanthemum crystallinum plants shift their pathway of carbon assimilation from 

C3 metabolism to CAM (Winter and von Willert, 1972). This change in metabolism 

involved de novo synthesis of PEPCase (Hofner et al., 1987) and an increase in the level 

of translatable PEPCase mRNA (Ostrem et al., 1987). Increased PEPCase enzyme 

activity is evident 2 - 3 d after irrigation with 500 mM NaCI (Ostrem et al., 1987). 

We are using CAM induction and the expression of PEPCase in M. crystallinwll 

as a system to study changes in gene expression caused by environmental stress. It has 

not yet been shown whether salt stress affects gene expression reversibly. There is 

evidence that PEPCase expression is regulated in part by development. PEPCase 

activity does not increase during a 5 d irrigation with 500mM NaCI in plants less than 

approximately 5 weeks of age (Ostrem et al., 1987). In addition, I have observed that 

PEPCase activity, protein, and transcript levels rise gradually with age in unstressed 

plants. It seems possible, therefore, that plants might be developmentally programmed 
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to express CAM enzymes and that stress acts to trigger the irreversible expression of this 

pathway. Von Willert et al. (1976) have reported that removing NaCI from the soil of 

salt-stressed M. crystallinum leads to a decline in PEPCase activity. Here I correlate a 

drop in activity with changes in gene expression by demonstrating that relief from stress 

causes a rapid decrease in PEPCase mRNA followed by a slower decline in the amount 

of PEPCase protein. 

Materials and Methods 

Plant Material: M. crystallinum plants were grown from seed as previously described 

(Ostrem et al., 1987). Plants were stressed when 6 weeks old by watering each day with 

nutrient solution containing 500 mM NaCI. Salt was removed from the soil (destress) 

after 12 d of NaCI treatment by flushing the soil with distilled water continuously for 2 

h at the start of the light period. Plants were watered with nutrient solution immediately 

after salt removal and daily until harvest. Controls were irrigated with either nutrient 

solution or nutrient solution with 500 mM NaCI until harvest. Plant material was 

collected for RNA extraction immediately rrior to NaCI removal and 0.5, 2.5, 4.5,8 and 

32 h after destress. Plant material was harvested for protein extraction immediately 

before NaCI removal and two h before dark on days 1,2,3,6 and 9 days of destress. 

Each sample included material for 3 individual plants. All samples were frozen in liquid 

nitrogen and stored at -70 C. 

Preparation and analysis of protein and RNA samples: RNA and soluble protein 

extraction, PEPCase activity assays, SDS-PAGE and immunoblotting were performed 

as previously described (Ostrem et al., 1987). 
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Total RNA was slot-blotted onto nitrocellulose (Thomas, 1983) following the 

protocol supplied by the manufacturer (Schleicher and Schuell, Keene, NH). 

Nitrocellulose filters were prehybridized at 42° C in 6X SSC containing 50% (v/v) 

formamide and 0.25% (w/v) non-fat dry milk (Johnson et aI., 1983). Filters were then 

hybridized overnight under prehybridization conditions with an [a32P]dCfP-Iabeled 

probe made from a cloned 950-bp portion of the 3' coding region of a M. crystallinwn 

PEPCase gene (pMcPEP1; Schmitt et aI., 1988). High stringency washes were carried 

out in O.lX SSC/0.1 % (w/v) SDS at 55° C, and results were visualized by 

autoradiography. Quantitation was performed with a as 300 densitometer (Hoefer 

Scientific Instruments). 
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Results 

Total activity of PEPCase was followed for 9 days after destress (Fig. 1). 

PEPCase began to decline by the evening of day 2, 32 hours after salt removal. After 3 

days, PEPCase activity had dropped to approximately 40% of the value of stressed 

controls. By day 9. PEP Case activity was 26% of that in stressed controls of the same 

age, and it was almost equal to the activity in unstressed plants harvested the same day. 

The decline in PEP Case activity was accomplished by a decline in PEPCase 

protein levels (Fig. 2). Equal amounts of total soluble protein extracted from plants 

harvested 2,3,6 and 9 days after salt removal were separated by SDS-PAGE, and the 

gels were either stained (Fig. 2A), or immunoblotted with anti-PEP Case antibodies (Fig. 

2B). A gradual decrease in the amount of PEPCase (approximately 105 kDa) was 

evident in samples from destressed plants .. An immunologically-reactive band was also 

present at a position corresponding to a molecular weight of approximately 115 kDa. 

The intensity of this band increased transiently after salt removal. 

The most dramatic response to des tress was the decline in PEPCase mRNA 

levels (Fig. 3). Equal amounts of total RNA from stressed and destressed plants were 

blotted and probed with a cDNA fragment containing 950 bp of the 3' coding region of a 

PEPCase gene from M. crystallinum. Densitometry of the autoradiogram 
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Figure A-i. Total PEPCase activity in samples from destressed plants and controls. 

Total PEPCase activity was measured in soluble protein extracts from destressed (Ll), 

stressed (s), or unstressed plants (0). Plants were harvested two hours before dark on 

the days indicated, with the exception of the controls harvested before destress on day 1 

(data points at 0.5 d). Material from 3 plants was combined for protein extractions from 

each timepoint. 



97 

1 2 3 4 5 6 7 8 
+ + + + --: 

A 

116· '--.... - -- --97· 

B 

116· --

Figure A~2. Decline in the amount of PEPCase protein after destress. Equal amounts 

of total soluble protein from stressed( +) or destressed plants (-) were resolved by 10% 

SDS-PAGE and either stained (A) or immunoblotted with anti-PEPCase antibodies (B). 

Plants were harvested 2 h before dark on day 2 (lanes 1 and 2), d 3 (lanes 3 and 4), d 6 

(lanes 5 and 6), and d 9 (lanes 7 and 8) of destress. Arrows indicate the position of the 

105 and 115 kDa PEPCase bands. The position of the large subunit of rubisco is 

indicated (~). 
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Figure A-3. Decline in PEPCase mRNA levels following destress. Equal amounts of 

total RNA from destressed plants and controls were blotted onto nitrocellulose and 

hybridized to a 32P-labeled PEPCase cDNA. Two-fold serial dilutions (starting with 10 

J.1g) of RNA from each time point were loaded in order of decreasing concentration. 

Lanes 2, 4, 6, 8 and 9: RNA from plants harvested 0.5, 2.5, 4.5, 8, and 32 h after salt 

removal, respectively. RNA from stressed controls corresponding to the flrst 4 time 

points is in lanes 1,3,5, and 7. Lanes Sand U contain RNA from stressed and 

unstressed controls harvested just prior to salt removal. Lane C: control for probe 

hybridization: 10 J.1g of RNA from CAM and C3 M. crystallinwn. 
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demonstrated that the amount of PEPCase inRNA declined by 77% within 2.5 hours 

after destress (lane 3 versus lane 4) and by 84% b" the evening of day 2,32 hours after 

salt removal (lane 7 versus lane 9). 

Figure 3 also reveals that PEPCase mRNA levels in stressed plants fluctuated 

during the day. The transcript was least abundant in the morning (lanes 5 and 1) and it 

increased during the day (lanes 3, 5 and 7). This result has been confIrmed and is being 

investigated in more detail (Hoefner, R, personal communication). 

Discussion 

We have shown that PEPCase activity increases following irrigation with 500 

mM NaCI only when plants are approximately 5 weeks of age or older (Ostrem et al., 

1987). In addition, PEPCase activity, transcript, and protein levels appear to increase 

gradually with age in unstressed plants (unpublished data). One interpretation of these 

observations is that the expression of CAM enzymes in M. crystallinum is governed at 

least in part by development If this is the case, it might be expected that relief from 

stress would have little affect on PEPCase levels once the enzyme is induced. The data 

reported here, however, demonstrate that the induction of PEPCase can be reversed after 

the plants have shifted to CAM. When salt is removed from the soil of stressed plants, 

there is a rapid decrease in the amount of mRNA for the enzyme followed by a slower 

decline in PEPCase protein and activity levels. It has been shown that PEPCase activity 

declines after salt removal in 9 week old plants that have been stressed for 5 weeks with 

300 mM NaCI (von Willert et al., 1976). In our experiments I correlated a decline in 

activity with a parallel decline in PEPCase·protein and reduced amounts of PEPCase 

mRNA. Further work will be necessary to determine whether the decline in mRNA is 

due to transcriptional regulation or reduced mRNA stability after des tress. 
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It should be noted that the response to salt stress varies between plants. In these 

experiments I analyzed 7.5 week old plants that had been stressed for 12 days. 

Generally, PEPCase activities in unstressed 7.5 week old plants vary from 110 to 190 

nmol min- 1.mg-1 total protein. In plants or the same age subjected to 12 d of stress with 

500rnM NaCl, PEPCase activities range from 800 to 1600 nmol.min-1.mg-1 total 

protein (Fig. 1 and unpublished data). 

The immunoblot of protein extracts from des tressed plants revealed the gradual 

decline of a PEPCase band of an apparent mol wt of 105 kDa (Fig. 2B). This band is the 

most prominent band in stressed plants. Another band (approximately 115 kDa) increased 

transiently after destress. This polypeptide is also detected by PEPCase antibodies in 

immunoblots of protein from unstressed young plants (not shown). A similar high mol wt 

band has been observed on SDS gels of purified PEPCase preparations from the CAM 

plant Bryophyllwnfedtschenkio. It is unknown whether the 105 kDa and 115 kDa bands 

are actually two different proteins, e.g., derived from different genes, or whether post

translational modification of PEPCase causes a shift in mol wt. 
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asp CCAFHTHUI EFRKK 365 a.a. Ident fly: InT1/a,p • 52.31 

:.: .. : .. : .. .. 
alf CHAFHTYln EFLKKU 366 a.a. Idontldy: InTl/alf • 52.0 

HnT ----OGGRG EPTnLSUPGH OACSU 350 a.a. Identity: InTI/linT· 19.5 
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