
The osmotic strength o f  the environment is one o f  the physical parameters that 

determ ine the a b ility  o f  organisms to  pro life ra te in  a g iven habitat. A lthough  the 

ab ility  to  adapt to  fluctuations in the external osmolarity is fundamenta l to the 

surv iva l o f  organisms, the mechanisms responsible fo r osmotic adaptation have been 

elucidated on ly  re la tive ly  recently. There are remarkable s im ila rities  between bacteria 

and plants because organisms from  both kingdoms accumulate the same set o f  

cytoplasm solutes upon exposure to  conditions o f  hyperosmolarity. Thus, it  is lik e ly  

that there w i l l  be close parallels in the mechanisms that these organisms employ to  

regulate response to  osmotic stress (Csonka and Hanson, 1991).

The determ ination o f  saline spectrum is very im portan t fo r the characterization  

o f the type o f  bacteria to be regarded as halotolerant or extreme, moderate and s light 

halophiles. Acco rd ing  to  the salt concentration required fo r op tim um  grow th , the 

bacteria were classified as non ha loph ilic  (g row  below 0.2 M  NaC l), s ligh tly  

ha loph ilic  (g row  at 0.2 to about 1.0-1.2 M  NaCl), moderately ha loph ilic  (g row  at 

about 1.0-1.2 to 2.0-2.5 M  N aC l) and extremely ha loph ilic  bacteria (g row  at 

2.0-2.5 M  N aC l o r more). Ha loph ile  is demonstrated by the requirement o f  a h igh  salt 

concentration fo r optim um  grow th ; however, halotolerance, qua lita tive ly  and 

quantita tive ly, describes the ab ility  to  grow  at a salt concentration h igher than 

optimum. However, the degree o f  tolerance o f  bacteria depends on the com position o f  

the g row th medium. The ha loph ilic  eubacteria are usually found in  numerous saline
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habitats w ith  d iffe ren t salinities, e.g. hypersaline soils, in land marshes, bo ttom  

sediments o r other d ifferent habitats. They are present in  non-saline habitats, in  the 

same manner that non-ha loph ilic  bacteria are present in  hypersaline environments  

(Zahan, 1997).

The bacteria, w h ich  usually g row  in  non-saline conditions, may exh ib it a great 

m od ifica tion  in  cell m orphology when subject to  h igh salt stress. The swelling, 

elongation and shrinkage (reduction in  cell volume) are characteristic features o f  

sensitive bacteria under salt stress. However, it  has been recently found that the cell 

and cytoplasm ic vo lume o f  Brevibacterium lactofermentum and Corynebacterium  

glutamicum  (a salt-tolerant bacterium ) spontaneously decrease upon hyperosmotic  

shock (Skjerdal et al., 1995). The m od ifica tion  in cell m orpho logy under salt stress is 

a fam ilia r response o f  some gram-negative bacteria such as Azotobacter vinelandii 

(Know les and Smith, 1971), Escherichia coli (Ba ldw in  et ah, 1988), Pseudomonas 

fluo r escens (Parente and Silva, 1984) and Rhizobium  (Zahran, 1991).

The root-nodule bacteria o f  the genus Rhizobium, isolated from  salt-affected soils, 

have shown some salt-induced alterations. The cell shape, the synthesis pattern o f  

prote in and lipopolysaccharide as w e ll as the genom ic structure o f  these bacteria were  

modified. These alterations may affect the symbiosis between rh izob ia  and the ir  

legume hosts. The m orphology o f  some gram-negative bacteria o f  saline soil has been 

reported to be m odified , cells were elongated several times when subjected to 10-20%  

NaCl. The gram -positive bacteria (e.g. Bacillus and Staphylococcus) m od ified  the ir 

cell structure under salts stress conditions. Cells o f  Bacillus were elongated and 

thickened, and the fo rm ation o f  more chains (s trep tobac illi) was stimulated at



3

10% NaCl, and the cell vo lume o f  Staphylococcus was reduced at 10-20% NaC l 

(Zahran, 1997).

Salt to lerant bacteria usually exh ib it structural m od ifica tions to cope w ith  salt 

stress. One im portan t aspect o f  structural adaptations is the change in  com position o f  

the cell envelope and membranes. The stretched state o f  the w a ll and the internal 

osmotic pressure o f  bacteria are usua lly affected by the b iophysica l properties o f  the 

stress bearing peptidoglycan (Koch, 1984). Changes in  com position o f  bacterial 

membranes, w h ich  m igh t be caused by environmental factors, are thought to act as an 

adaptive response to maintain membrane s tab ility  and function  ( Im h o ff and 

Theimann, 1991). In  fact, structural adaptations o f  membrane invo lve  alterations in  

the composition and synthesis o f  proteins, lip ids and fa tty  acid (Thiemann and 

Im hoff, 1991). Some bacteria occasionally show slight ce ll m od ifica tions, but more  

profound changes in  ce llu la r properties o f  bacteria only occur at concentrations above 

2 M  NaC l as an adaptation to salt stress. E lectron m icrographs o f  th in  sections, 

however, have no t revealed any u ltrastructura l differences in membranes o f  the 

anaerobic bacteria (Halobacteroides halobius and Halobacteroides acetoethylicus) 

that could account fo r the ab ility  o f  these bacteria to inhabit eco log ica l niches h igh  

in  salt (Low e et al., 1993).
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Osmotic adaptation in microorganisms-two strategies

The ab ility  to adapt to  fluctuations in external osm otic pressure 

(osmoadaptation) and development o f  specific mechanism to  archive th is  

(osmoregulation) are fundamental to  the surviva l o f  cells. M os t cells m ain ta in  an 

osmotic pressure in  the cytoplasm  that is higher than tha t o f  the surrounding  

environment, resulting in  an outward directed pressure, turgor, whose maintenance is 

essential fo r cell d iv is ion  and grow th. Changes in  environm enta l osm o la rity  can 

trigger the f lu x  o f  water across the cytoplasm membrane. Thus, to  avoid lys is  under 

low  osm olarity o r dehydration under mechanisms that perm it tim e ly  and e ffic ien t 

adaptation to  changes in  environmenta l osmolarity (Deana et al., 1999).

M ic rob ia l l ife  can be found over the whole range o f  salt concentrations from  

freshwater and marine biotropes to hypersaline environments w ith  NaC l 

concentrations up to  saturation. H a loph ilic  and halotolerant m icroorganisms are found  

in three domains o f  life : Archaea, Bacteria and Eucarya. Co lon iza tion  o f  hypersaline  

environments such as salt lakes and salted food products by these m icroorganism s is 

often h igh ly  successful, and sa lt-lov ing  and/or salt to lerant m icroorganisms may reach 

high popu la tion densities in such ecosystem.

Since b io log ica l membranes are permeable to water, cells cannot m ain ta in  the 

water ac tiv ity  o f  the ir cytoplasm  higher than that o f  the surrounding brine, because 

th is w ou ld  lead to  a rapid loss o f  water to the environment. Therefore, any 

m icroorganism  liv in g  at h igh salt concentrations may be expected to keep its
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cytoplasm  at least isoosmotic w ith  the extracellu lar environment. B u ildup  o f  a tu rgo r 

pressure requires a hyperosmotic cytoplasm  (Oren, 1999).

M icroorgan ism s do not possess active transport mechanisms fo r  wa ter; hence, 

tu rgo r is adjusted by con tro lling  the poo l o f  osm otica lly active solutes in  the 

cytoplasm. Tw o  basic schemes o f  adaptation to h igh osm ola lity  have been iden tified .

1. The accumulation o f  very h igh in trace llu la r concentrations o f  ions, a 

strategy fo llow ed  frequently by extreme ha loph ilic  archaea and by halo to lerant 

bacteria whose entire phys io logy has been adapted to  a h igh  saline environment 

(Ventosa et al., 1998). 2

2. The in trace llu la r amassing o f  osm otica lly active compounds that are 

h igh ly  congruous w ith  ce llu la r functions, the so-called compatib le solutes. These 

organic solutes are accumulated by many m icroorganisms th rough synthesis or 

through uptake from  the environment to counteract the out f lo w  o f  wa te r under 

hypertonic g row th  conditions. Osmoprotectants are opera tiona lly defined as 

exogenously p rov ided organic solutes that enhance bacterial g row th  in  m edia o f  h igh  

osmola lity. These substances may themselves be compatib le solutes, or they may act 

as precursor molecules that can be enzymatica lly converted in to  these compounds. 

The in trace llu la r amassing o f  compatib le solutes is not restricted to  the p rokaryo tic  

w o rld  but is also w ide ly  used as an adaptive strategy in fungal, p lant, animal and even 

human cells to  o ffse t the deleterious effects o f  h igh osm o la lity  and h igh ion ic  

strength. Furthermore, the nature o f  the osmolytes that are accumulated during water 

stress is evo lu tiona rily  w e ll conserved across the kingdoms, re flec ting  fundamental
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Compatible solutes: characteristics and function

Exposure o f  cells to h igh external osm olarity results in  an e fflu x  o f  water from  

the in te rio r. The decrease in  the internal water content brings about the reduction in  

the tu rgo r pressure and shrinkage o f  the cytoplasm ic volume. As a consequence o f  the 

decrease in  the cytoplasm ic volume, the concentrations o f  all the in trace llu la r  

metabolites increase and thus cause a reduction in  the in trace llu la r wa te r activ ity . In  

the absence o f  o f  active osmotic adjustment by the cell, the cytop lasm ic vo lum e  

wou ld shrink u n til the water ac tiv ity  o f  the in te rio r equaled that o f  the exterior. 

Because an e levation in the concentrations o f  various in trace llu la r molecules may be 

in h ib ito ry  to  ce llu la r processes (e.g. inh ib ito rs o f  specific enzymes may reach 

deleterious concentrations o r the increase in the concentrations o f  ions may become 

tox ic ) passive a ltera tion o f  the cell vo lume is not adequate fo r adaptation to  changes 

in  the osm ola rity o f  the environment (Laszlo, 1989).

Instead o f  a passive vo lume regulation, organisms genera lly respond to  

osmotic stress by increasing the concentrations o f  a lim ited  number o f  solutes. Thus 

the wa ter ac tiv ity  o f  the cell in te rio r can be reduced and consequently ce ll vo lum e and 

to rgor can be restored near the ir prestress values w ithou t an across the board increase 

in  the concentrations o f  a ll cytop lasm ic components (B row n et a l, 1972).

constraints on the kind of solutes that are compatible solutes with macromolecular and
cellular functions (Le Rudulier et al., 1984).
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A  varie ty  o f  bacteria and archaea have been examined fo r compatib le solute  

production by means o f  h igh performance liq u id  chromatography and nuclear 

magnetic resonance methods. The spectrum o f  compatib le solutes used by  

microorganisms comprise on ly a lim ited  number o f  compounds: sugar (e.g. trehalose 

and sucrose), po lyo ls (e.g. g lycero l and g lucosy lg lycero l), free amino acids 

(e.g. pro line and glutamate), derivatives the reo f (e.g. p ro line betain and ectoine), 

quaternary amines and the ir su lfon ium  analogues (e.g. g lycine betaine, carn itine and 

dim ethylsu lfon ioprop ina te), sulfate ester (e.g. cho line-O -su lfa te), and

A-acetylated d iam ino acids and small peptides (e.g. A -ace ty lo rn ith ine  and 

iY -acety lg lu tam inylg lu tam ine amide). In  general, compatib le solutes (F igure 1) are 

h igh ly  soluble molecules and do not carry net charge at phys io log ica l pH . In  contrast 

to inorganic salts, they can reach h igh  concentrations w ith ou t d istu rb ing v ita l ce llu la r  

functions such as D N A  rep lica tion, D N A -p ro te in  in teraction and the ce llu la r 

metabolic machinery (S trom  and Kaasen, 1993). M any m icroorganisms accumulate 

compatib le solutes as m etabo lica lly inert stress compounds, and in  those instances 

where these substances can be metabolized, sensitively balanced regulatory  

mechanisms ensure the ir h igh level accumulation under hyperton ic conditions. A  

spectrum o f  compatib le solutes is usually used by g iven m icroorgan ism  fo r  

osmoregulatory purposes, and the composition o f  the solutes poo l can vary in  

response to g row th phase and g row th  medium  (G a linsk i and Truper, 1994). The 

accumulation o f  compatib le solutes not on ly allows the cells to  w ithstand a g iven  

osm ola lity bu t also expands the a b ility  o f  m icroorganisms to  colonies ecological 

niches that are otherw ise strongly in h ib ito ry  fo r the ir p ro life ra tion . Depending on the 

type, compatib le solutes can also protect m icroorganisms against stresses other than 

dehydration. A n  example is the increased cold tolerance conferred by the
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Compatib le solutes serve a dual function in  osmoregulating cell. Because 

microorganisms frequently accumulate them up to molar concentrations, compatib le  

solutes low e r the cytoso lic osmotic potentia l and hence make m a jo r contribu tions to  

the restoration and maintenance o f  turgor. The free cytoplasm ic vo lum e (unbound  

water, in  contrast to water bound by macromolecules) is a key determ inant fo r cell 

g row th  (Cayley et al., 1992). Compatib le solutes such as g lyc ine betaine and pro line  

increase the cytop lasm ic vo lum e and free water content o f  the cell at h igh  osmolarity, 

and the ir accumulation thus perm its continued cell p ro life ra tion  under unfavorab le  

condition. Compatib le solutes also serve as stabilizers o f  proteins o f  h igh ion ic  

strength. This protective property is no t fu lly  understood, but according to  the 

preferentia l exclusion model, osmoprotectants are kept away from  the immediate  

v ic in ity  o f  proteins, resu lting in  a preferentia l hydration o f  p ro te in  surface. This  

solvent d is tribu tion  leads to a s ituation in  w h ich  the d is rup tion o f  wa te r structure in  

the hydration shell o f  proteins by local or global un fo ld ing  o f  the po lypeptide chain 

is energetica lly unfavorable, and hence the native conformations o f  proteins  

are stabilized.

In  the most cases, m icroorganisms regulate the ir osmotic solute content 

separately from  the ir b iosynthetic and energy generating processes. Thus, Rhizobium  

(a bacterium  w ith  a re la tive ly  low  salt tolerance) can synthesize g lyc ine  betaine from  

choline or take up g lyc ine betaine from  the medium. W h ile  g lyc ine betaine can serve 

as both a nu trien t and an osmoprotector, its degradation is repressed at h igh salt

accumulation o f glycine betaine in the food-borne pathogen Listeria monocytogenes
(Ko et al., 1994).
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concentrations, when it  serves as an osmoticum  only (Fougere and Le Rudulier, 

1990). Halorhodospira cells use g lyc ine betaine on ly as osmotic solute. The 

compound cannot serve as a nitrogen source, even under the most stringent nitrogen  

depletion. The phys io log ica l basis o f th is one way on ly b iosynthe tic pathway is not 

understood, bu t it emphasizes the importance o f  betaine not on ly  as an ine rt solute but 

also as a cytoplasm ic protectant. However, n itrogen starvation induces the breakdown  

o f  ectoine, m ob iliz in g  tw o  nitrogen atoms per molecule; trehalose then replaces 

ectoine as the osmotic solute (Galinski and Herzog, 1990). The advantage o f  being  

able to  choose between d iffe ren t osmotic solutes is obvious. M any ha loph ilic  and 

halotolerant m icroorganisms mainta in “ cocktails”  o f  osmotic solutes, and the 

regu la tion o f  the synthesis o f  each o f  the solutes is optim ized according to  the needs 

o f  the cells (Ventosa et al., 1998 and Galinski, 1995).

Transport of compatible solutes

In  add ition to accumulating compatib le solutes by endogenous synthesis, a 

large va rie ty  o f  Bacteria and Archaea have developed the ab ility  to  acquire preformed  

osmoprotectants from  exogenous sources. These compounds are released in to  

ecosystems by p rim a ry  m icrob ia l producers from  osm otica lly downshocked cells; by 

decaying m icrob ia l, p lan t and animal cells; by roo t exudes and by mammals in  the ir  

excretion flu ids  (G a linsk i and T ruper 1994 and Ventosa et al., 1998). Transporters fo r  

osmoprotectancts (Table 1) have evolved to meet the special demands imposed by 

the ir phys io log ica l tasks. In  natural ecosystems, the supply o f  osmoprotectants and 

the ir b iosynthetic precursors is va ry ing  and generally very low , w ith  concentrations
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usually in  the nanomolar to  m icrom ola r range (K iene et al., 1998). Therefore, 

osmoprotectant transporters commonly exh ib it very h igh  a ff in ity  fo r the ir major 

substrates, and the ir capacity is geared to perm it accumulation o f  compatib le solutes 

to  molar concentration. In  addition, they func tion  e ffec tive ly  at h igh osm ola rity  and 

at h igh ion ic  strength, conditions that frequently im pa ir the performance o f  

transporters fo r nutrients (Roth et al., 1985). To take advantage o f  the spectrum o f  

osmoprotectants available in the ir habitat, m icroorganisms often possess several 

transport systems, some o f  w h ich  exh ib it broad substrate specific ity . Tranporters fo r  

osmoprtectants have been most fu lly  investigated at the molecu lar level in the 

gram-negative enteric bacteria E.coli and in the gram -positive soil bacteria B.subtilis.

The role of glycine betaine

A  very im portan t quaternary ammonium  compound com m only used in  ce llu la r  

osmoregulation is g lycine betaine (A 'jvV.iV-trimethylglycine), a deriva tive o f  amino  

acid g lyc ine (F igure 2), is evident in a number o f  diverse m icrob ia l systems, inc lud ing  

enteric bacteria (Andersen et al., 1988), soil bacteria (Sm ith et al., 1988), ha loph iliic  

bacteria (G a linsk i and truper, 1982), cyanobacteria (M ackey et al., 1984) and 

metanogenic archae bacteria (Robertson et al., 1990). In  h igher plant, some plants in  

fam ilies Chenopodaceae Amarcmthaceae, and Gramineae, fo r example, accumulate  

g lycine betaine in  response to salt stress o r drought (Brouquisse et al., 1989 and 

Ish itan i et al., 1995). Hanson et al (1985) reported that g lyc ine betaine synthesis 

occurs in  chloroplasts o f  spinach leaves. Subsequently, Robinson and Jones (1986)



Table 1. Uptake systems for compatible solutes

Organism System Type o f  mechanism Substrate spectrum M a jo r substrate(s)a
Regula tion at the 

leve l of:
Expression A c tiv ity

E.coli ProP H + symport Broad GB, PB, Pro, Car, Ect, others + +

ProU A B C  transporter6 Broad GB, PB, Pro, others + +

BetT Secondary tra n spo rt Narrow Cho + +

B.subtilis OpuA ABC  transporter M eduim GB, PB, others + N D rf

OpuB A B C  transporter N a rrow Cho + N D

OpuC A B C  transporter Broad GB, PB, Pro, Car, others + N D

OpuD Na+ symport Narrow GB, others + +

OpuE Na+ symport N a rrow Pro + -

a Car, carn itine; Cho, choline; Ect, ectoine; GB, g lyc ine betaine; PB, pro line betaine; Pro, proline. 
b AB C , ATP -b ind ing  cassette. 
c The cotransported ion (Na+ o r H +) is not known. 
d N D ,no t determ ined

ro
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reported the accumulation o f  g lycine betaine up to  0.3 M  in  spinach ch lorop last 

provide osmotic adjustment during salt stress.

Sakauchi (1960) firs t reported that exogenous g lyc ine betaine can stimulate  

the respiration rate o f  a ha loph ilic  bacterium , Ba-1, in  media o f  elevated NaC l 

concentration. Subsequently, Le Rudu lie r and B ou illa rd  (1983) observed tha t th is  

compound is a potent osmoprotectant fo r members o f  fam ily  Enterobacteriaceae. 

Perroud and Le R udu lie r (1985) found that the in trace llu la r concentrations o f  g lyc ine  

betaine maintained by E. coli were proportiona l to  the osm olarity o f  the medium . The 

transport o f  g lyc ine betaine was observed to be stimulated by osmotic stress in  

Lactobacillus acidophilus (Hutchins et al., 1987), Listeria monocytogenase (K o  et al., 

1994), Rhodobacter sphaeriodes (Abee et al., 1990) and Staphylococcus aureus 

(Pourkomailian and Booth, 1994).

H
+ 1

CH3
H -  N -  CH2 -  C °°H CH3-  N -  CH2 -  00011

CH3

G lycine G lycine betaine

Figure 1.2 Structure o f  g lyc ine and g lyc ine betaine
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G lyc ine betaine also acumulates in  the ha loph ilic , photosynthetic bacterium  

Ectothiorhodospira halochloris and in several strains o f  cyanobacteria (Shkedy- 

V in k le r and A v i-D o r , 1975 and Reed et al., 1984). Mamedov et al (1991) reported  

that in  cyanobacterium  Synecocystis PCC 6830, g lycine betaine was effective both in  

the s tim u la tion and in  the protection o f  the oxygen evo lv ing machinery and the 

synthesis o f  ATP . In  Aphanothece halophytica, a halotolerant cyanobacterium, 

g lycine betaine was a major osmoticum  accumulating inside the cells in response to  

changes in  external salin ity. In  th is organism, g lycine betaine acts as an 

osmoprotectant (Reed et al., 1984).

H igh  concentrations o f  salts have been reported to in h ib it the ac tiv ity  o f  many 

enzymes in  both prokaryote and eukaryote. G lycine betaine is also known to protect 

enzymes from  the inh ib ito ry  effects o f  h igh salt concentration. H igher plants are able 

to compartmentalize the accumulated salts, Na+ and c r  inparticu la r, in  the vacuole  

and thereby prevent the in h ib itio n  o f  enzyme activities. In  contrast, the soluble  

enzymes in  p rokaryo tic  organism as w e ll as cytoplasm ic enzymes are d irec tly  

exposed to  any osmoregulatory substances (M atoh et al., 1987). Incharoensakdi et al 

(1986) repoted that g lycine betaine masks inh ib ito ry  e ffect o f  c r  on the enzyme 

ac tiv ity  o f  ribu lose 1,5-bisphosphate carboxylase/oxyganase and prevents the enzyme 

dissociation in to  constituent subunits in  Aphanothece halophytica. G lyc ine betaine is 

also shown to  spec ifica lly  protect glucose-6-phosphate dehydrogenase ac tiv ity  to  

retain fu ll a c tiv ity  in  the presence o f  h igh  salt in Spirulina subsalsa (Gabbay-Azaria  

et ฟ., 1988). Furthermore, g lycine betaine protects photosystem I I  complex from  the 

salt induced dissocia tion o f  ex trins ic proteins and inactiva tion o f  the oxygen evo lv ing  

machinary o f  spinach (M ura ta  et al, 1992). Therefore, g lycine betaine is invo lved in
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not on ly osmoregulation but also stab iliza tion o f  enzymes in  the cells g row n  in  h igh  

salinities. The function  o f  g lycine betaine as an osmolyte has also been reported in  the  

mammalian renal system as w e ll (Bagnasco et al., 1986). Besides th is  phys io log ica l 

ro le as an g lyc ine betaine also functions in  the general metabolism  where m ethyl 

groups derived from  it  are incorperated in to  alkalo ids in  plants (B ye rrum  et al, 1956), 

in to  methionine in  mammals (Skiba et al., 1982) and m icroorganisms, and in to  

cabolamine (v itam in  B n )  in m icroorganisms (W hite  and Demain, 1971). Furthermore, 

g lycine betaine can be used as a carbon and nitrogen source by some m icroorganisms  

(Pocard et al., 1997). M e thy l groups liberated by g lyc ine betaine catabolism  in  these 

m icrob ia l systems may be assim ilated or oxid ized to  carbon d iox ide  v ia  one-carbon  

v ia  metabolic pathway (L ive ring  et al., 1987).

Accumulation of glycine betaine in cyanobacterium

Cyanobacteria, the oxygenic photosynthetic prokareotes from  w h ich  plastids  

o f  photosynthetic eukareotes (algae and plants) derive, inhab it a va rie ty  o f  

environments inc lud ing those in  w h ich  extreme conditions such as h igh  temperatures 

and/or h igh sa lin ity  are found. Cyanobacteria that are able to  g row  in  h igh  salt 

concentaration environment mainta in the ir ce ll tu rgo r by accumula tion o f  potassium  

ions and by synthesis and accumulation o f  low  m olecu lar w e igh t organic  

osmoprotectant (Nomura et al., 1995). A  close corre la tion between the m a jo r solute 

accumulated and the range o f  salt tolerance has been shown by analyzing  

osmoprotective compounds synthesized in  about 130 strains (M ackay et ฝ ., 1994; 

Reed et ฝ., 1984 and Reed and Stewart 1985). Three salt tolerance groups have been 

established. Strains w ith  low  tolerance (max 0.7 M )  synthesize sucrose o r trehalose,
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strain w ith  moderate salt tolerance (max 1.8 M ) synthesize g lucosy lg lyce ro l and 

strains w ith  h igh  salt tolerance synthesize betaine and glutamate betaine (Reed and 

Stewart, 1988). Osmoregulation invo lves the accumulation o f  bo th  organic and 

inorgan ic solutes. However, a key fac to r in  the adjustment o f  many cyanobacteria to  

hypersaline environment is the increase in  the in trace llu la r leve l o f  a species-specific  

low  molecu lar w e igh t organic solute. The role o f  lo w  m o lcu la r w e igh t carbohydrates 

in  the maintenance o f  osmotic balance has been shown fo r several cyanobacteria as 

w e ll as in  many h igher plants. There have been few  studies on uptake o f  

osmoprotective compounds by cyanobacteria, as is the case fo r other transport 

mechanisms o f  these photo autotropic organisms. A n  active transport system fo r  

g lycine betaine has been found in  cyanobacteria able to  synthesize th is  compound 

(M oore et al., 1987).

G lyc ine betaine was fis r t shown to  be the m ajor osmoticum  in  a ha lo to lerant 

cyanobacterium Synechocytis D U N 52  (Mohammad et al., 1983). The un ice llu la r  

cyanobacterium , Aphanothece halophytica is a h igh ly  halotelerant organism  that can 

g row  at h igh  external NaC l concentration up to  3 M  (G arlick  et al., 1977 and Reed et 

al., 1984). I t  was demonstrated that g lycine betaine is accumulated as the major 

osmoticum  inside A. halophytica cells in  response to  changes in  external sa lin ity  

(Reed et al., 1984). H igh  concentration o f  salts has been reported to  in h ib it the 

ac tiv ity  o f  many enzymes o f  both eucaryotic and procaryo tic o rig in  (V o n  H ipp ie  and 

Schlelic, 1969). I t  has also prev ious ly been reported that salt in h ib its  enzyme ac tiv ity  

o f  RuB isCo from  A. halophytica, g lyc ine betaine protects the enzyme against salt 

in h ib itio n  (Incharoensakdi et al., 1986) and is not harm fu l to  the m etabolic activ ities  

o f  the cell even at h igh concentration.
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Function of choline and metabolism

Choline [(0แร)3ฬ  CH 2CH 2O H ] is a methylated n itrogen compound that is

need fo r synthesis o f  the phospholip ids in the cell membranes, m ethy l metabolism , 

cho linerg ic neurotransmission, transmembrane signaling, lip id  cholesterol transport 

and metabolism  (Zeisel and B lusztajn, 1994). Choline can be acethylated, 

phosphorylated, oxid ized o r hydrolyzed. There is no doubt that cells absolutely  

require choline and die by apoptosis when deprived o f  these nu trien t (A lb r ig h t, 1996). 

The debate as to whether the human d iet must contain choline arises because there is a 

pathway (most active in the live r) fo r the de novo biosynthesis o f  the choline  

m oiety v ia  the sequential méthy la tion o f  phosphatidylethanolam ine using  

S-adenosylmethionine as the methyl donor. This a b ility  to  fo rm  cho line  m oiety  

de novo means that some o f  the demand fo r choline can, in  part, be met by using  

methyl groups derived from  one carbon metabolism (v ia  m e thy l-fo la te  and 

methionine). Because o f  this metabolic interre lationship o f  choline, meth ion ine, fo la te  

and v itam in  Bô and B 12, investigators need to show that, when the other nutrients are 

available in  amounts su ffic ien t to  sustain normal g row th  and function , de novo 

synthesis rates are not adequate to meet the demand fo r choline before the designation  

o f  choline as essential is made (Zeisel, 2000). O nly small amounts o f  cho line are 

synthesized in  the bra in and the rest, absorbed from  the diet, must be transported in to  

the bra in (M urakam i, 2000). Choline is w ide ly  d istributed in  foods; the requirem ent is 

generally satisfied by both dietary and endogenous source, a lthough choline  

defic iency has been reported. The most common signs o f  cho line de fic iency are fa tty  

liv e r and hemorrhages k idney necrosis. Evidence fo r free radical a c tiv ity  in  liv e r w ith
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choline defic iency is reported and th is may be related to the carcinogenesis process 

(Pan fili, 2000).

In  many p lant species, notably member o f  Gramineae (barley) and 

Chenopodiaceae (sugar beet and spinach), Choline also serves as a precursor 

fo r the synthesis o f  the quaternary ammonium compound, g lyc ine betaine 

[ (Œ L ^ ^ Œ L C O O ' ]. M ore recently, choline has been shown to  be the precursor fo r  

the synthesis o f  cho line-O -su lfa te in  salin isized Limonium  (Plumbaginaceae) 

(Hanson et al, 1991). G lycine betaine and choline-O -sulfa te are believed to  be the 

compatib le cytop lasm ic osmolytes whose accumulation plays a ro le in  the adaptation  

o f  many plants to conditions o f  drought or sa lin ity (W yn  Jones et al., 1977). Choline  

synthesis can be v iewed not on ly as having an essential and ub iqu itous role in p lan t 

phospholip id metabolism  but as p lay ing  a fundamental ro le in  the adaptation o f  many  

plants toward osmotic stress (Summer et a l, 1993).

The fate o f  choline in  aquatic systems is o f  interest because i t  contains  

nitrogen (C /N  =  5) and is precursor o f  g lyc ine betaine, one o f  the most potent 

osmoprotectants known (Csonka and Hanson, 1991; Le Rudu lie r et al., 1984 and 

Yancy et a l,  1982). A  varie ty  o f  d iffe ren t bacteria inc lud ing  Escherichia coli, 

Stapphylococcus aureus, Bacillus subtilus, Rhizobium meliloti, Rhodobacter 

sphaeroides and Vibrio costicola ox ida tive ly  convert choline to  g lyc ine betaine (Abee  

et al., 1990; Boch et a l, 1994; Choquet et a l, 1991; Lan fa ld  and Strom, 1986 and 

Pocard et a l, 1989). Choline is ox id ized to g lycine betaine in  a tw o  step process w ith  

betaine aldehyde as an intermediate. In  Alcaligenes spp., a soluble choline oxidase 

can carry ou t both steps o f  choline ox ida tion  (Ohta-Fukuyama et a l,  1980), w h ile  in
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E. coli and other bacteria, a membrane bound choline dehydrogenase is p r im a rily  

responsible fo r ox ida tion to the aldehyde, w h ich  is fu rthe r oxid ized by a soluble  

betaine aldehyde dehydrogenase (Boch et al., 1994; Choquet et al., 1991 and Lan fa ld  

and Strom, 1986). The overall reaction requires N A D + and produces H 2 O 2 in  add ition  

to g lycine betaine.

A  supply o f  exogenous choline, and its subsequent conversion to  g lyc ine  

betaine, has been shown to confer osmotelerance to  bacteria when cells are g row n  at 

other in h ib ito ry  osmolarities (Lan fa ld  and Strom, 1986 and Le  R u lie r et al., 1984). On 

the other hand, choline has no osmoprotectant effects in mutants tha t are defective in  

the ir ab ility  to  convert choline to  g lycine betaine (S ty rvo ld  et al., 1986), ind ica ting  

that conversion to  g lycine betaine is required fo r choline to  be an osmoprotectant. 

Furthermore, choline uptake and ox ida tion activ ities are under osmotic con tro l in  a 

number o f  bacteria, w ith  enhanced transport at h igh osmolarities (Boch et al, 1994; 

Choquet et al., 199land Lanfa ld and Strom, 1986).

The genetic basis fo r choline uptake and dehydrogenation has been elucidated  

fo r Escherichia coli (Lamark et al., 1991) and recently fo r Bacillus subtilis (B och  et 

al., 1996). In  E. coli, a gene cluster comprises the genes encoding a cho line  

transporter (Be tT ), tw o  dehydrogenase, an NADH -dependent g lyc ine  betaine  

aldehyde dehydrogenase (Be tB ), and an FADH-dependent choline dehydrogenase  

(Be tA ), w h ich  respondsible fo r the conversion o f  choline to  g lyc ine betaine aldehyde. 

In  addition, a regu la tory protein, B e tl, is encoded by the E.coli bet gene cluster; B e tl 

binds to  the D N A  region between the betIBA operon and betT  gene and is 

respondsible fo r the choline dependent regulation o f  bet transcrip tion (Lam ark et al.,
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1996 and Rocenes et al., 1996). In  B. subtilis, an operon encodes tw o  dehydrogenases, 

a g lycine betiane aldehyde dehydrogenase (GbsA ) that shows s im ila rity  to  g lycine  

betaine aldehyde dehydrogenase found in  various other organisms, and a choline  

oxidase (GbsB) that belongs to a fam ily  o f  a lcohol dehydrogenases and thus 

represents a novel type o f  choline dehydrogenating enzyme invo lved  in  g lyc ine  

betaine biosynthesis. In  contrast to  E. coli, no genes fo r a choline transporter or a 

regulatory pro te in  have been iden tified in  the gsb locus (Rosenstein et al., 1999)

The choline-glycine betaine pathway

Despite the widespread occurrence o f  g lyc ine betaine, the osmotic regula tion  

is w e ll understood on ly in  several m icrob ia l systems and certain plant. B iosynthesis o f  

g lycine betaine results from  ox ida tion o f  cho line v ia  a two-step reaction w ith  betaine 

aldehyde as the intermediate (F igure 3). This series o f  reactions may be catalyzed by  

three-enzymatic system. In  m icroorganisms and marnais a membrane bound choline  

dehydrogenase (EC  1.1.99.1) is employed in  conjugation w ith  a soluble betaine  

aldehyde dehydrogenase (EC 1.2.1.8) (Haubrich and Gerber, 1981; Lan fa ld  and 

Strom, 1986; Nagasawa et a l, 1976; Rotch id and Barron, 1954; L in  and พน  1986; 

W ilken , 1970 and W ilke n  et al., 1970). Plants u tilize  a soluble choline  

monooxygenase in  com bina tion w ith  betaine aldehyde dehydrogenase (Brouquisse  

et al., 1989 and Pan, 1988).
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choline betaine aldehyde g lyc ine  betaine

1 : choline dehydrogenase or choline monooxygenase  

2: betaine aldehyde dehydrogenase

Figure 1.3 B iosynthetic pathway o f  g lycine betaine from  cho line v ia  

betaine aldehyde.

The g lyc ine  betaine synthesis has been studied in  several bacteria, h igher 

plants and marine animals (Lan fa ld  and Strom, 1986, Reed et al., 1984, W e ige l et al., 

1986 and D rago lov ich  and Pierce, 1994). In  most organisms, g lyc ine  betaine was 

formed by the ox ida tion o f  choline to  betaine aldehyde, w h ich  is then ox id ized to  

glycine betaine (F igure 3). D iffe ren t enzymes such as FA D  catalyzes the firs t step 

(cho line to betaine aldehyde) linked choline dehydrogenase (EC  1.1.99.9) in  inner rat 

l iv e r m itochondria  membrane (Zhang et al., 1992). Choline oxidase (EC  1.1.3.17) is a 

new type o f  flavopro te in  enzyme and was found in Arthrobacter globiformis (Iku ta  

et al., 1977). In  a ll organisms studied, the fin a l step in  the synthesis o f  betaine from  

choline (betaine to  g lycine betaine) is catalyzed by a N A D +-dependent betaine 

aldehyde dehydrogenase (EC 1.2.1.8).

Choline dehydrogenase was discovered by in 1937. It has been most
extensively studied in mammalian liver where it is found exclusively in mitochondria
(Kimura and Singer 1962; Williams and Screenivasan 1953). The enzyme was located
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on the m atrix side o f  the inner m itochondria l membrane (S treumer-Svobodova and 

Drahata, 1997). Several groups have its iso la tion and pu rifica tion  (C h i-Shu i and 

Ru-Dan, 1986; Haubrich and Gerber 1981; Redina and Singer 1959; Tsuga et a l,  

1980; Russell and Scopes, 1994) and it  is generally believed to  be a single-chain  

polypeptide in  Pseudomonas strain w ith  a molecular mass o f  approximate ly  

60,000-70,000 Da (Russell and Scopes, 1994). I t  is thought to be linked to  ubiquinone  

(coenzyme Q) in  the electron transport chain to  wh ich  it  transfers the electrons from  

the ox idation reaction (Barre tt and Dawson, 1975).

In  general choline dehydrogenase ac tiv ity  is highest in  the liv e r and k idney o f  

the rat and other mammals although in humans its ac tiv ity  in  the k idney is somewhat 

higher than in  the liv e r (S treumer-Svobodova and Drahota, 1977). Some ac tiv ity  is 

also present in  the mammalian brain but is neg lig ib le  in  other organs. W ith in  the 

kidney, choline dehydrogenase ac tiv ity  has been localized to  the p rox im a l tubule  

(both convoluted and pars recta segments) and the inner medulla (W irthensohn and 

Guder, 1982). Choline dehydrogenase was strongly induced and betaine aldehyde 

dehydrogenase less strongly induced by choline. The fo rm ation o f  these enzymes was 

also regulated by the NaC l concentration o f  g row th  medium , increasing w ith  

increasing N aC l concentrations. In trace llu la r g lyc ine betaine concentration also 

increased w ith  increasing choline and N aC l concentrations in  the medium . This  

increase was almost complete ly blocked by chloramphenicol, w h ich  does no t b lock  

the increase in  salt to lerant active transport on transfer from  a lo w  to  a h igh salt 

concentration (Choquet et a l.,1991; Lan fa ld  and Strom, 1986). The ox ida tion  o f  

choline to  betaine aldehyde in rat live r m itochondria l preparation required no addition  

cofactors, suggesting that m itochondria  contained an endogenous electron acceptor.
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Oxygen m igh t have been the u ltim ate electron acceptor because cyanide (an in h ib ito r  

o f  cytochrome oxidase) to ta lly  inh ib ited the fo rm ation o f  [พ ๙ /zy/-14C]betaine  

aldehyde from  [>we//2y /-14C ]choline. This inh ib itio n  could, however, be overcome by  

the addition o f  phenazine methosulfate (PMS). This w ou ld  be expected i f  the  

electrons from  choline dehydrogenase were shunted to  PMS.

The periplasmic substrate-binding protein

The b ind ing  proteins are the most thorough ly analyzed o f  these transport 

components fo r obvious reason. Bacteria l active transport systems can b road ly  in to  

tw o  classes, those w h ich  require the func tion  o f  specific substrate-b inding proteins 

and those w h ich  consist solely o f  membrane-bound components. These tw o  classes o f  

transport system were o rig ina lly  distinguished by the sens itiv ity  o f  b in d ing  prote in- 

dependent system to cold osmotic shock and by the nature o f  energy coup ling  to  

transport (Berger and Heppel, 1974).

Perip lasm ic, b ind ing protein-dependent transport systems each require the 

func tion  o f  several cytop lasm ic membrane proteins. In  gram -negative bacteria, a 

number o f  substrates (such as maltose and maltodextrins, h is tid ine , oligopeptdes, 

phosphates, etc.) are concentrated in to  the cell by h igh  a ff in ity  transport systems 

wh ich  include several proteins, and a common organization (Shuman, 1987). 

A  central component o f  these systems is a b ind ing prote in (e.g. M a lE  fo r  maltose and 

maltodextrins in  Escherichia coli5 H isP fo r h istid ine in  Salmonella typhimurium, 

OppA fo r oligopeptides in  Salmonella typhimurium ) w h ich  is located in  the perip lasm  

between the outer and inner membranes. These water soluble “ pe rip lasm ic b ind ing
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proteins”  present h igh a ffin ity  fo r the ir specific substrates. The ir concentration in  the 

periplasm can reach very h igh values so that they increase the ava ilab ility  o f  

substrates in  the v ic in ity  o f  the inner membrane. Upon specific interactions o f  the 

liganded perip lasm ic b ind ing proteins w ith  a complex o f  inner membrane proteins, the 

substrate is transferred to the complex and further transported in to  the cytoplasm  

(G ilson et al, 1988).

One o f  the m a jo r stress proteins accumulated in  salt-adapted cells o f  the 

cyanobacterium Synechosistis sp. PCC 6803 has been iden tified as fla vodox in  (Fluda  

and Hagemann, 1995). These previous investigations on salt stress proteins have been 

performed on to ta l ce ll extracts. However, The cyanobacterial ce ll is composed o f  

d iffe ren t compartments: periplasm, cytoplasm  and lum en o f  thylako ids. The 

periplasm is pa rticu la rly  responsive to  changes in  sa lin ity. The perip lasm ic o f  gram­

negative bacteria contains proteins o f  several functions, such as fo r electron transport, 

substrate-binding, transport, degradation, cell w a ll b iosynthesis and de tox ifica tion  

(Ferguson, 1992). Some o f  these proteins may be anchored to  the cytoplasm ic  

membrane o r to  the outer membrane; most are believed to  be water-so lub le and can be 

osmotic shock (Neu and Heppel, 1965). Am ong the perip lasm ic proteins that are 

members o f  the osmotic stim u la tion in  Escherichia coli, the g lyc ine  beta ine-b ind ing  

prote in o f  the P roU  transport system (O sm Y) and a perip lasm ic trehalose (T reA )  

have been id en tiflie d  (Gutierrez et al., 1989; Luch t and Bremer, 1994 and Y im  and 

V illa re jo , 1992).



In  th is study, the un ice llu la r cyanobacterium, Aphanothece halophytica 

(this alga is classified in to Chroococcales order, chroococcacean cyanobacteria  

subgroup, Geitler, 1932 and Stanier et al, 1971) was chosen as a source fo r the study 

o f  (a) choline func tion  as an osmoprotectatn by ox ida tion to  g lyc ine betaine

(b) uptake o f  choline by A. halophytica in  normal and salt stressed cond ition

(c) choline ox ida tion to  betaine aldehyde and glycine betaine by m on ito ring  the 

activities o f  enzymes and (d) iso la tion o f  choline b ind ing prote in from  A. halophytica.
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