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Variation in both the total content and the concentration of glycinebetaine in
response to increasing soil salinity was studied in the salt-secreting Atriplex griffithii
Moq., the leaf succulent Suaeda fruticosa (L.) Forssk., the stem succulent Haloxylon
recurvum Bunge ex Boiss. and the osmotically adjusting desert grass Halopyrum
mucronatum (L.) Stapf. collected from a subtropical maritime desert in Pakistan.
Glycinebetaine content (mmol kg=' dry weight) increased with increasing NaCl in
Atriplex griffithii, Haloxylon recurvum and Halopyrum mucronatum, but peaked at
600 mM NaCl for Suaeda fruticosa and declined thereafter. Glycinebetaine concen-
tration (mmol 1~! tissue water) increased with increasing salinity in all four halophyte
species and was sufficiently high to serve as an osmoticum in all cases.
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Introduction

A variety of mechanisms contribute to the salt tolerance
of halophytes (Gorham 1995). Most of the highly salt-
tolerant halophytes are salt “includers’ and are able to
withstand high tissue salt concentrations (Flowers et al.
1986). It is suggested that compartmentation of ions in
vacuoles and accumulation of compatible solutes in the
cytoplasm, as well as presence of genes for salt tolerance,
confer salt resistance (Gorham 1995). Compatible os-
motica, such as glycinebetaine, are hypothesized to
function in osmoregulation of the cytoplasmic compart-
ment of cells or as an osmoprotectant for proteins
(Schobert 1977, Flowers et al. 1986, Gorham 1995,
Bohnert and Jensen 1996). Increases in salinity of the
growth media for halophytes result in an increase in the
concentration of compatible osmolytes that comprise a
relatively small number of low-molecular-mass organic
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compounds, including proline (Stewart and Lee 1974,
Treichel 1975, Tal et al. 1979, Weimberg et al. 1982),
glycinebetaine (Storey and Wyn Jones 1975, Hall et al.
1978, Wyn Jones et al. 1984), sugars (Gorham et al.
1985), and polyols (Muralithran et al. 1992). Compatible
solutes provide an environment compatible with macro-
molecular structure and function (Yancey et al. 1982). It
is hypothesized that inorganic ions are preferentially
excluded from the surface proteins and their hydration
sphere in the presence of glycinebetaine or other compat-
ible osmotica (Crow et al. 1988, Jacoby 1994, Bohnert
and Jensen 1996).

Species in the Chenopodiaceae produce glycinebetaine
in response to water and salt stress (Marcum and
Murdoch 1992). Circumstantial evidence indicates that
stress-induced glycinebetaine accumulation is adaptive,
since it may function as a non-toxic cytoplasmic os-
moticum or an osmoprotectant.
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Indeed, glycinebetaine is considered to be a compat-
ible solute in salt-tolerant plants (Wyn Jones 1984,
Gorham et al. 1985) and it occurs primarily in the
cytoplasm (Gorham and Wyn Jones 1983, Wyn Jones
1984). The possible contribution of glycinebetaine to
cytoplasmic osmotic adjustment in Sporobolus virginicus
was estimated, assuming it is located in the cytoplasm,
which comprises 10% of the total cell volume. If this
percentage is accurate and the majority of glycine-
betaine is sequestered in the cytoplasm, its concentra-
tion (200-300 mM) would be sufficient for total os-
motic adjustment of the cytoplasm (above a basal
cytoplasmic osmotic potential of 200300 mOsm kg~—!)
at high salinities (Marcum and Murdoch 1992). A
positive correlation between salt concentration and ac-
cumulation of glycinebetaine was reported in Atriplex
semibaccata and A. halimus (Koheil et al. 1992),
Spartina alterniflora (Cavalieri 1983), Sporobolus vir-
ginicus (Marcum and Murdoch 1992), Limonium sp.
(Hanson et al. 1991), Suaeda monoica (Storey and Wyn
Jones 1979), and in a number of grass species (Marcum
1995).

The purpose of the present paper is to determine the
effect of NaCl salinity on the glycinebetaine accumula-
tion of salt-secreting Atriplex griffithii var. stocksii
Mogq., the osmotically adjusting grass Halopyrum mu-
cronatum (L.) Stapf., the stem succulent Haloxylon
recurvum Bunge ex Boiss., and the leaf succulent
Suaeda fruticosa (L.) Forssk., all halophytes native to a
subtropical maritime desert in Pakistan.

Materials and methods

Seeds of Atriplex griffithii var. stocksii, Suaeda fruti-
cosa, Haloxylon recurvum and Halopyrum mucronatum
were collected from populations at Sands Pit beach,
Karachi, Pakistan, and stored at a cool temperature
(5°C). Seeds were germinated in 36-cm-diameter plastic
pots filled with coarse sand. Plants were grown for 2
weeks in a growth chamber (Conviron, Pembina, ND,
USA) at a thermoperiod of 15 h—30°C day (500 pmol
photons m—2 s~1, 400-700 nm) and 9 h-25°C night
and irrigated with distilled water. In order to avoid
shock stress, the salinity of half-strength Hoagland’s
No. 2 solution (Moore 1960) was increased gradually at
2-day intervals until required concentrations were
reached. Plants were subirrigated with three NaCl con-
centrations ranging from 0 to 1 000 mM depending on
species used. Distilled water was added at 24-h intervals
to compensate for losses due to evapotranspiration.
The solutions were changed weekly. Plants were grown
for 17 weeks and harvested prior to dispersal of seeds.
Fresh and dry weights of plants were determined.

For glycinebetaine measurements, 0.5 g of plant ma-
terial was boiled in 10 ml of water for 2 h at 100°C in
a dry heat bath. Samples were diluted with a 50 mA/
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potassium dihydrogen phosphate buffer adjusted to
pH 4.6. This was the carrier buffer that was also used in
the HPLC system. The sample was cooled and filtered
using a 0.45-um membrane filter (Gelman, Ann Arbor,
MI, USA), and then used directly to measure glycinebe-
taine with a Hewlett Packard HP 1050 modular 3D
HPLC (Boise, ID, USA) with quaternary pump, on-line
degasser, autosampler, and diode array detector with a
stainless steel flow cell (6 mm path length, 8 pl volume).
Separations were performed on a 250 x 4 mm i.d. stain-
less steel column packed with 10 pm Nucleoside 100-
10SA (Phenomenex, St. Torrance, CA, USA). Flow
rate was at 1.2 ml min~'. Glycinebetaine and choline
standards were run at 1, 10 and 100 mmol 1!, while
trigonelline standards were run at 0.1, 1 and 10 mmol
=L

An ANOVA analysis was used to determine if signifi-
cant differences were present among means. A Bonfer-
roni test was carried out to determine if significant
(P <0.05) differences occurred between individual
treatments (SPSS 1994).

Results

Glycinebetaine content in Suaeda fruticosa increased
significantly (P <0.05) from 0 to 200 mM and re-
mained unchanged (P < 0.05) in saline treatments up to
800 mM NaCl. However, glycinebetaine content de-
creased significantly (P < 0.05) at 1 000 mM NaCl to a
level similar to that of the non-saline control (Fig. 1).
In contrast, glycinebetaine concentration (mmol 17!
tissue water) showed small variation at lower salinities,
but at 600 mM NaCl its concentration increased signifi-
cantly (P < 0.05) to 200 mM and remained unchanged
(P >0.05) with further increases in salinity to 1000
mM NaCl (Fig. 1). Therefore, although glycinebetaine
content decreased with an increase in salinity beyond
800 mM NaCl, glycinebetaine still achieved high con-
centrations under such saline conditions.

Glycinebetaine content in Atriplex griffithii increased
significantly (P < 0.05) with increasing NaCl concentra-
tion from about 1200 mmol kg—' in the control to
1 700 mmol kg~! in the 360 mAM NaCl treatment (Fig.
2). The glycinebetaine concentration in 4. griffithii in-
creased significantly (P < 0.05), about threefold in the
highest salinity treatment (360 mM NaCl) in compari-
son to the control (Fig. 2).

Glycinebetaine content (mmol kg~=' dry weight) of
Haloxylon recurvum did not change at low salinities but
increased significantly (P < 0.05) in the highest salinity
treatment (360 mM) (Fig. 3). Here, glycinebetaine con-
centration (mmol 17! tissue water) increased signifi-
cantly (P < 0.05) about threefold in the highest salinity
treatment in comparison to the control (Fig. 3).

Halopyrum mucronatum displayed significant (P <
0.05) increases in both glycinebetaine content and con-
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Fig. 1. Glycinebetaine content (mmol kg~' dry weight) and
concentration on a tissue water basis (mmol 17') of Suaeda
fruticosa shoots exposed to NaCl from 0 to 1000 mM. Means
between different salinity concentrations with different
letters are significantly (P < 0.05) different from each other
according to a Bonferroni multiple comparison procedure.

centration with increasing salinity (Fig. 4). Glycine-
betaine concentration increased significantly (P < 0.05),
approximately 20-fold in the highest salinity treatment
(180 mM NaCl) in comparison to the control.

Discussion

Many halophytes regulate turgor by accumulating
NaCl to reach concentrations that are higher than that
in the saline medium (Jacoby 1994). Compartmentation
of salts in plant cells was suggested as a mechanism of
adaptation to salt accumulation (Storey and Wyn Jones
1977). In plants that accumulate large amounts of salts
in their cells, these salts are stored in the vacuole where
they can function in osmotic adjustment. Organic so-
lutes that are compatible with enzyme functions may
thus play an important role in osmotic adjustment in
the cytoplasmic compartment of plant cells.

It is hypothesized that organic solutes, which cause a
minimum amount of perturbation of macromolecular
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stability and therefore function, accumulate in the cyto-
plasm of eukaryotic cells in order to adjust to low
osmotic potentials (Stewart and Lee 1974, Storey et al.
1977). This adaptation may occur at 350-400 mOsm
kg=! (—14 to —1.6 MPa) (Wyn Jones 1981). Glycine-
betaine accumulation is a well-documented metabolic
feature exhibited by many halophytes, particularly from
certain families such as the Chenopodiaceae (Storey et
al. 1977) and in perennial succulent halophytes col-
lected from arid environments (M. A. Khan and M.
Popp, unpublished data). The present paper presents
data on the endogenous levels of glycinebetaine present
in four subtropical maritime desert perennial halo-
phytes in response to increased medium salinity. Shoot
biomass production of S. fruticosa, A. griffithii, and H.
mucronatum was inhibited 51% at 800 mM NaCl, 20%
at 360 mM NaCl and 74% at 180 mM NaCl, respec-
tively (M. A. Khan, unpublished data). Growth of H.
recurvum was not inhibited in up to 360 mM NaCl.
Considering the increase in glycinebetaine content on a
dry weight basis, halophytes such as the salt-secreting
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Fig. 2. Glycinebetaine content (mmol kg~' dry weight) and
concentration on a tissue water basis (mmol 1=") of Atriplex
griffithii shoots exposed to NaCl from 0 to 360 mM. Means
between different salinity concentrations with different letters
are significantly (P < 0.05) different from each other according
to a Bonferroni multiple comparison procedure.
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Fig. 3. Glycinebetaine content (mmol kg~' dry weight) and
concentration on a tissue water basis (mmol 1~ ') of Haloxylon
recurvum shoots exposed to NaCl from 0 to 360 mM. Means
between different salinity concentrations with different letters
are significantly (P < 0.05) different from each other according
to a Bonferroni multiple comparison procedure.

Atriplex griffithii, stem succulent Haloxylon recurvum
and the osmotically adjusting grass Halopyrum mu-
cronatum showed a progressive increase, while in the
leaf succulent halophyte Suaeda fruticosa glycinebetaine
content increased at 200 mM NaCl and declined at
1000 mM NaCl. However, the concentration of
glycinebetaine on a plant water basis increased at the
higher salinities in all four halophytes studied.
Marcum and Murdoch (1992) showed that glycine-
betaine accumulated in the shoot tissues of Sporobolus
virginicus with increasing salinity and proposed that
glycinebetaine may act as a compatible solute. Levels of
glycinebetaine were sufficiently high to induce osmotic
adjustment of the cytoplasm at high salinities. Cavalieri
(1983) determined that total glycinebetaine content was
approximately 10 times higher than proline content in
Spartina alternifiora. When plants that were non-
stressed for 1 month were exposed to salinity stress,
proline and glycinebetaine increased immediately and
reached a plateau in 1 to 2 days (Cavalieri 1983). After
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removal of salinity stress, proline content fell rapidly
but glycinebetaine content remained unchanged. A pos-
itive relationship between salt concentration and accu-
mulation of glycinebetaine was also reported for a
number of halophytes (Storey and Wyn Jones 1975,
Hanson et al. 1991, Koheil et al. 1992, Marcum and
Murdoch 1992, Marcum 19935). In contrast, Guy et al.
(1984) reported that glycinebetaine content of Salicor-
nia europaea on a dry weight basis actually declined
with exposure to progressively higher levels of NaCl
However, Guy et al. (1984) determined that this could
be due to the high salt content in plant tissues, and
when they reanalyzed data on an organic matter basis,
they found that glycinebetaine increased with increasing
salinity, a pattern similar to that of the four halophytes
studied in our investigation.

Indeed, the concentration of glycinebetaine was high
enough in all four species examined to serve as an
osmoticum. Glycinebetaine concentration was lowest in
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Fig. 4. Glycinebetaine content (mmol kg—' dry weight) and
concentration on a tissue water basis (mmol 17') of Halopy-
rum mucronatum shoots exposed to NaCl from 0 to 180 mM.
Means between different salinity concentrations with different
letters are significantly (P < 0.05) different from each other
according to a Bonferroni multiple comparison procedure.
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Halopyrum mucronatum (100 mmol 1-1), as compared
to 200 mmol 17! in Suaeda fruticosa, 600 mmol 1= ! in
Haloxylon recurvum and 160 mmol 17! in Atriplex
griffithii. Grasses usually have relatively low concentra-
tion of glycinebetaine (96126 mmol 17! tissue water)
at high salinities (400 mM NaCl) (Marcum and Mur-
doch 1992). Briens and Larher (1982) showed that
monocotyledons (Puccinellia maritima and Spartina
townsendii) used both carbohydrate and nitrogenous
compounds as osmotica; this may explain the lower
concentration of glycinebetaine in Halopyrum mucrona-
tum.

Glycinebetaine concentration in Atriplex barclayana
leaves increased slightly when culture salinity was raised
to 100 mM NaCl and then remained constant up to a
level of 400 mM NaCl (Nerd and Pasternak 1992).
However, our data with Atriplex griffithii showed an
increase in glycinebetaine (mmol 17! plant water) with
increasing salinity, which is in agreement with results
for Atriplex spongiosa (Wyn Jones et al. 1977) and
Atriplex halimus (Wyn Jones et al. 1981).

Various species of Suaeda showed a progressive in-
crease in glycinebetaine levels with increasing salinity
(Storey and Wyn Jones 1975, Storey et al. 1977, Wyn
Jones 1981, Brien and Larher 1982), but none reported
a decline in glycinebetaine content on a dry weight
basis at higher salinities after an initial increase as the
case of Suaeda fruticosa. Since our calculation of the
concentration of glycinebetaine on a tissue water basis
increased with increasing salinity, we conclude that the
increase in glycinebetaine concentration was the result
of a decrease in tissue water content. This would ac-
count for the different patterns of glycinebetaine accu-
mulation observed in the 1000 mM NaCl treatment
when calculations were made on a dry weight vs tissue
water basis.

Overall, our results are in agreement with previous
reports that Chenopodiaceous halophytes accumulate
glycinebetaine as osmoticum and that its level increases
with increasing salinity, except for Suaeda fruticosa for
which we observed highest concentrations at 600 mAM
NaCl. The present work will serve as an important
basis for future investigations designed to determine the
mechanisms of salt tolerance in mangrove and salt
desert species in Pakistan.
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