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Betaine accumulation ie salt-stressed sorghum
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Two analytical methods for measuring betaine were compared in a study of betaine
accamulation in salt-stressed sorghum. Spectrophotometric determination of betaine
as the p-bromophenacyl ester is highly sensitive and specific. However, a periodide
assay was found to be more convenient for screening numerous plant samples without
undue sacrifice in accuracy.
TTie accumulation of betaine in grain sorghum [Sorghum bicolor (L.) Moench] cvs
NK 265 and Double TX was measured in salt-stressed plants grown hydropotiically
and in the field and in drought-stressed potted plants. Neither drought nor mild
salinity (-0.2 MPa) stress was effective in stimulating betaine accumulation.
However, when the osmotic potential of the culture solution was lowered to -0.8
MPa, betaine levels in the shoots rose rapidly for 12 days after initiation of salination,
and then declined, apparently because of dilution by plant growth. In young leaf
blades, betaine was strongly accumulated up to 70-75 |xmol (g dry weight)-'; the
concentration in leaf sheaths was less than 6 [unol (g dry weight)^'.
In the field, belaine levels in salt-stressed sorghum increased 6- to 7-fold over the
basal level of the control plants. In a comparable study of two wheat species (Triticum
aestivum L. cv. Probred and T. durum Desf. cv. 1000-D), betaine increased only 3- to
4-fold over unstressed plants.

Additional key words - Choline, salinity, Sorghum bicolor, Triticum aestivum, Tri-
ticum durum, wheat.
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Introduction

Certain members of the Gramineae accumulate quater-
nary anamonium compounds (QACs), such as glydne
hetaine, in response to eDvironmental stress (Hitz and
Hanson 1980,, Wyn Jones and Storey 1981). Although a
precise physiological or adaptive role has not been as-
signed to betaine, there is widespread conjecture that
this QAC may function as an organic cytoplasmic os-
moticum (Wyn Jones and Storey 1981). The ability to
biosynthcsize and to accumulate betaine appears to
have a strong taxonomic relationship among the Grami-
neae. In contrast to the family Chenopodiaceae in
which betaine occurs universally as a consistent chemi-
cal character, the Gramitieae show numerous discon-
tinuities as might be expected from such a large and

heterogeneous family (Storey et al. 1977). Hanson and
Hitz (1982) suggested that betaine distribution con-
firmed existing taxonomic relationships in the Grami-
neae, particularly at the tribal level: for example, be-
taine was commonly present in Tribe Hordeae but was
•absent in the Maydeae.

Hitz and Hanson (1980) assayed the betaine content
in the shoots of selected cereals and grasses before and
after mild drought streSiS. Wild and cultivated barley,
wheat, and rye formed a coherent chemical grouping
both with respect to the basal betaine levels in un-
stressed plants and in the ability to accumulate betaine
after water stress. In general,, species of the Gramineae
that contained low basal levels (£ 10 (imol g"') of be-
taine did not accumulate betaine in response to water
deficit. Betaine concentrations in some drought-
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stressed grasses (e.g., wheat and barley) increased up to
5-fold over unstressed control plants, but crops such as
sorgbum, rice, millet, and com did not appear to have
any appreciable betaine-accumulating capability tmder
drought.

Wheat, barley and rye are known to accumulate be-
taine in response to salinity as well as to drought. Fre-
quently, salinity appears to be the more effective stimu-
lator of betaine accumulation (Wyn Joties and Storey
1981). Likewise, we have observed that grain sorghum
is a moderately strong betaine accumulator under salt
stress, but not onder water deficit. The objectives of the
present study therefore were to evaluate the effect of
salinity on betaine levels in sorghum from both field
trials and hydroponic cultures. Betaine concentrations
in sorghum were compared with salt-stressed wheat,
grown under similar field conditions.

Abbreviations - OP, osmotic potential; QAC, quaternary am-
monium compounds.

Materials and methods
Organic analyses

Choline and total QAC concentrations were deter-
mined by the modified periodide assay (Grieve ,and
Grattan 1983), and betaine was estimated from the dif-
feretice between total QAC and choline. The results of
this modified periodide method were compared with
those obtained from the betaine analysis described by
Gorham et al. (1982). For this latter assay, sorghum (cv.
NK 265) blades were oven-dried at 65''C; weighed sam-
ples (~ 100 mg) were extracted by solvent partitioning
(MeQH:CHCl3:0.2 M KHCQ3, 12:5:1). The aqueous
fraction was further purified by dual-resin ion exchange
chromatography: Dowex 1-X2 (OH" form) followed
by BioRex 70 (H"*" form). The eluate was evaporated to
dryness and the sample redissolved in MeOH. AJiquots
of the methanolic solution were transferred to reaction
tubes and the solvent was evaporated to dryness at
60°C. A 1:1:4 mixture of 100 mM KHCO3, 100 mM
KH2PQ4 and acetonitrile containing 1 mg ml~̂  of 18-
Crown-6 (1, 4, 7, 10, 13, 16-Hexaoxacyclooctadecane,
Eastman Kodak Co., Rochester, NY, USA) was pre-
pared, and each dried sample was shaken with 25 fil of-
this solution. Acetonitrile (150 [il) containing a-p-dibro-
moacetophenone (5 mg ttil"') was then added. The tight-
ly capped tubes were heated at 80°C for 30 min and
cooled. The reaction mixttire was then shaken with 5 ml
of 0.1 M H2SO4 and water-saturated CHCl, (2 ml) and
centrifuged. The ultraviolet absorbance of the betaine
ester in the upper aqueous layer was measured at 262
nm.

Hydr<i|ionic study

During October-November 1982, grain sorghum
[Sorghum bicolor (L.) Moench], cvs NK 265 and Dou-

ble TX, were grown in the greenhouse in 171 of aerated
nutrient solution. The composition of the nutrient solu-
tion was: 2.5 mM Ca(NO3)2, 3 mM KNO3, 1.5 mAf
MgSOj, 0.17 mM KH2PQ4,50 |xM Fe'+ (as sodium ferric
diethylenetriamine pentaacetate), 23 [iM H3BO3, 5 [iM
MnSQ4, 0.4 \iM ZnSO,, 0.2 viM CUSO4, and 0.1 [iM
H2MOO4. Six days after germination, plants were sali-
nized at five different salt levels (OP = 0, -0.2, -0.4,
-0.6, and -0.8 MPa) by adding both NaCl and CaClj
(2:1 molar ratio) at the rate of -0.2 MPa per day for 0,
1,2,3, and 4 days, respectively. Solutions were changed
weekly. Whole shoots were harvested three days after
initiation of salination and at 3 day intervals thereafter.

In a second experiment, sorghum cultivar NK 265
was grown in February 1983. Salination was delayed
until 16 days after germination. One set of control
plants was grown with no added salts; the salinized
plants were grown at an OP of —0.8 MPa. Shoots,
harvested at 15, 18, 19, and 26 days after salination was
initiated, were separated into individual organs. Blades
were detached from the sheaths of the leaf collar. Ail
samples were oven-dried at 65°C prior to chemical ana-
lyses.

Drought study

Sorghum seeds (cv. NK 265) were planted in 15 cm peat
pots containing Pachappa fine sandy ioam (mixed, ther-
mic Mallic Haploxeralf). Separate sets of plants were
drought-stressed at the 3-, 5-, and 6-leaf stage. Water
was withheld for 6-7 days until permanent wilting, oc-
curred. Shoots and blades of the water stressed plants,
as well as those from well-watered controls, were har-
vested, weighed and oven-dried.

Field stud]'

Sorghum cultivars NK 265 and Double TX were planted
on March 30, 1981 and again May 20,1982 at Brawley,
CA. Details of the agronomic practices employed are
reported elsewhere (Francois et al. 1984). Duritig both
years the salinity treatments (electrical conductivity of
irrigation, water, KJJ were: 1.5, 2.7, 5.0, 7.4, 9.8, and
12.1 dS m~'. At mid-season each year, soil salinities
(electrical conductivity of saturated-soil extracts, x̂ )
were measured and leaf samples (3rd leaf below flag
leaf) were harvested for analysis.

Two wheat species {Triticum aestivum L. cv. Probred
and T. durum Desf. cv. 1000-D) were planted on De-
cember 1, 1982 at Brawiey, CA. Six salinity levels were
used: %•„ = 1.5, 2.5, 5.0, 7.4, 9.9, and 12.4 dS m"'. Leaf
samples (3rd leaf below flag leaf) were harvested when
both crops appeared to attain the same physiological
age (Probred, March 5,1982; 1000-D, March 18, 1982).
Mid-season soil salinities were measured on March 5,
1982 (L. E. Francois, personal commutiication).
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Results and discussion

Betaine accumulation by the two sorghum cuitivars, NK
265 and Double TX, was similar, therefore data from
cultivar NK 265 only, are presented throughout this
section. Betaine cotxcentrations are expressed on a |xmol
(g dry weight)"' basis.

Cmmparison of analytical methods

The major water-soluble OAC in many cereal crops is
betaine. Choline is usually present in minor amounts,
and trigonelline may also be detected. Betaine can be
conveniently determined as the periodide complex di-
rectly from unpurified plant extracts (Grieve and Grat-
tan 1983).

A spectrophotometric determination of betaine as
the j9-bromophenacyl ester has recently been reported
by Gorham et al. (1982) to be exceptionally sensitive
and specific. However, they caution that this method is
not suitable for the analysis of crude plant extracts.
Extraction of plant material by solvent-partitioning fol-
lowed by purification of the extract by ion exchange
chromatography is necessary. We compared our modi-
fied periodide assay (Method 1) to this esterification
procedure (Method 2) with respect to the efficiency of
the extraction step and the reliability of the final analyti-
cal result. Oven-dried samples of salt-stressed sorghum
leaves were extracted by each procedure and aliquots of
the unpurified extracts were reacted with KI-I2 reagent
to give values for total QAC. The results for Methods 1
and 2, 89 and 85 [imol g"', respectively, indicate that the
extraction procedures are equally effective in removing
QAC from dried plant material. Choline coticentrations
were determined on extracts from Method 1 and total
QAC was reduced by that value to give an estimate for
betaine of 73 + 1 (imol g~' (n = 3). Five replicate
sorghum blade samples, analyzed by the complete ex-
traction-purification-esterification sequence of Method
2, gave a betaine value of 75 ± 4 [xmol g,"'.

These data confirmed that the modified periodide
method can be used with confidence to give reliable
estimates of betaine content in sorghum.
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Fig. 1. Time course of betaine concentrations in shoots of grain
sorghum (cv. NK 265) as a function of salt concentration in the
root media. Experiment 1. The LSP at the 5% probability level
is 2.35 [imol (g dry weight)-' on any given day.

Mydroponic study

Betaine levels in unstressed sorghum shoots did not rise
above 10 |4mol g"' during the 21 day experimental period
(Fig. 1). Betaine concentration in shoots stressed at
—0.2 MPa was not statistically different from the con-
centration in the unstressed control shoots. Mild sali-
nity, then, was no more effective than mild water stress
in stimulating betaine accumulation in sorghum.
However, under severe salt stress (-0.8 MPa), betaine
levels increased rapidly for 12 days after initiation of
salination and then declined. At the end of the experi-
mental period, betaine concentration had decreased to
about 60% of the maximum value, while the dry weight
of the stressed shoots increased slightly more than
2-fold during this same period. However, the total be-
taine content per shoot increased steadily from 0.2 :fimol
shoot"' at day 6 to 4.8 (imol shoot"' on day 21.

Betaine distribution among sorghum plant organs
closely followed the pattern described for barley (Lady-

Table 1. Distribution of betaine in sorghum organs. Osmotic potential of root media of salinized plants: -0.8 MPa, Experiment 2.
Values are means of three replications.

Days after
initial

salinatio,n

15
18
19
26

Shoot

dry weight (mg)
Control Salinized

613
667
747

3260

168
348
361
725

Whole
Control

11
7
8
6

Betaine cOBcentration,

shoot
Salinized

30
32
30
31

(imol (g dry weight)-'

Sheaths
Control

6
2
2

<0.5

Salinized

1
2
3
5

Younge^i mature
leaf blade

Control

9
15
14
8

Salinized

55
57
64
68
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Fig. 2. Betaine concentration in blades of grain sorghum (NK
265) measured at 6 salinity levels; 1981 and 1982 field experi-
ments, (O, 1981, r2 = 0.86; • , 1982, fi = 0.91).

man et al. 1980). Under environmental stress, both
cereals appear to synthesize betaine in actively growing
shoot tissuest In sorghum, betaine was present only in
low concentrations in leaf sheaths, but was strongly
accumulated in leaf blades particularly in the youngest
mature blades (Tab. 1). Fifteen days after salination,
betaine levels in severely stressed whole shoots in-
creased 3- to 4-fold over control shoots, while betaine in
the blades increased nearly 6-fold over the con-
centration in the corresponding control blades. Eleven
days later the betaine level was more than 8-fold higher
than in comparable blades of control plants. Thus, in
salt-stressed shoots the decrease in betaine concen-
tration with the time appears to be a consequence of
dilution by plant growth, and, particularly, by the rapid
expansion of the leaf sheaths where betaine accumula-
tion was low.

Drought study

Water deficit caused very little betaine accumulation in
the shoots of sorghum cultivar NK 265. At the 3-,, 5-,
and 6-leaf stages, betaine concentrations in both stressed
and well-watered control shoots were less than 10 [imol
g"'. This result agrees with that of Hitz and Hanson
(1980).

Field study

Betaine concentration in sorghum leaf blades (3rd leaf
below flag leaf on 60-day-old NK 265 plants) increased
as a linear function of soil salinity in both 1981 and 1982
(Fig. 2). Higher betaine concentrations were attained in
1982 than in 1981 because of higher soil salinities; how-
ever, at equal soil salinity levels betaine concentrations
were higher in 1981. Since betaine concentrations vary

with plant age, as seen above, the difference between
the two years may reflect a difference in physiological
age. The excellent correlation between betaine con-
centrations and soil salinity suggests that this measure-
ment could be a useful indicator of salt stress in
sorghum. Choline concentration, on the other hand,
was unaffected by the salinity treatments and rem,ained
constant at 13 nmol g"'.

Betaine concentrations in both sorghum cultivars were
compared with betaine levels in two wheat species that
were grown under similar field conditions. Ttie total
QAC levels in the leaf tissue of both wheat species
showed good correlation with salinity treatment (Fig.
3). The choline fraction did not increase with salt stress.
For Durum 1000-D, the choline concentration was 13.1
± 1.7 |imol g-' and for Probred, 12.1 ±1.8 \imol g"'. Be-
taine in Durum 1000-D and Probred increased 3- to
4-fold over the basal levels of 36 and 25 (imol g'', respec-
tively, whereas under similar field conditions, the be-
taine concentration in both sorghum eultivars increased
about 7-fold over the control level (10 fxmol g"'). These
results from field trials agree with data reported from
greenhouse experiments in that most wheat species
have high basal concentrations of betaine (20-40 \imol
g"') and in response to stress, exhibit strong betaine
accumulating capability. In whole shoots betaine in-
creases to 40-60 [imol g~' during water deficit (Hitz and
Hanson 1980) and can exceed 70-75 (imol g"* under
severe salt stress (Grieve ,and Grattan 1983).

The capacity for betaine accumulation in drought-
stressed grasses has been roughly correlated with the
basal levels in unstressed plants,, in that those cereals
(sorghum, oats, rice) that contained low betaine levels
before stress, accumulated very little betaine in re-
sponse to water deficit (Hanson and Hitz 1982). Our
results suggest tbat mild stress, whether drought or sali-
nity, is ineffective in stimulating betaine accumulation
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Fig. 3. Betaine concentration in leaf samples of two wheat
species at six salinity levels. • , Tritieum aestivum cv. Probred,
r2 = 0.76; O, T. durum cv. 1000-D, r̂  = 0.89.
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in grain sorghum and that moderate to severe salt-stress
(-0.4 MPa or higher) is required to induce a significant
increase in betaine concentration. Once this threshold
level of stress is exceeded, sorghum becomes an active
betaine accumulator that is comparable to wheat in this
regard.
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