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Summary The periodide method for quaternary ammonium compounds (QAC) analysis was 
modified to permit rapid screening of numerous replicate plant samples. This procedure provides a 
valuable tool for assessing salt tolerance. Aqueous plant extracts were used without further 
purification. Total QAC were precipitated as the periodide complexes at low pH. In neutral media, 
only choline periodide crystallized; other major QAC (e.g. glycinebetaine) were soluble at pH 6.8-7.0. 
QAC concentration was then determined spectrophotometrically. 

The influence of oven-drying of plant material at 80~ was tested by comparing this technique to 
lyophilization. Since QAC values were essentially identical from both drying techniques, oven-drying 
was used routinely because of its economy and practicality. 

The optimum range of acid concentration for precipitation of total QAC was established. 

Introduction 
Programs aimed at plant breeding for salt tolerance are facilitated by rapid screening techniques 

for the identification of desired plant characteristics 5. The presence of a plant constituent that can be 
correlated with plant responses to salinity stress, and can be rapidly and easily analyzed, would be a 
valuable marker for assessing salt tolerance. It is well-known that salinity stress causes irregularities 
in nitrogen metabolism and that certain quaternary ammonium compounds (QAC), for example 
glycinebetaine (GB), are often accumulated in plant shoots 7. 

The precipitation of QAC as their periodides is a sensitive quantitative analytical method. 
Separation of individual QAC is, however, a tedious procedure, generally unsuitable for the rapid 
screening of numerous plant samples. To estimate both inter- and intraspecific variation in the 
accumulation of total water soluble QAC, we use a simplified procedure that involves aqueous 
extraction of plant material. QAC-periodide complexes are then precipitated directly from the 
unpurified extract and determined spectrophotometrically. This assay does not require elaborate 
chromatographic 9 or pyrolytic instrumentation 3 and does not depend upon repeated solvent- 
partitioning techniques 4.7. 

Although the periodide method for QAC analysis has been previously described, procedural 
differences for periodide complex formation exist ~' 9. In a recent procedure reported by Barak and 
Tuma ~, concentrated sulfuric acid was used to precipitate periodides from hepatic extracts as well as 
from standard betaine solutions. Earlier, however, Wall et al. 9 reported that along with QAC 
periodides, iodine is also precipitated in 10N sulfuric acid and suggested that 1 N sulfuric acid is a 
more favorable reaction medium. In view of this ambiguity, we studied the effect of acid concentration 
on the periodide assay of GB. In this report we have 1) established minimum time for effective 
aqueous extraction, 2) determined optimal acidity for periodide precipitation, and 3) compared 
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freeze-drying versus oven-drying techniques since thermal stability of plant metabolites during 
sample preparation is often questioned. 

Matfrials and methods 

Plant culture 
Mexican dwarf wheat (Triticum aestivum L.) cv Inia was grown under greenhouse conditions in 17 

liters of aerated nutrient solution. The nutrient solution consisted of 2.5mM Ca(NO3)2, 3mM 
KNO3, 1.5mM MgSO4, 0.17mM KH2PO4, 50~tM Fe (as sodium ferric diethylenetriamine 
pentaacetate), 23 laM H3BO3, 5 ~tM MnSO 4. 0.4 ~tM ZnSO~, 0.2 IxM CuSO4, and 0.1 ~tM H2MoO 4. 

Salinization began six days after germination. Both NaC1 and CaCI 2 were added to the nutrient 
solution at a rate of 12.7 meq 1 - i day- 1, each for 8 days, which caused a decrease in solution osmotic 
potential of one bar per day. Wheat shoots were harvested 18 days after salinization was initiated. 

Plant drying methods 
Two methods of drying the freshly-harvested plant material were compared. Half of the freshly 

harvested plant samples, 12 replicates each containing 24 randomly selected plants, were immediately 
submerged into liquid N2 and then dried at ambient temperature under 3.33 Pa pressure in a Virtis* 
freeze drying apparatus. The other half of the plant samples was placed in paper bags and dried in an 
oven at 80~ for 4 days. After the tissue was dried, it was ground in a blender and stored at room 

temperature in glass vials. 

Extract preparation 
Dried finely-ground plant material (0.500 g), was mechanically shaken with 20 ml ofdeionized H20 

for 24 hours at 25~ Time required for this step was determined by extracting the plant samples for 1, 
4, 16, 24 and 64 hours. The samples were then filtered and the filtrates were stored in the freezer until 
analysis. 

Total Q AC determination 
Thawed extracts were diluted I : 1 with 2 N H2SO4. Aliquots (0.50 ml) were measured into heavy- 

walled glass centrifuge tubes and cooled in ice water for 1 h. Cold KI-I2 reagent (0.20 ml), prepared by 
dissolving 15.7 g of iodine and 20.0 g of KI in 100 ml water 9 was added and the reactants were gently 
stirred with a vortex mixer. The tubes were stored at 0-4~ for 16 h and then centrifuged at 10,000 rpm 
for 15 rain at 0~ The supernatant was carefully aspirated with a fine tipped glass tube. Because the 
solubility of the complexes in the acid reaction mixture increases markedly with temperature, it is 
important that the tubes be kept cold until the periodide complex is separated from the acid media. 
The periodide crystals were dissolved in 9.0 ml of 1,2-dichloroethane (reagent grade). Vigorous vortex 
mixing was frequently required to effect complete solution in the developing solvent. After 2-2.5 hrs, 
the absorbance was measured at 365 nm with a Hitachi Spectrometer model 100-20. Reference 
standards of GB (50-200 ~tg/ml) were prepared in 1 N H2SO 4. The stability and reproducibility of the 
absorbance values are dependent on the acid concentration of the periodide reaction medium. We 
tested this effect using a standard solution of GB (90 lag/ml) at various acid concentrations (0 to 8 N 
HzSO4). Standard curves were prepared with every set of plant samples. Standards were analyzed in 
duplicate; unknown samples, in triplicate. 

* Mention of company names is for the benefit of the reader and does not imply endorsement, 
guarantee, or preferential treatment by the USDA or its agents. 
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Glycine betaine recovery 

Leaf samples (0.250 g D.W.) were supplemented with known volumes of standard GB solution 
(1.000 mg/ml) and then dried at 80~ prior to extraction. 

Choline determination 
Thawed sample extracts were diluted 1 : 1 with KPi buffer (0.2 M, pH 6.8). The choline periodides 

were precipitated and analyzed as previously described for total QAC. GB and trigonelline 
periodides do not precipitate at this pH 4. 

Results and discussion 
The total QAC complement from crude aqueous wheat extracts includes GB and trigonelline, 

along with both free and bound forms of choline a. QAC in our Inia wheat samples rose from 
48 rtmol g- 1 dry weight before stress to 95 ~tmol g- 1 dry weight after 18 days of severe salinity stress. 
In wheat, as in a number of other plant species, neither choline nor trigonelline accumulates in 
response to environmental stress ~. The choline levels of Inia wheat in our experiments remained 
relatively constant (15-25 ~tmol g- t dry weight) for both salinized plants and non-salinized controls 
(Table 1). GB concentration, on the other hand, commonly increases 2-4 fold under salt and drought 
stress ~' s Total QAC in our stressed wheat shoots, minus the concentration of choline, gave a value 
(73 ~tmol g-  1) that is consistent with GB levels in stressed wheat reported by other 3. s. The major part 
of QAC increase is undoubtedly due to the accumulation of GB. 

GB, a remarkably stable plant metabolite, is resistant to hydrolytic and enzymatic degradation in 
vivo 2. The free base also appears to be thermally stable at least at temperatures under 150 ~ although 
it decomposes at its melting point (293~ and can be quantitatively deaminated at 350~ Two 
different drying procedures were investigated because other QAC present in our plant samples may 
not exhibit the same degree of stability. Periodide recovery from salinized wheat shoots showed that 
neither the yield of total QAC nor the choline content was significantly affected by the drying method 
employed (Table 1). Therefore, for routine analysis of numerous plant samples in our laboratory, we 
have adopted the oven drying operation in preference to the more time consuming freeze drying 
procedure. 

Maximum QAC extraction was achieved by shaking the plant material with water for 24 hours. 
Extractions at 1 and 16 hours yielded 75 and 89% of the maximum values, respectively. 

The crystallization of QAC-periodides is influenced by the pH of the reaction mixture. Choline 
periodide is crystallized quantitatively at any pH between 0 and 1 I, while the periodides of other 

Table 1. Comparison of plant drying methods for the determination of total water-soluble QAC and 
choline (~t mol/g dry weight) in salinized wheat plants 

Freeze drying Oven drying 

QAC* Choline QAC* Choline 

Control (4 samples) 
48.9 17.8 46.9 17.3 

o 1.2 1.4 1.5 2.1 

Salinized (12 samples) 
95.5 22.9 93.8 22.0 

o 2.4 1.3 2.0 1.3 

* Compared to glycinebetaine standard. 
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HzSO 4 Concentration, Normality 

Effect of 1-I2SO 4 concentration in reaction media of 90~tg m1-1 GB standard on the 
absorbance at 365 nm. Each point on the curve is the mean of 5 replicate samples. 

QAC, e.g. GB, trigonelline, precipitate completely only over a narrower pH range (0-1) 9. When the 
KI-I 2 reagent is added to the aqueous extract buffered at pH 6.5-7, a fraction is obtained which 
contains the periodide derivatives of both free and combined forms of choline 4. The precipitate also 
includes betaine aldehyde periodide which is insoluble in this pH range 6 

In contrast to a previously reported procedure 1, we established that high acid concentrations were 
not suitable for the periodide assay of GB. Absorbance readings at 365 nm in dichloroethane 
increased with H2SO4 concentration in the reaction media between 0 and 1 N and also above 4 N 
(Fig. 1). Absorbance was independent of H2SO~ concentration between 1 and 4 N. In order to effect 
complete periodide crystallization, the acid strength of the reaction media must be at least 1 N 
H2SO 4. After the addition of the KI-12 reagent to a neutral solution of GB, the absorbance was only 
76% of that measured when the reaction media concentration was between 1 to 4 N. We assumed that 
the yield of crystalline betaine periodide was lower due to its higher solubility at the pH (2.1) of the 
reaction medium and hence, lower concentration in dichloroethane. Iodine also precipitated when 
the H2SO ~ concentration exceeded 4 N and contributed considerably to increased absorbance. In 
our present QAC assay, the aqueous extract was diluted 1 : 1 with 2 N H2SO4; aliquots of this reaction 
medium (pH ~ 0.3) were then treated with the KI-I 2 reagent. After centrifugation, the periodide pellet 
was recovered from the acidic solution and dissolved in 1,2-dichloroethane to give a pale gold 
solution. 

In the procedure described by Wall et al. 9, the periodide complexes were completely precipitated 
from the cold acidified solution 80 minutes after addition of the KI-I 2 reagent. We were unable to 
effect maximum crystallization ofperiodides from plant extracts in less that 6--8 hours; crystallization 
could not be hastened by stirring the solution or by scratching the tube walls. It became necessary 

then, to store the reaction tubes at 0-4~ overnight (~ 16h). The C1- concentration in our plant 
extracts (1-2 mmol g- 1 dry weight), along with other crystallization inhibitors, may contribute to the 
relatively long times required for periodide precipitation. Chloride is known to form transient, 
soluble chloride-iodine complexes with QAC 9. 

Leaf samples from non-stressed wheat plants were spiked with solutions containing known 
quantities of GB and then dried prior to extraction. GB recovery was essentially quantitative 
(Table 2). 
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Table 2. QAC recovery in leaf samples supplemented with glycinebetaine 
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Betaine QAC (~tmol/g dry weight) Recovery 
added Yo 
(~tmol/g d w) Measured Calculated 

0 42.9 42.9 - 
25.5 68.1 68.4 99.6 

64.6 94.4 
102.4 136.2 145.3 93.7 

139.4 96.1 

In our procedure for determining total QAC in salt stressed plant tissue, we have measured the 
increase in concentration of GB along with additional QAC which do not accumulate in response to 
salinity. In many cereal crops, these other QAC, largely choline and trigonelline, may easily be 
determined by precipitating the QAC-periodide complex from neutral reaction media. Against this 
relatively stable background level, the increase in GB as a function of salinity stress is clearly 
detectable. 

We have further established that (1) freeze drying and oven drying are equally suitable for sample 
preparation, (2) minimum time for aqueous extraction of plant material is 24 hours, (3) QAC- 
periodides may be precipitated directly from crude extract using H2SO4 in the range 1 to 4 N. 

Although our paper only includes data for wheat shoot tissue, this modified method has been used 
successfully in salinity studies of numerous other plant species. 
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