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A study of the SH and SS content levels during vernalization of 

wheat was made. In order to carry out the study, a rapid analytical 

technique was worked out which allowed fast sequential analyses of 

the samples of wheat tissue. 

Two techniques were used: a) an amperometric titration 

method and b) a fluorescence quenching method. 

The amperometric titration method consisted of adding aliquots 

of samples of wheat tissue homogenate to the system and noting the 

decrease in current, due to a tie -up of Ag by the SH groups of the 

sample. The system consisted of a rotating platinum electrode con- 

nected to a mercury- mercuric oxide reference cell. The supporting 

electrolyte was a 0.14M solution of tris at pH 7.4. 

The fluorescence quenching method consisted of adding aliquots 

of sample to a solution of fluorescien mercuric acetate (FMA) in a 

1N NaOH media. The SH and SS groups reacted with FMA in a 

. 
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one:one ratio. The reacted FMA was unable to fluoresce, thus 

making possible a quantitative assay for SH and SS groups in solution. 

Red Bobs, a spring wheat, and Elgin, a winter wheat, were 

grown in the dark at 30 C. and at 200 C. The SH and SS contents 

of the shoots were measured throughout a period of five weeks in 

the group grown at 3o C. and a period of 48 hours in the group grown 

at 20o C. 

The results of the analyses showed that the SH, SS, and SH +SS 

contents based on fresh weights were present in greater quantities 

in the tissues of Red Bobs grown at 20° than in the Elgin tissues 

grown at 20°. The high SH and SS concentrations present in the 

warm -grown Red Bobs tissues were due to a high concentration of 

protein extracted from that tissue. The SH, SS, and SH +SS contents 

per fresh weight were quite similar in the cold -grown tissues of 

both varieties during the growth period. These constituents present 

in the cold -grown tissues occurred in quantities that were less than 

those found in warm -grown Red Bobs tissues and greater than those 

present in the warm -grown Elgin tissues. Both varieties grown at 

both temperatures showed a similar decrease in SH and SS contents 

based on fresh weights as maturation progressed. 

The analyses indicated that SH, SS, and SH +SS contents based 

on protein levels were similar in Elgin and Red Bobs tissues grown 

at 200. Both varieties grown at 30 contained greater concentrations of 



SH, SS, and SH +SS groups based on protein levels than those present 

in the tissues grown at 20o. The Elgin tissues at 3o underwent a 

fluctuation of these values as growth progressed, while the Red 

Bobs tissues at 30 maintained relatively constant levels of SH, SS, 

and SH +SS contents based on protein levels present during the growth 

period. 

It was concluded that the levels or patterns of SH and SS groups 

in young spring and winter wheat shoots were not correlated with 

the capacity of these plants to flower. 
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SULFHYDRYL AND DISULFIDE CHANGES IN YOUNG 
WHEAT SEEDLINGS DURING VERNALIZATION 

INTRODUCTION 

Flowering involves the differentiation of highly specialized 

cells. No specific substances responsible for flowering have been 

isolated. However, environmental changes can induce or prevent 

flowering in certain plants. 

Photoperiodic effects can prevent or stimulate flowering. 

There are three groups of photoperiodic responses. 

1) Short -day plants flower best if subjected to light periods 

of 12 hours or less. 

2) Long -day plants flower best if subjected to light periods 

of 12 hours or more. 

3) Day -neutral plants flower independent of day length. 

In addition to photoperiod, the flowering of plants may be con- 

trolled by temperature. Certain strains of plants, called biennials, 

produce only a rosette of leaves the first year. This vegetative stage 

must be subjected to the chill of winter before it is able to flower the 

following year. A cold treatment of the seedlings does not induce 

flowering. Other plants, such as winter wheats, are stimulated to 

flower by cold treating the seedlings. The seed need not be visibly 

germinating, but a minimum amount of water must be supplied, and 
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the seed must have begun respiring at an appreciable rate in order 

for chilling to be effective. This administration of cold treatment to 

a plant in order to fulfill a specific low temperature requirement for 

the onset of reproduction is called vernalization. Some plants 

require a certain photoperiod after vernalization in order to flower. 

Grafting experiments have shown that the vernalization factor, 

vernalin, can be transferred. This substance seems to be similar 

in different species. Also, the photoperiodic factor, florigen, can 

be transferred by grafting, and it seems to be similar in different 

species. 

Schmutz (24, p. 1-11) and Levitt (25, p. 617 -620) have indicated 

that the sulfhydryl (SH)and disulfide (SS) content in growing wheat 

seedlings may be affected by cold temperatures. However, no 

specific role of SH and SS groups during vernalization has been 

suggested. The SH and SS groups are quite ubiquitous in biological 

materials. Active SH groups are required for many hydrolytic, 

oxidative- reductive, and ATP kinase enzymes (1, p. 201 -266). 

SH content of tissue may change with respect to SS during certain 

phases of development due to altered protein synthesis related to 

changing metabolic pathways (27, p. 314). 

Soluble thiols such as glutathione are thought to act as cell 

regulators. Glutathione may act as an enzyme activator or deactiva- 

tor, and may regulate the redox potential of the cell by varying its 
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own oxidation or reduction (27, p. 314). 

This paper is concerned with the changes in content of SH and 

SS in two varieties of wheat, Red Bobs and Elgin. Red Bobs, a 

spring wheat, will flower without cold treatment; Elgin, a winter 

wheat, will flower only after a four week exposure to temperatures 

around 3o C. A comparison of SH and SH +SS levels and patterns in 

Elgin and Red Bobs grown at 3o C. and 20o C. was made to determine 

if either a certain level or pattern of SH and /or SH +SS content was 

correlated with the vernalization process. 

Analysis of SH and SS content is difficult, and different methods 

have given different results (2, p. 43). The amperometric (29, p. 46) 

and the fluorometric (11, p. 100 -114) methods were used in this study. 
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LITERATURE REVIEW 

Analytical Methods for Suflhydryl and Disulfide Groups 

Amperometric Method of SH Determinations 

The methods used to determine sulfhydryl concentrations are 

almost as numerous as the hypotheses regarding their properties. 

The amperometric method of sulfhydryl determinations has been 

widely employed by biochemists (2, p. 43 -45). This method utilizes 

principles related to polarography which are fundamental to electrical 

measurements of reducible ionic species in solution. 

Polarographic measurements are based on the current -voltage 

curves arising at a micro -electrode when diffusion is the rate deter- 

mining stage in the discharge of ions. Many factors control the rate 

of diffusion of the ions to the electrode. If the conditions of the media 

and the availability of electrode surface are kept constant, the 

diffusion will be related only to the activity of the ions or effectively 

to the concentration (33, p. 556). 

This method is used as the basis of an electrometric titration. 

In amperometric titrations, the voltage applied across the indicator 

electrodeand reference electrode is kept constant, and the current 

passing through the cell is measured with a sensitive galvanometer 

and plotted against the volume of reagent added (33, p. 556). 
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In the diffusion -current region of a current- voltage curve, the 

current is independent of the potential of the indicator because of an 

extreme state of concentration polarization at the electrode. At the 

negative electrode or cathode, the cation is being reduced as rapidly 

as it contacts the electrode, thus the concentration of cations under- 

going electrode reaction is maintained near zero. The current is 

thus limited by the diffusion of fresh cations to the electrode surface. 

The rate of diffusion and, therefore, the current, is proportional to 

the concentration of diffusing cations in the solution (33, p. 556). 

Added increments of titrant decrease the concentration of 

electroactive cations. As their concentration decreases, the current 

also decreases to a point at which the cations are completely reacted 

with the titrant, and the only current flowing is a residual current 

characteristic of the supporting electrolyte. 

When successive values of the diffusion current are plotted 

against the volume of titrant added, a straight line results which 

levels off at the end point. The intersection of the extrapolated 

branches of the titration curve gives the end points (33, p. 556). 

Silver and mercury have been utilized most extensively in 

sulfhydryl techniques. They react with both the small molecular 

thiols and those in proteins to form highly undissociated mercaptides. 

Their characteristic of being relatively easily reduced makes them 

useful (7, p. 255). 
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Two types of indicator electrodes can be used, the dropping 

mercury electrode, or the rotating platinum electrode. The drop- 

ping mercury electrode has the advantage of having a continuously 

renewed electrode surface of constant characteristics with a high 

overload for hydrogen ion reduction, but has the disadvantage of 

being about ten times less sensitive than the rotating platinum wire 

electrode. However, the latter is quite unstable and has the dis- 

advantage of being subject to aging and poisoning (27, p. 314). 

Silver is widely used as the mercaptide forming agent. The 

silver mercaptides that are formed are reduced with much greater 

difficulty, i. e. , at more negative potentials than that for the free 

silver or silver- buffer complex so that current only flows in the 

presence of the latter two species, and not when all of the silver 

has been converted to silver mercaptide (2, p. 45). 

The reduction potential of silver or silver - complexes makes 

it a better amperometric reagent than inorganic mercury or organic 

mercurials. The reduction of mercury compounds occurs at a 

potential more negative than -0. 2 volts (vs. the standard calomel 

electrode) which gives rise to oxygen interference. When working 

at these potentials, the solution must be kept free of oxygen by 

bubbling nitrogen through the solution. However, this technique has 

been known to denature proteins and thus provide inconsistent values 

(2, p. 46). 
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Laitinen and Kolthoff (13, p. 161-162) introduced the rotating 

platinum wire electrode as an indicator electrode in amperometric 

titrations. They found when they used a system of the rotating 

platinum electrode and reference cell, that the performance of an 

amperometric titration became especially simple because no 

external E. M. F. needed to be applied to the cell. 

They had to carry out the titration in an ammoniacal solution, 

if chloride ion were to be present. In the media the reducible cation 

existed in the form of Ag(NH3)2 . This reduced at a potential which 

was more negative than a saturated calomel cell could accomodate. 

They chose the mercury /mercuric iodide half cell which gave the 

appropriate potential and allowed the development of a diffusion 

current plateau with the amino -silver complex. 

In the paper described, they amperometrically titrated very 

small amounts of primary, secondary and tertiary mercaptans with 

AgNO3. In the absence of chloride, the titration could be carried 

out in acid or neutral medium with the saturated calomel half cell 

as the reference electrode. 

They ran the titration in an ammoniacal medium in the 

presence of large amounts of chloride and small amounts of bromide 

and found that these free silver precipitating agents did not interfere. 

The titration in the presence of ammonia was the same as that in 

neutral or acid medium. 
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+ + 
Ag + RSH >RSAg+H 

+ 
Ag(NH3)2 

+ 
+ RSH RSAg NH4 

+ 
NH3 

Amperometric titrations of sulfhydryl groups in compounds of 

biological interest using Kolthoff's techniques yielded some useful 

results. There were, however, three major drawbacks to its 

application to protein sulfhydryl groups: 

1) The high pH of the NH4OH- NH4NO3 buffer used tended to 

denature proteins and accelerate the rate of oxidation of 

SH groups. 

2) The presence of ammonium ions could cause the total dis- 

appearance of some protein SH groups. 

3) Alcohol greatly improved the sharpness of the end point 

and this made it necessary to use this denaturing solvent 

in the titration of most proteins. 

All these factors combined to make the results obtained by this 

method difficult to interpret and were likely to lead to artifacts, or 

rather represent artifacts. The problem stemmed from the neces- 

sity of obtaining the silver -amino complex which could only be formed 

in an ammoniacal solution (13, p. 161-162). 

It was found that the use of tris(hydroxymethyl) aminomethane, 

commonly called tris, to form the silver complex offered many 

distinct advantages over the use of ammonia (3, p. 663 -676). With 

a tris buffer it was possible to titrate protein SH groups in neutral 

--:-) 
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solutions with no drastic effects on proteins. When this system was 

used the SH groups of many proteins could be studied in the native 

state and their relative accessibility and the effect of denaturing 

agents could be demonstrated. 

The stability of the silver -tris complex was shown to be of 

the same order of magnitude as that of the silver -amino complex. 

Thus tris appeared to be just as suitable as ammonia for the titration 

of SH groups. The somewhat higher dissociation of the silver -tris 

complex gave it another characteristic that was desirable. Its 

reduction at the rotating platinum electrode occurred at more positive 

potentials than that of the silver ammonia complex. 

Sluyterman (26, p. 402) made some observations which indicate 

that one should be cautious in accepting sulfhydryl concentration 

measurements via the amperometric titration method. He found that 

amperometric titration of cysteine hydrochloride, cysteine ethyl 

ester hydrochloride, and thioglycolic acid yielded results in which 

more silver combined with these compounds than corresponded to 

their SH content. These results suggested that the proximity of an 

amino acid and /or a carboxyl group close to the SH group was 

responsible for the observed deviations. 

His data indicates that the application of the amperometric 

titration with silver nitrate to protein SH's may be justified, since 

glutathione, which is more like a protein than any of the other 
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compounds, yields nearly theoretical values (26, p. 402). 

Burton (6, p. 193) pointed out some of the factors that could 

affect the amount of silver cation consumed in the reaction. It seems 

that any range of pH values or single pH value will not necessarily 

give the correct answer for every mercaptan. To ensure a correct 

result, it seems to be necessary to choose the appropriate pH 

according to the buffer and titrating agent used, and then to use that 

pH value consistently. It is possible to experimentally select this 

value for a simple mercaptan, but when simple mercaptans are 

likely to give different results it cannot be assumed that conditions 

found satisfactory for a simple compound will give accurate results 

with a more complicated protein molecule. 

Oxidation of SH groups by air or molecular oxygen is one of 

the processes which must be inhibited as much as possible. The 

reaction is strongly catalysed by minute amounts of iron and copper, 

with the rate of reaction being extremely slow if all traces of metals 

are removed (29, p. 46). For this reason, EDTA is included in the 

buffer solution in which the tissue is extracted. The oxidation of 

SH's has also been observed to be affected by pH, but the rates of 

oxidation of a given SH vary considerably in different buffer solutions 

of identical pH values. The effect of pH on oxidations is not yet 

clear. One idea is that mercaptide ions rather than undissociated 

SH's are involved. Cysteine and glutathione have optimum oxidation 
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rates in the alkaline range (7, p. 255). 

Another factor besides non -specificity and oxidation that can 

possibly complicate protein SH analysis is relative accessibility of 

different SH groups within the molecule. Various rates of reac- 

tivity between silver complexes and protein SH's are exhibited, 

especially in the tris buffer system, where the protein is maintained 

in its native or undenatured state (3, p. 663 -676). 

The readily accessible SH's react rapidly with silver, where 

as, the "masked" SH's react much more slowly. Of course, reac- 

tivity of these "masked" SH groups increases when their access- 

ibility is increased by denaturation. Thus the difficulty of reaching 

complete reaction makes the results obtained with proteins contain- 

ing such unreactive SH's less exact. 

Organic Mercury Reactions with Sulfhydryl and 
Disulfide Groups 

Organic mercury derivatives provide another class of reagents 

useful in sulfhydryl analysis. The reagents have the general struc- 

ture RHgX, and react with thiols in this manner: RHgX +RSH --) 

RHgSR +HX. These reagents are very specific for thiol groups. 

Several different methods have been employed in detecting the end 

point of the reaction between protein SH's and organic mercury 

compounds. 



12 

Spectrophotometric titration with p- mercuribenzoate (PMB). 

In this method, developed by Boyer (5, p. 4331), the increment in 

absorption in the 250 mµ region is measured when a protein is 

reacted with PMB. This method is applicable to specific proteins, 

even though two complicating factors exist: a) The extinction 

coefficient of mercaptide formed differs from protein to protein. 

Instead of a single measurement with an excess of PMB, the assay 

is therefore carried out in the form of a spectrophotometric titration. 

b) Both components, and especially the protein, absorb strongly at 

these wave lengths, but this can be overcome by the use of appro- 

priate blanks (5, p. 4331). 

Spectrophotometric determination of excess mercurial. There 

are several different examples of this method. Radovanzak (22, 

p. 135 -142) presented an interesting technique, which was 

particularly suited for frequent sequential analysis. An azomercur- 

ial was added to the protein and the unreacted reagent removed with 

a strong anion or cation exchange resin. The absorbance of the 

protein-azomer curial adduct was then measured. This has the 

advantage over PMB in that it absorbs at a much longer wave lenth. 

The wave length varies depending on the adduct, therefore the method 

is only useful for analysing specific proteins (22, p. 135 -142). 
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Amperometric determination of excess mercurial. Aryl and 

Alkyl mercuric compounds are easily reduced and have been used 

successfully for the amperometric titration of protein SH's. 

Mercurated allylamides are not suitable because of their large size, 

their instability and their complex polarographic behavior (3, p. 663- 

676). 

Fluorescent properties of fluorescein derivatives. This method 

was used in this study. Mercurial derivatives of fluorescein are 

unable to fluoresce when they complex with a sulfur atom of a 

cystein residue in a polypeptide (11, p. 100 -114). The quenching 

reaction in solution has provided a very sensitive quantitative assay 

for SS and SH groups in proteins and peptides. A quantitative assay 

is made possible by the reaction of fluorescein mercuric acetate 

(FMA) with a peptide SS group in a one:one ratio. This indicates that 

only one mercury atom per FMA molecule is utilized for combination 

with sulfhydryl and that this is sufficient to quench fluorescence. 

The disulfide bond is first c leave leaved,, and then one -half of 

the bond complexes with FMA. It is not known for sure how the 

scission of the disulfide bond occurs. One suggestion is that the 

following reaction occurs: RSSR + HOH - - - -- RSH+ RSOH. 

Another postulated mechanism is ionization of the b- hydrogen atom 

followed by an electron shift. There is very good kinetic evidence 

to support this mechanism. 

-3 
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When a large quantity of disulfide is present relative to FMA, 

in IN NaOH, a different quantitative association of FMA and disulfide 

results. A linear one:one ratio holds until the disulfide exceeds the 

FMA, after which a non -linear behavior is noted. 

The FMA method can also be used for free sulfhydryl analysis. 

The oxidized and reduced forms of glutathione react quantitatively 

with FMA in the same ratio. Thus the method has the usefulness of 

analyzing SS and SH groups in the same manner without first reducing 

the SS group. 

Sulfhydryl and Disulfide Content of Plant Tissues 

Information in the literature suggests that SH and SS changes 

occur in wheat plants during exposure to cold. Most reports dealing 

with these changes have been concerned with frost hardiness, the 

capacity of plants to withstand subfreezing temperatures. Although 

this paper is concerned with vernalization rather than frost hardi- 

ness, the reports of metabolic changes in wheat grown at low temper- 

atures are relevant. 

The data of Levitt and co- workers formed the basis for the 

hypothesis that certain SH and SS patterns may be correlated with 

vernalization. In a theoretical paper, Levitt (15, p. 355-391) 

speculated that frost injury is due to protein denaturation caused by 

the formation of intermolecular SS bonds. These bonds are formed 
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by the close approach of SH groups of different proteins during the 

severe dehydration associated with intercellular ice formation. 

He proposed that frost resistance, therefore, was a resistance 

towards SH oxidation and SH SS interchange and thus to the 

formation of intermolecular SS bonds. 

Levitt and co- workers (16, p. 611 -616) investigated SH and 

SS changes in many plants to determine if any correlation existed 

between these changes and frost hardiness induced by cold treatment. 

He and co- workers examined Saxifraga stracheyi, cabbage, scotch 

pine, and wheat, and found that SH increases always accompanied 

slight increases in hardiness during the first few days of hardening. 

However, after the first period of hardening, SH changes varied in 

the different plants with little or no relation to hardiness. They 

employed the amperometric titration method of analysis in their 

determinations. The titration medium of 13 percent methyl alcohol 

and O. 25 M ammonium hydroxide they used may give erroneous 

results when used during protein SH titrations (3, p. 663 -676). Also, 

they gave no reference to the statistical significance of the data they 

recorded. 

Levitt and co- workers (25, p. 617 -620) analyzed fifteen 

varieties of wheat. A series of wheat varieties were planted in 

May, 1960 and grown two weeks (up to the three leaf stage) under 

nine hour days and hardened three and one half to four weeks in the 
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cold room. The SH content of supernatent (pmole /gram fresh 

weight leaves) ranged from 0.84 to 0.46 in this series. Frost 

hardiness was correlated with SH content but the range of frost 

hardiness only extended from -16° to -12.5° C. The same wheat 

varieties planted a month later, grown two and one half weeks under 

nine hour days and hardened, ranged in SH content of supernatent 

from 0. 70 to 0. 64. There was no correlation between frost hardiness 

and SH content. They felt the pre- hardening growth period in the 

comparatively cool days in May as contrasted to the hotter days of 

June accounted for the difference. The third series grown five days 

at 22o C (up to the one leaf stage) and analyzed without hardening 

yielded SH contents (mole /gram fresh weight sprouts) of about O. 70 

to 0. 40. The SH contents of the unhardened varieties did not corre- 

late with frost hardiness. The evidence of this paper did not strongly 

support the proposition that SH content is directly related to frost 

hardiness induced by cold treatment. Comparisons of the absolute 

values could not be made between the first and third series because 

of different procedures used, so it was not possible to tell if plants 

grown in the cold showed a higher SH content. 

More specific studies by Levitt and co- workers (17, p. 266- 

271) showed the SH content was due to protein SH and not to reduced 

glutathione (GSH). They found that GSH oxidizing activity increased 

with hardiness, thus explaining the presence of glutathione in the 
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completely oxidized form, GSSG. 

The above observations suggested that the GSH oxidizing 

activity could be related to flower induction or hardiness. GSH 

oxidizing activity increased in spring wheat that was exposed to low 

temperatures but did not increase in spring wheat grown at higher 

temperatures. This suggests that flower induction is not directly 

dependent upon this enzyme activity since spring wheat flowered 

under both conditions (31, p. 272 -276). 

Kohn and co- workers (12, p. 1 -4) worked with vernalizing 

wheat seeds instead of leaves to see if SH paralled the change in 

frost hardiness that occurred during vernalization. They observed 

protein SH as a percentage of SH plus two SS (SH available by the 

reduction of SS) in the soluble protein of vernalizing wheat seeds. 

The percentage was determined in two ways: a) Protein SH was 

taken as equal to supernatent SH. Protein SS was obtained by 

substracting the SS of non - proteins (after Sephedex separation from 

the proteins) from the total supernatent SS. b) Protein SH and SS 

were measured directly on the proteins after Sephadex separation 

from the non -proteins. The percentage of protein SH paralleled all 

five changes in frost resistance during a 35 day vernalization in 

each of two winter wheats (Kharkov and Minhardi) using method a) 

and in a spring wheat (Thatcher) using method b). Method a) failed 

to show the parallel between percentage of protein SH and hardiness 
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in the case of Thatcher and method b) failed in the case of Kharkov 

and Minhardi. It was concluded that the parallel between percentage 

of protein SH and hardiness in Thatcher is apparently an artifact 

that arises due to oxidation during the Sephadex separation. The 

authors felt that this indicated the more frost resistant the grain, 

the less readily the protein SH is oxidized to SS during the Sephadex 

separation (12, p. 1-4). 

Thus, in the three varieties, the cold treatment may have 

effected changes in the percent of total sulfur (SH and SS) that existed 

in the SH state. There is an indication that the mechanism used 

to achieve this varies in the spring and winter varieties. Supple- 

mentary data that Levitt and co- workers acquired suggested that the 

spring wheat made use of an oxidation - reduction reaction of protein 

SH and SS. The winter wheat also showed this, but the more pro- 

nounced changes were apparently due to splitting off or adding on 

of non -protein SS. 

Other authors have speculated that the ratio of SH /SS on the 

enzyme surface functions in enzyme activity, which in turn tends 

to regulate metabolic paths. Spragg et al. (27, p. 314) found good 

correlation between the percentage of germination of pea seeds and 

a) the concentration of GSH and b) the protein sulfhydryl /disulfide 

ratio in the seeds. They postulate that an equilbrium of the following 

type may exist: GSH + PrSSPr <PrSH + GSSG. If GSSG increases 
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and the equilibrium is shifted to the left, the activity of enzymes of 

the ribonuclease (32, p. 383) and trypsin (19, p. 1061) types would 

be increased. If the GSH increases, the equilibrium would shift 

the other way and the activity of the glycolytic and other respiratory 

enzymes would be increased. 

Hatch and Turner (9, p. 524) have been able to simulate the 

Pasteur effect in pea seed extracts by increasing the protein SH 

groups in anaerobic conditions. Mazia (20, p. 209) and Hughes and 

Spragg (10, p. 205) have stressed the importance between glutathione 

and SH groups in mitotic division. 

Neither Mazia (20, p. 209) nor Eldjarn and Pihl (8, p. 212 -214) 

found experimental evidence to fit the hypothesis of SH and SS 

equilibrium as proposed by Spragg. Factors other than GSH and 

GSSG are undoubtedly involved in regulating SH /SS ratios. Bersin 

(4, p. 100) stated that the ratio depends on several factos, e. g. the 

electric charge of the protein and of the diffusable sulfhydryl, the 

ionic strength, and the concentration of sulfhydryl. 

It has been suggested that an inhibitor complex containing 

unsaturated lactones affects the SH content in some cases (9, p. 

The complex inhibited the rate of elongation and time of flowering 

of certain varieties of wheat. Early varieties of wheat grow faster 

and flower sooner than late varieties. This difference may be due 

to an interaction of SH groups and constituents of the inhibitor 

52f:). 
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complex. Lexander (18, p. 56) found that early varieties of wheat 

have more free SH groups and less inhibitor complex than the late 

varieties and that cold treatment minimized these differences. 

Leopold and Price (14, p. 520) did not find any evidence of an 

interaction between SH groups and compounds of the inhibitor 

complex in vitro. 
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MATERIALS AND METHODS 

Plant Materials 

The wheat seeds used in this study were obtained from 

Dr. R. J. Metzger, Plant Geneticist, of the Oregon State University 

Agricultural Experiment Station. Two varieties of wheat seeds were 

obtained: Red Bobs, a spring wheat and Elgin, an obligate winter 

wheat. 

Both varieties were grown in the dark at 20° C. and at 3° C. 

The seeds were placed in a beaker of water and aerated by a gas 

dispersion tube. They were surface sterilized every 12 hours at 

20°, and every week at 3°, with a ten percent Clorox solution (v /v) 

to prevent fungus growth. The seedlings grown by this technique 

were vigorous and healthy in appearance and were analyzed by the 

amperometric titration method. In later experiments, it was thought 

that perhaps more uniform growth could be aci by growing the 

seedlings in a moist environment, supported by layers of wet paper. 

Seedlings grown in this manner were very uniform, vigorous, and 

healthy and were analyzed by the FMA method. 

Seedlings grown at 20° grew rapidly and samples were removed 

every 12 hours for analysis. Epicotyls, containing the cotyledon, 

young leaves and meristem, were dissected from the remainder of 

the seedling by cutting just above the intercotyledonary node. The 
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dissected tissue was homogenized immediately. Samples grown at 

3o grew much slower and were removed every week and prepared for 

analysis in the same manner. 

The dissected cotyledons were immediately placed in a tris 

buffer solution, called tris -B, which consisted of 0. 2M tris adjusted 

to pH 7. 4. Ethylene diamine tetracetic acid (EDTA) was added to a 

-3 
final concentration of 1x10 M. All the solutions and plant tissues 

were kept on ice during the procedure. The plant materials and 

method of homogenate preparation were the same for both SH analy- 

tical techniques employed. 

To 0. 07 grams of the dissected tissue was added five mls of 

tris -B. The mixture was ground in a conical glass -to -glass tissue 

grinder at approximately 600 r. p. m. for several minutes. The 

mixture was diluted four -fold with tris -B and centrifuged at 5000xg 

for 15 minutes in the cold to remove the cell wall and other debris. 

Aliquots of the supernatant were analyzed directly. 

Samples of the cold grown Elgin were planted every week and 

placed in a 170 environment for two weeks, to stabilize the effect of 

the cold treatment, and were then transfered to the greenhouse and 

grown for 60 days. The percentage of plants that flowered in response 

to the vernalization treatments was then determined. 



Chemical Analyses 

Amperometric Titration Method 

The Hg /HgO reference cell was constructed as follows. 

platinum 
wire /1 mm bore / to KC1 salt bridge 

saturated solution of HgO Ba(OH)2 
slurry of HgO. Ba(OH)2 

- Hg 
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The slurry was prepared from approximately 50 mg. HgO, 

20 mg Ba(OH)2. 8H2O and water. It was carefully layered over the 

mercury so as to preserve an even interface. A saturated solution 

of HgO- Ba(OH)2 was then gently pipetted over the sulrry, and the 

flask filled above the level of the capillary bore and tightly stoppered. 

The flask was then wrapped with aluminum foil to shield it from light. 

The saturated KC1 solution in the tube leading from the stopcock to 

the beaker was changed each day. The cell was good for about two 

months of operation. 

Figure A demonstrates the physical arrangement. The stirring 

motor was connected to a variable rheostat which controlled the ro- 

tating speed of the electrode. The speed of rotation of approximately 

700 r. p. m. was maintained constant during the analysis. The 

electrode consisted of a piece of 18 gauge platinum wire about 

seven to ten mm long which was sealed and annealed in the 
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end of a glass tubing with an outside diameter of eight mm and length 

of 22 cm. The physical characteristics of the platinum electrode were 

very critical and the electrode was made by a professional glass 

blower, Mr. Wade Meeker, Chemistry Department, Oregon State 

University. Any cracks around the wire would lead to very erratic 

responses during the operation. The 50 ml beaker had a depression 

blown in the bottom which held a small magnetic stir bar. The 

solution was kept thoroughly mixed by magnetic stirring during the 

analysis. 

The SH determinations were carried out by placing 30 ml of 

tris -B in the beaker and closing the circuit. An excess of AgNO3, 

0. 1 to 0. 2 ml of 2.5x10-4 N, was added and the galvanometer scale 

reading noted. Aliquots of the tissue homogenate were then added, 

each decreasing the concentration of silver and consequently deflecting 

the galvonometer needle. The sulfhydryl content of the homogenate 

was determined by referring to the standard curve based on 

glutathione. An actual end point was not used, rather the slope of a 

current vs. volume line was used to calculate concentrations. 

The FMA Method 

After the fluorescein mercuric acetate (FMA) method of deter- 

mining SH and SS groups was published it obviously was more useful 

for this study than was the amperometric titration method, and it 
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was employed in all subsequent analyses of this investigation. 

FMA was synthesized by Karush's method (11, p. 100 -114). 

An aqueous solution of fluorescein was reacted with a solution of 

mercuric acetate in glacial acetic acid at a ratio of 2. 2 moles of 

mercuric acetate per mole of fluorescein. To 200 ml of glacial 

acetic acid (reagent grade) containing 14 g of mercuric acetate 

(reagent grade) was added slowly a solution of 7. 1 g of the sodium 

salt of fluorescein in 75 ml of water. The addition was carried out 

at 50o C. with stirring, and the reaction mixture was allowed to 

cool for one hour at room temperature. An orange precipitate, 

which formed within a few minutes, was removed by centrifugation 

and washed with several volumes of distilled water until the super- 

natant was almost colorless. The product was then air dried at 

80° C. over P2O5. 

The compound was assigned the following structure: 
O 

(CH3COO)Hg' Hg(OOCCH3 ) 

The absorption spectrum of the synthesized FMA was measured and 

found to have absorption maxima at 248, 298, and 500 mu, which 

agrees with Karush's data. 

A fluorescence spectrum analysis of FMA in IN NaOH by Karush 

I / COON . . 

HO 
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showed an excitation maximum at 499 mu and an emission maximum 

at 520 mu. He found the intensity of fluorescence linear in this 

solvent over the 1000 -fold concentration range of 5 x10-8 to 3 x 10 -5M 

FMA (11, p. 100-114). 

The following method was developed for our purposes. A 

stock solution of 1 x10-4M FMA in 0. 02 N NaOH was prepared. Two 

ml of stock FMA was mixed with eight ml of tris -B and 30 ml of 

2 N NaOH, forming solution A. Solution A and aliquots of GSSG and 

GSH solutions were used to construct standard curves, the final 

concentration of FMA being 3.3x 10-6M. The mixtures of solution A 

and glutathione were incubated for 30 minutes at room temperature 

prior to recording the fluorescent intensity readings with an Eppen- 

dorf fluorometer, using the standard procedure for that instrument. 

The incubation time was found to be critical. FMA require d 

a certain length of time to react with the SS group, but FMA in 

highly alkaline solvents broke down over a period of time. An 

incubation of thirty minutes was selected and used consistently. 

The method described does not distinguish between SH and SS. 

Two methods of accomplishing this were investigated. At pH 7 -8, 

the disulfide bond is not severed and there is no reaction of this type 

of bond with FMA. The SH group will complex with FMA at these pH's 

but not as extensively as at the higher pH's. Stock solutions of FMA 

were adjusted to pH 7. 4, 7. 65, and 7. 9. Five mis of FMA stock 
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solutions were mixed with tris -B and adjusted to the same pH. This 

was then incubated with GSH for 30 minutes and read on the fluoro- 

meter. The results shown in Figure B prove the method to be 

unsatisfactory. 

The next method involved masking the free SH groups and then 

analyzing the remaining SS bonds. The SH content was taken as the 

difference between the total amount of SH plus SS and the amount of 

SS found after masking the SH groups. Iodo- acetate (IOA) and N -ethyl 

maleimide (NEM) were tried as SH binding reagents. 

GSH and IOA were mixed in a 1:100 ratio and allowed to stand 

for 15 minutes and then analyzed. Results showed that 41 percent of 

the SH content remained unreacted with IOA. 

NEM proved to be the best reagent for this purpose. Mixtures 

of GSH and 1 x 10 -3 M NEM were prepared and allowed to stand for 

15 minutes and then analyzed. Samples containing GSH contents 

ranging from 0. 24 to 0. 94 µ equivalents consistently had 75.5 plus or 

minus 2. 5 percent of the SH content tied up. Solutions of GSSG and 

NEM, and GSSG and H2O reacted with the same amounts of FMA, 

thus demonstrating the NEM does not interfere with SS determina- 

tions. 

The FMA method was used to measure three quantities of the 

supernatant of the tissue homogenate: 1) SS plus SH content 
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2) SH content 3) soluble nonprotein SS content. 

To obtain the total SS plus SH content, four ml of supernatant 

of the tissue homogenate were mixed with four ml of water. Aliquots 

of one ml and 1.5 ml of this mixture were mixed with four ml of 

solution A containing FMA. Enough tris -B was added to bring the 

total volume to six ml. The mixture was incubated at room tempera- 

ture for 30 minutes and read on the fluorometer. 

Four ml of the supernatant of the tissue homogenate and four 

mloflx10 -3M NEMwere mixed and allowed to stand for 45 minutes 

prior to determining the SH content. Aliquots of the mixture, tris -B, 

and solution A were mixed in the same proportion as described above, 

incubated for 30 minutes, and analyzed on the fluorometer. This 

value represented the SS content and was substracted from the total 

SS plus SH content to yield the SH content. It was assumed that 

NEM reacted with all of the readily available SH groups. 

The soluble nonprotein thiols of both spring and winter wheat 

exist only in the SS form, according to Levitt (31, p. 272 -276). To 

obtain this value, four ml of the cold supernatant solution of the 

tissue homogenate were mixed with four ml of cold 20 percent 

trichloroacetic acid and allowed to stand for ten minutes to precipi- 

tate the proteins. The TCA precipitated proteins were spun down in 

the cold at 12, 000 xg for 15 minutes. Aliquots of the TCA supernatant 

were analyzed as above, giving the soluble nonprotein disulfide 
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content. 

Proteins of the supernatant of the tissue homogenate were 

determined by the Lowry method (19a, p. 265) which is dependent on 

the concentration of tyrosine moities present. The analytical data 

presented as the results represent the average of two separate 

series of plant analyses. 
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RESULTS AND DISCUSSION 

The amperometric method has been a standard procedure used 

in the quantitative analysis of SH groups. Two disadvantages of the 

method were the lengthy procedure and the variable nature of the 

electrode. Nevertheless, this procedure was used in the early phases 

of this study. To correlate the galvonometer scale readings with the 

concentration of SH groups, a standard solution of glutathione was 

analyzed each day. Figure 1 depicts a glutathione standard curve 

prepared by this method. The galvonometer scale readings related 

to concentration of GSH varied from day to day, indicating a variation 

of electrode sensitivity. These disadvantages encouraged us to 

investigate the recently published FMA method. 

Figure 2 is a standard curve of GSH prepared by the FMA 

method. Sulfhydryl and disulfide concentrations present in the tissue 

homogenization samples were limited to 1. 0 t.im or less, so as to 

react with FMA within the linear portion of the standard curve. The 

method was relatively fast to perform. A solution of FMA when 

stored in the dark at a low temperature reacted in a consistently 

quantitative manner with GSH over a period of several months. The 

FMA method was found to be simpler and more reliable than the 

amperometric method. Thus it was decided to abandon the ampero- 

metric method and apply the FMA method for the remainder of the 
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project. 

The seedlings of Elgin and Red Bobs analyzed during the study 

were grown at 20° and 3° C. The seedlings grown at 20° were about 

three to five mm long at the time arbitrarily assigned zero time in 

the graphs. They progressed from this length to approximately 

25 mm long as shown in Figure 3. Both varieties grew in length at 

approximately the same rate. The seedlings grown at 3° were 

germinated at 20° and placed in the cold when they were about three 

to five mm long. The growth characteristics of the two varieties 

were similar in the cold. They grew about the same length in a 

week at 3° as they did in 12 hours at 20 °. 

Figure 4 shows the days of cold treatment required to enable 

Elgin to flower. Elgin, being an obligate winter wheat, is charac- 

terized by this specific requirement of cold treatment. Some 

varieties of wheat do not require cold treatment in order to flower. 

However, flowering time for many varieties can be shortened by 

subjecting them to low temperatures for a period of time. Thus, 

cold treatment is not an "all or nothing" type of requirement, and 

different varieties show various responses in flowering times to 

various degrees of cold treatment. 

The amount of soluble protein, Figure 5, extracted from the 

warm -grown Red Bobs tissue was greater than that extracted from 

the cold -grown Red Bobs tissue or the warm and cold -grown tissues 
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of Elgin. The large amount of protein extracted from the warm - 

grown Red Bobs tissue was reflected in the large amounts of SH, 

SS, and SH +SS based on fresh weights found in this tissue. Differ- 

ences in tissue uptake of water could affect the fresh weights and 

consequently the sulfur content /gram fresh weight and the mg 

protein /gram fresh weight values. The high protein content of 

warm -grown Red Bobs may be due to the Lowry method of analyzing 

proteins, which is dependent upon reaction with tyrosine, and may 

not be reliable when employed to determine protein concentrations 

in young wheat tissues. Unreliability could result from reaction 

with phenolic groups other than tyrosine. The high Red Bobs' protein 

values may be due to a high phenolic content of the warm -grown 

Red Bobs tissue. However, it seems unlikely, since tissues of this 

type do not usually acquire phenolics until the time of ligninfication 

or thickening of the cell walls which occurs in the more mature tissue. 

The SH, SS, and SH +SS contents of the wheat tissues based on 

fresh weights are shown in Figures 6, 7, and 8 respectively. 

A comparison of these values shows that the two varieties exhibit 

marked differences in the quantities of sulfur components /gram 

fresh weight extracted from the tissues grown at 200. However, they 

show similarity of these values in extractions from the cold -grown 

tissues. The levels of SH, SS, and SH +SS were highest in the warm - 

grown Red Bobs tissue, because of the greater amount of protein 
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extracted in this tissue. Winter and spring wheats grown at both 

temperatures underwent a similar decline of amounts of sulfur 

components per gram fresh weight present in the tissue as maturation 

progressed. Thus, it seems that the sulfur content of the tissues 

grown at 30 and at 200 expressed as a function of time offer no 

marked contrasts. Varietal differences were substantial at 20o and 

minimal at 30 with respect to these values. Red Bobs flowers at 

both temperatures and Elgin only after 28 days of exposure at 30, 

and Elgin levels of sulfur components based on fresh weights differ 

slightly at these temperatures while those of Red Bobs differ vastly. 

It seems likely that the changes in these values are the incidental 

result of temperature differences during growth and not a direct 

factor involved in flowering. 

Figure 9 indicates that the SH contents based on protein con- 

centrations of the two varieties grown at 200 C. were somewhat 

similar. Both varieties showed a decline of this value as the tissue 

matured, until the twentieth day was reached. At this time the Red 

Bobs values reached a plateau for the continuation of the period of 

growth, and the Elgin values rose slightly. The SH content of 

tissues grown at 30 present a different pattern. The SH values of 

Elgin grown at this temperature fluctuated substantially while those 

of Red Bobs were relatively constant throughout the growth period. 

The magnitude of these values found in the SH content of both 
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varieties grown in the cold exceeds that found in the two varieties 

grown at 200, indicating that temperature affects both varieties 

but perhaps not to the same degree, and it is noted that the responses 

to cold treatment vary in the two varieties. No common pattern or 

level of SH groups was reflected in the spring wheat tissues or in 

the winter wheat during cold temperature induction. 

The contents of SS based on protein levels are presented in 

Figure 10. The values found in the two varieties at 20° differ, with 

Elgin maintaining a consistent level while the level of Red Bobs drops 

during the 12 to 24 hour period and then levels off for the remainder 

of the time. This could be due to a higher level of GSSG in the 

Elgin tissue or to proteins which have a low level of SS in the Red 

Bobs tissue. Since the protein SH values of these tissues grown at 

200 agree so closely, one is inclined to ascribe the higher level of 

SS found in Elgin to more GSSG present in the tissue. The SS values 

of the cold -grown Elgin tissues show a fluctuation similar to that 

found in SH levels, while the Red Bobs tissue shows a pattern con- 

sistent with its SH content. Thus, there are varietal differences in 

SS contents found in the tissues at both temperatures. Elgin tissues 

grown at 3° present a fluctuation in SS, SH, and SH +SS values based 

on protein concentrations that is distinctly different from the pat- 

terns found in warm -grown Elgin and warm and cold -grown Red 

Bobs tissue. Probably there are different protein species present 

in these tissues during growth. The tissue of cold -grown Elgin 

seems to undergo rapid and distinct changes in the types of proteins 
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as maturation proceeds. 

The contents of SS +SH based on protein levels are presented in 

Figure 11. The values found during the growth of the two varieties at 

20° were somewhat similar. A drop occurred up to the twentieth day 

followed by a levelling off of values, with Red Bobs decreasing fur- 

ther than Elgin before the plateau was reached. The greater values 

found in the Elgin tissues during this time are probably due to a higher 

level of glutathione SS. At 3° a large fluctuation was seenin the Elgin 

tissue, while the values found in the Red Bobs remained relatively 

constant. The SH +SS values found in the cold -grown tissues exceed 

those found in the warm -grown tissues. Thus it is seen that at 20° 

there was a similar pattern in the two varieties which changed to a 

varied pattern at 3 °. The fluctuations of the values in the cold -grown 

Elgin tissues show that time of growth differences are associated 

with pronounced changes in SS +SH content levels present in the tissue. 

Levitt et al. (12, p. 1 -4) found in two varieties of winter wheat that 

large changes of protein SHand SS were accompanied by large changes 

of GSSG. They thought that the changes in protein SHand SS were due 

to a splitting off or adding on of nonprotein SS. They found that SH and 

SS changes in the cold -grown tissue of a spring wheat variety were 

the result of 2SH.c SS oxidations and reductions. 

Figure 12 shows that the percentage of SH /SS +SH of both 

varieties grown in the cold was slightly higher than that of the Red 
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Bobs tissue grown at 20° and significantly higher than that of the 

Elgin tissue grown at 20° during the first half of the growth period. 

The graph is difficult to interpret precisely because the denominator 

of the value includes protein SS plus glutathione. Attempts were 

made to analyze for GSSG alone, but the TCA method of obtaining 

GSSG did not entirely eliminate the presence of protein in the TCA 

supernatant. The percentage of protein contamination in the TCA 

supernatant varied with the total amount of protein plus GSSG in the 

sample, so it was not possible to obtain a relative pattern of GSSG 

content. A low percentage of SH /SH +SS in Elgin at 20° was probably 

accompanied by a high percentage of GSSG /SH +SS. The higher per- 

centage of SH /SH +SS in the cold -grown tissue was partially due to 

and increase of }iMSH /mg protein, as seen in Figure 9. Levitt et al. 

(12, p. 1-4) found fluctuations in protein SH /total sulfur of 40 and 30 

percent in two winter wheats and only a nine percent change in a 

spring wheat. 

Several papers of Levitt et al. (17, p. 266 -261; 31, p. 272- 

276) indicate that glutathione relationships in general are affected 

by cold treatment, but are not correlated to flowering. They found 

that the GSH oxidizing activity was lower in both spring and winte r 

wheats grown under warm conditions than under cold conditions. The 

activity of the enzyme paralleled frost hardiness but not flowering 

capacity. They also found that GSH infiltrated into the leaves did 
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not affect the protein SH /SS ratio. The GSH which entered the leaf 

was oxidized to GSSG and was recovered completely in the oxidized 

form. This suggests that protein SH increases in the cold- treated 

plants are not brought about by reduction of protein SS to protein 

SH by GSH. GSH has been observed to change the ratio of protein 

SH /SS under other conditions, however. Pea seeds showed an 

increase of germination with a concurrent increase of GSH and per- 

centage of protein SH /SS. Removal of GSH reduced the percentage 

of SH /SS in the protein fraction (27, p. 314). Thus it seems possible 

that in some plants, under some conditions, glutathione can affect 

the protein SH /SS ratio, but does not in the case of cold- treated 

wheat tissue. 

It seems that these two varieties of wheat plants grown in the 

cold reflect a change in SH and SS contents when compared to that 

observed in the warm -grown tissues. No similar pattern or level 

of SH and SS manifested itself in the cold -grown Elgin and cold and 

warm -grown Red Bobs tissues, all of which are capable of flowering. 

Thus the pattern and level of SH and SS content in Elgin during 

vernalization was not one which was common to these two varieties 

of wheat plants able to flower and absent in unvernalized Elgin which 

is unable to flower. The study did not indicate that vernalization of 

Elgin was directly related to a certain level or pattern of SH and SS 

contents that occur during the growth of the plant as compared to 
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the SS and SH contents found during the growth of Red Bobs, a wheat 

plant that does not require vernalization. The changes in SH and 

SS levels that were found appear to be correlated with temperature 

responses rather than responses associated directly with the vernali- 

zation process. 

An investigation into the specific proteins present in the cold - 

grown wheat tissues as compared to those present in the warm -grown 

tissues could possibly shed more light on the process of vernalization. 

Sephadex separations carried out on tissue homogenations of seed- 

lings after various growth periods would indicate differences in 

protein structures and quantities present in varieties grown at 

different temperatures. 
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SUMMARY 

The SH and SS contents of Red Bobs, a spring wheat, and Elgin, 

a winter wheat, were measured in tissues grown in the dark at 30 

and 200 C. An amperometric titration method and a fluoresence 

quenching method were used in the analyses. 

The results of the analyses showed that the SH, SS, and SH +SS 

contents based on fresh weights were present in greater quantities 

in the tissues of Red Bobs grown at 20° than in the Elgin tissues 

grown at 20°. The high SH and SS concentrations present in the 

warm -grown Red Bobs tissues were due to a high concentration of 

protein extracted from that tissue. The SH, SS, and SH +SS contents 

per fresh weight were quite similar in the cold -grown tissues of 

both varieties during the growth period. These constituents present 

in the cold -grown tissues occurred in quantities that were less than 

those found in warm -grown Red Bobs tissues and greater than those 

present in the warm -grown Elgin tissues. Both varieties grown at 

both temperatures showed a similar decrease in SH and SS contents 

based on fresh weights as maturation progressed. 

The analyses indicated that SH, SS, and SH +SS contents based 

on protein levels were similar in Elgin and Red Bobs tissues grown 

at 200. Both varieties grown at 30 contained greater concentrations 

of SH, SS, and SH +SS groups based on protein levels than those 
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present in the tissues gorwn at 20 °. The Elgin tissues at 3° under- 

went a fluctuation of these values as growth progressed, while the 

Red Bobs tissues at 3° maintained relatively constant levels of 

SH, SS, and SH +SS contents based on protein levels present during 

the growth period. 

The data demonstrated the phenomena of temperature effects 

on sulfhydryl and disulfide concentrations present in growing wheat 

seedlings. The results did not suggest that sulfhydryl and disulfide 

concentrations found in Elgin wheat tissues as compared to those 

found in Red Bobs wheat tissues were directly related to vernaliza- 

tion. 
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APPENDIX 

Table 1. The SH content of Elgin, a winter wheat, and Red Bobs, 
a spring wheat, based on fresh weights of seedlings 
grown in the dark. 

Days of growth at 30 C. 6 13 20 27 34 

pmSH /gram fresh weight Elgin 3. 0 2. 8 2. 2 1. 5 1. 6 

»mSH /gram fresh weight Red Bobs 2. 9 2. 4 2. 0 1. 6 1. 3 

Hours of growth at 20° C. 0 12 24 36 48 

µmSH /gram fresh weight Elgin 2. 7 2. 1 1. 4 1. 4 
pmSH /gram fresh weight Red Bobs 3. 7 2. 9 2. 5 2. 2 1. 5 

Table 2. The SS content of Elgin, a winter wheat, and Red Bobs, 
a spring wheat, based on fresh weights of seedlings 
grown in the dark. 

Days of growth at 3° C. 6 13 20 27 34 

pmSS /gram fresh weight Elgin 4. 4 3. 4 3. 2 2. 9 2. 3 

pmSS /gram fresh weight Red Bobs 3. 7 3. 2 2.9 2. 6 1. 9 

Hours of growth at 20° C. 0 12 24 36 48 

»tmSS /gram fresh weight Elgin 4. 2 3. 5 2. 9 2. 2 

pmSS /gram fresh weight Red Bobs 4. 4 4. 1 4. 1 3. 8 2. 6 
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Table 3. The SH +SS content of Elgin, a winter wheat, and Red Bobs, 
a spring wheat, based on fresh weights of seedlings grown 
in the dark. 

Days of growth at 3° C. 6 13 20 27 34 

pmSH +SS /gram fresh weight Elgin 7. 4 6. 1 5. 4 4. 3 3. 9 

pmSH +SS /gram fresh weight 
Red Bobs 6. 6 5. 6 5. 0 4. 2 3. 4 

Hours of growth at 20° C. 0 12 24 36 48 

jmSH +SS /gram fresh weight Elgin 6. 9 5. 6 4. 3 3. 6 

imSH +SS /gram fresh weight 
Red Bobs 8. 1 7. 0 6. 6 6. 0 4. 1 

Table 4. The SH content of Elgin, a winter wheat, and Red Bobs, 
a spring wheat, based on protein levels of seedlings 
grown in the dark. 

Days of growth at 3° C. 6 13 20 27 34 

pmSH /mg protein Elgin 0.24 0.32 0.18 0.24 
jxmSH /mg protein Red Bobs 0. 21 0. 22 0.20 0.18 

Hours of growth at 20° C. 0 12 24 36 48 

pmSH /mg protein Elgin 
p.mSH /mg protein Red Bobs 

0.22 0.18 0.14 0.16 
0.23 0.20 0.14 0.14 0.14 
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Table 5. The SS content of Elgin, a winter wheat, and Red Bobs, 
a spring wheat, based on protein levels of seedlings 
grown in the dark. 

Days of growth at 3° C. 6 13 20 27 34 

µmSS /mg protein Elgin 0. 29 0. 40 0. 33 0. 35 
pmSS /mg protein Red Bobs 0.28 0.30 0.34 0.30 

Hours of growth at 20° C. 0 12 24 36 48 

µmSS /mg protein Elgin 
,imSS /mg protein Red Bobs 

0. 3 0. 3 0. 3 0.28 
0.28 0.29 0.22 0.24 0.24 

Table 6. The SH +SS content of Elgin, a winter wheat, and Red Bobs, 
a spring wheat, based on protein levels of seedlings grown 
in the dark. 

Days of growth at 3° C. 6 13 20 27 34 

pmSH +SS /mg protein Elgin 
pmSH +SS /mg protein Red Bobs 

Hours of growth at 20° C. 

pmSH +SS /mg protein Elgin 
pmSH +SS /mg protein Red Bobs 

0.53 0. 67 0.51 0.59 
0.49 0.52 0.54 0.48 

0 12 24 36 48 

0.54 0. 48 0. 44 0.45 
0.50 0.48 0.36 0.38 0.38 
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Table 7. The percentage of total sulfur (SH +SS) in Elgin and 
Red Bobs wheat seedlings existing in the SH form. 

Days of growth at 3° C. 6 13 20 27 34 

percentage SH /SH +SS Elgin 42 45 40 35 41 
percentage SH /SH +SS Red Bobs 44 43 42 38 38 

Hours of growth at 20° C. 0 12 24 36 48 

percentage SH /SH +SS Elgin 40 37 33 37 40 
percentage SH /SH +SS Red Bobs 45 41 39 37 38 

Table 8. The protein content of Elgin, a winter wheat, and Red 
Bobs, a spring wheat, based on fresh weights of 
seedlings. 

Days of growth at 3° C. 6 13 20 27 34 

mg protein /gram fresh weight Elgin 
mg protein /gram fresh weight 

11.0 8.3 8.3 6.4 

Red Bobs 11.0 9.3 7.4 

Hours of growth at 20° C. 0 12 24 36 48 

mg protein /g fresh weight Elgin 
mg protein /g fresh weight 

12.5 12.0 9. 7 8. 0 

Red Bobs 16.0 14.0 17.5 15.3 10.0 


