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(WITH TWO FIGURES)

Introduction

When sulphur dioxide enters the intercellular space of a leaf it enicoun-
ters moist surfaces upon which, on account of its great solubility in water,
it is readily absorbed, forming, presumably in the first instance, sulphurous
acid. The latter appears to be neutralized as it enters the cells by the inor-
ganic and organic bases in the cells or it may unite with aldehydes to form
addition products. Subsequently there is oxidation to sulphate. The rate
of this oxidation is indicated by the fact that sulphur dioxide has been recov-
ered from the leaf tissue bv acid distillation for several hours after a severe

fumigation (3). In fumigations with low concentrations of sulphur dioxide
the oxidation to sulphate evidently occurs about as rapidly as absorption
because in this case sulphur dioxide cannot be recovered by acid distillation.
A small part of the sulphite or sulphate may be reduced and incorporated
into organic sulphur compounds such as eystine and methionine, and others.
Formation of eystine and methionine would suggest the enrichment of the
protein with sulphur.

In this paper evidence is submitted regarding first, the neutralization
reactions alid second, the prodcLution of organic sulphur compounds. The
work is based onl long-continued, low-coneentration fumigations of alfalfa in
which acute leaf injury was largely avoided. Some data are also included for

sugar beets similarly treated. In some of the experiments, the fumigations
were continued until the older leaves had accumulated sulphate to the limit
of their capacity and had become chlorotic. Additional evidence regarding
the production of organic sulphur compounds, obtained by the use of radio-
active sulphur as a tracer element, is reported in the following paper (5).

Experimentation

EFFECT OF ABSORPTION OF SULPHUR DIOXIDE ON TIIE BUFFER CAPACITY

OF THE LEAVES

In 1935-1936 an extensive series of experiments was carried out at Logan,
Utah, on the fumigation of alfalfa with sulphur dioxide. These experiments
have already been described in part (8). As one phase of this investigation
a chemical study of the leaf tissue was undertaken, for the purpose of deter-
mining the disposition of the sulphur dioxide after absorption. Total sulphur
analy-ses of these plots were published earlier (8) and a sulphur fractiona-

1 This is the fifth of a series of papers on "The Effect of Prolonged Low Concen-
trations of Sulphur Dioxide Upon Plants."
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THOMAS, HENDRICKS AND HILL: SULPHUR DIOXIDE

tion is presented later in this paper (tables II and III). It is of interest to
know how the plants reacted to the acidity of these relatively large quantities

of acid gas.

M PRIMAQY LE.AVE.S

-- PLOT 5 - CHECIc-

4.0

2.0

I0-:

TERPTIARY LE-AVE-51
8.0 7

6.0

14.0-

.5 0 .5 1.0 1.5 2.0 2.5 3.0
BASE AACID

MILLIMOL5 PER GRAM OF DRY MATTER

FIG. 1. Titration with sodium hydroxide and hydroehloric acid, using the glass

electrode, of well-macerated leaf tissue from an unfumigated plot and a plot fumigated

with sulphur dioxide.

In many earlier experiments the pH of juice expressed from fresh
leaves-usually after freezing-has been determined on samples taken imme-
diately before and immediatelv after a fumigation with sulphur dioxide.
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PLANT PHYSIOLOGY

With alfalfa the maximum decrease observed was 0.3 pH unit, though with

dahlias, a decrease of 1.0 pH unit has been observed. When injury did not

occur there was little or no change of pH. This was definitely true in the

long-continuecd, low-concenitrationi fumigation experiments.

It was realized of eourse, that local concentrations of acid may have

existed in the leaves even though the pH of the expressed juice was

unchanged, but it was not feasible to study this matter. Instead, the buffer

capacity of leaf tissue was investigated by making a number of electrometric

titrations of wvell-macerated material, using an assembly of a glass electrode

and Lindemann electrometer.2 Typical results are presented in figure 1.

which gives the titrations of the primary, secondary, and tertiary leaves for

the unfumigated plot 5, and the corresponding fumigated plot 6 in 1935.

Similar results were obtained for other pairs of plots. The values in figure 1

have been corrected for the diluting effect of the titrating liquid. The initial

pH of all the samples was 5.8 to 5.9. On the alkaline side, the buffer capacity

was small and not appreciably affected by the fumigation treatment; but on

the acid side, the absorbed sulphur dioxide definitely reduced the buffer

capacity.
The titrations for plots 5 and 6 and also for plots 7 and 8, 1935, are

analyzed in table I which gives the amounts of acid and their ratios required
to cause certain changes of pH in the check and fumigated samples. Table I

also gives the sulphur increment of the fumigated material as found by
analysis (see table II) and the resulting calculated acidity ascribable to the

absorbed sulphur dioxide. Finally these values are divided into the differ-

ences between the titration values of fumigated and check samples to give
the percentage of acidity accounted for by the titrations.

The buffer capacity of the fumigated leaves ranged from 54 to 83 per

cent. of the corresponding check leaves, accordinig to the age of the leaves

and the magnitude of the pH change considered. In the titration to pH 3,
the ratios of buffer capacity ranged from 67 to 83 per cent. In every case

the secondary leaves had smaller ratios than the others, that is, the fumiga-
tion effect was greatest in the secondary leaves. Only 10 to 15 per cent. of

the acid added by the fumigation treatments affected the titration to pH 5,

but the titration to pH 3 accounted for 30 to 39 per cent. of the sulphur
dioxide acidity in the case of the primary leaves, and 44 to 56 per cent. in

the secondary and tertiary leaves.

It is interesting to note that the older fumigated primary leaves, with

larger increments of sulphur, showed less reduction of buffer capacity than

the secondary leaves, which suggests that there was a slow reaction in the

leaf tending to restore the buffer capacity. No adequate explanation of this

reaction is available at this time. Some translocation of the sulphur occurred

and change to organic sulphur took place to a very limited extent as is shown

later. When the leaves were ashed, considerably more sulphate and less
2 The authors are indebted to Messrs. D. PETERSON and G. F. SOAMERS for making

these titrations.
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PLANT PIIYSIOLOGY

carbonate remained in the residue from the fumigated than from the unfumii-
gated samples but the inorganic bases were present to about the same extent

in the two. This suggests that neutralization was largely accomplished by

the organic bases such as amino groups or other nitrogen compounds.

THE SULPHUR FRACTIONATION

In additioni to investigating the neutralization reactions, the fractiona-

tion of the leaf sulphur into a number of different types of compounds was

undertaken. A critical study of the method of fractionating the sulphur is
presented in detail elsewhere (4). A summary of the procedure follows:

About 15 grams of freshly frozen material were ground in a mortar, then

suspended in water and passed repeatedly through a laboratory homogenizer

until a uniform suspension was obtained. Later the suspension was made in
a Waring blendor without preliminary grinding. Aliquot portions were

dried. Other aliquots were placed in a special digestion flask with excess of

a suspension of magnesium oxide and cadmium chloride or hydroxide and

boiled gently under reflux for 2 to 4 days in an atmosphere of hydrogen.

This treatment hydrolyzed sulphydryl or disulphide groups, associated with

cystine and closely related compounds in the proteins, to hydrogen sulphide

which was precipitated as cadmium sulphide. After slow acidification of

the reaction mixture with hot dilute hydrochloric acid, the hydrogen sul-

phide was swept out with hydrogen, collected in a zinc acetate absorber, and

determined colorimetrically as methylene blue. This fraction is often called
" labile " or "cystine " sulphur. Methylene blue was formed by adding 15 ml.

of 0.25 per cent. p-aiminodimethyl aniline in 20 per cent. (volume) sulphuric
acid, followed inunediately by 2 ml. of 12 per cenit.. ferric alum-without ex-

posing the mixture to the air. The bottle was swirled during addition of the

alum. The blue solution was compared in a colorimeter with a stable cu-

prammoniuin solutioni containing 0.60 per cent. hydrated copper sulphate and

0.0024 per cent. potassiuim dichromate in 0.4 N ammonium hydroxide. Care-
ful adjustment of the diehromate was necessary in order to secure the correct

shade of color. This solution matched the methylene blue over a limited

range and was equivalent to 0.34 mg. sulphide sulphur per 100 ml. Four di-

gestions could be run simultaneously. Since the methylene blue solutions

were not stable, duplicate analyses of the corresponding check and fumi-

gated samples were made at the same time.
The undissolved leaf material in the reaction flask was filtered off and

analyzed for sulphur in the Parr bomb to give "acid insoluble organic sul-
phur. " The filtrate was treated with barium chloride to remove the inorganic
sulphate. The filtrate from the latter was made alkaline, evaporated to dry-
ness in a large nickel crucible, and the residue was fused with sodium

peroxide to destroy organic matter. The sulphate thus produced was deter-

mined gravimetrically to give "soluble organic sulphur. "

Subsequent study of this procedure (4) has shown that small amounts

of sulphite and sulphate are produced from cystine by the nmild alkaline
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PLANT PHYSIOLOGY

digestion, in addition to the sulphide; also the products of the reaction can
be more conveniently and more accurately determined by iodometric titra-

tion than by methylene blue. While the colorimetric labile sulphur values
are doubtless somewhat low (about 10 per cent.), every effort was exerted to
make them comparable, and reliable conclusions can probably be drawn
from them.

Table II gives a description of the samples and their respective histories;

also the total sulphur and sulphate sulphur of check and fumigated plots.
The difference between sulphate and total sulphur in each case is assumed

to be organic sulphur. The differences between the total sulphur values of

check and fumigated plots represent sulphur dioxide absorption. Since these

differences are only slightly greater than the differences between the corre-

sponding sulphate values, it is apparent that the absorbed sulphur dioxide
was largely converted into sulphate. In spite of the fact that the fumigated

samiiples contained two to twelve times as much sulphate as their checks, they

contained only slightly larger amounts of organic sulphur. These latter dif-

ferences, though small, are highly significant statistically, by the test of
FISHER 'S "t." The organic suilphur values also covered a comparatively nar-

row range (0.20 per cent. to 0.34 per cent.) in the different plots. Some of
the older primary leaves had less organic sulphur than the younger leaves.

In table III the organic sulphur fraction is divided into three parts:

labile, acid soluble, and acid insoluble sulphur. In most cases the sum of

these fractions agreed well with the organic sulphur in table I. The soluble
fractioni was usually larger than the other two, but the differences were not

great. In genieral the fumlligated leaves had more of each fractioin than the

check leaves. This was invariably true of the labile fraction. On the average,

the insoluble and soluble fractions showed increases in the fumigated plots
of 5 and 9 per cent., respectively, and the labile sulphur an inlcrease of

16 per cent.

A statistical analysis of the differences between check and fumigated
plots by the method of FISHER'S "t," has been made and the correspondinig
values of P are inserted in table III. The effect of the fumigation was highly
significant statistically in the case of the labile sulphur and the total organic
sulphur, buit the significance was iiot so definiite in the other two comparisons,
especially in the insoluble organic fraction. It is evident that the fumiga-
tions probably contributed some sulphur to all organic fractions, and cer-

tainly contribuited to the labile fraction, thouigh the absolute amounts
were small.

LABILE SULPHUR IN THE 1939-41 ALFALFA EXPERIMENTS

Labile sulphur analyses have been made on the leaves of all the crops of
alfalfa grown in the sand culture experiments in 1939-40-41. These experi-
ments have already been described in part (6, 7). The leaf samples were

harvested and frozen as before. The 1939 and 1941 samples were analyzed
soon after harvest, but the 1940 samples were not analyzed until 1942. The
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iodometric method was used. The data for 1939 are given in table IV and
for 1940-41 in table V and figure 2. The tables also summarize the experi-
mental treatments. When adequate amounts of sulphur were available for
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concentration in the nutrient solution; and with and without fumigation with sulphur
dioxide.

the nutrition of the alfalfa, the amount of labile sulphur generally exceeded

0.09 per cent. and the average amount was 0.130 per cent. in 1939, 0.098 per
cent. in 1940, and 0.105 per cent. in 1941. These values are somewhat higher
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THO-MAS, HENDRICKS AND HILL: SULPHUR DIOXIDE

than the 1935-36 values which were probably about 10 per cent. low, due to
the method of analysis as already suggested. The 1940 figures are probably
low also due to two years' storage before analysis.

When sulphate was deficient in the nutrient solution, the labile sulphur
went down to a minimum value of 0.045 per cent. AVith few exceptions the
fumigated crops had more labile sulphur than the correspondinig check crops.
These differences were small with adequate sulphur nutritionl of the plants
through the roots; but the differences were larger under conditions of sul-
phur deficiency. Statistical significance is indicated for these differences in
the case of the "medium sulphur, high pH" and both "low sulphur" pairs

TABLE VI
LABILE SULPHUR IN THE LEAVES AND ROOTS OF 1943 SUGAR BEETS

LABILE SULPHUR IN

NUTRIENT LEAVES ROOTS
S I-N NUTRIENTCONCE.NTRATION SLJIN CE1 AFD P HC AE

LEV'EL SOLUTION

CHECK Fumi- P* CHECK Fumi- P

GATED GATED

p.p.7n. % /C ,o 0
High.18 0.094 0.100 0.0111 0.0108

11 0.098 0.101 0.0110 0.0113

Low.13 0.106 0.118 0.0109 0.0117
11 0.102 0.101 0.0095 0.0099

Ave ................................ 0.100 0.105 0.17 0.0106 0.0109 0.29

High.0.6 0.041t 0.101 0.0094t 0.0128
0.065t 0.0093T1

0.6 0.037t 0.085 0.0110t; 0.0126
0.059I 0.0102I

Low.0.6 0.080 0.105 0.0089 0.0102
0.5 0.079 0.095 0.0122 0.0131

AVe 0.065 0.097 0.02 0.0103 0.0122 0.04

* Probability value from Fisher's "table of t."
t Poor plants.
$ Fairly vigorous plants.

of plots in 1939, and for all the 1940-41 pairs except "high " and "medium"
sulphur in the high nutrient. Nearly all the fumigated crops had normal
amounts of labile sulphur.

Table VI summarizes labile sulphur values for the leaves and roots of
sugar beets in 1943. These experiments were earried out like the alfalfa ex-
periments in 1939-40-41. Small seedlings were tranisplanted on Aug. 7 and
Aug. 14. The "high nutrient" plots had solutionis in which the proportions
and concentrations of the principal conistituenits were those suggested by
ARNON and HOAGLAND (1). The "low nutrient" plots had similar solutions
in which the concentration was 30 per cent. durilig the very early stages of
growth, and later 10 per cent. of the " high nuttrient" plots. "High sulphur"
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PLANT PHYSIOLOGY

inidicates about. 11 to 18 p.p.m. suilphate sulphur in the nuLtrient solution; "'low
sulphur, " about 0.6 p.p.m. The fumigation treatment averaged 0.186 p.p.m.

sulphur dioxide applied 5.2 hours daily on 60 days between August 19 and

November 2. Eight plots comprised the experimental unit, and the experi-

ment was duplicated on the other eight plots. Growth on most of the plots
was quite uniform. On November 1st two representative leaves were taken

from each plant, giving a composite plot sample of 50 leaves. These were cut

into small pieces after removing the midrib, well mixed, and quickly frozen

in tight containers. The "high nutrient, low sulphur" check plots exhibited
very poor growth, indicating marked sulphur deficiency and lack of balance

in the nutrient solution, but they each had a few plants that were much

better than the rest. These were sampled separately.
The root samples were prepared by carefully trimming off the leaves

around the crown and running the beets through a pulping machine which

very effectively broke up the tissue to a fine suspension. The pulp was well

mixed and a sample was frozen in a tight bottle until used. One-hundred-
gram portions of this material were analyzed for labile sulphur.

The labile sulphur values for sugar beet leaves in table VI are about the

same as for alfalfa leaves in table V, and the relationships between the treat-

ments are quite similar for the two plants: that is, the sulphur-deficient
leaves had appreciably smaller amounts of labile sulphur than those ade-

quately supplied either from the nutrient solution or from sulphur dioxide,
and the fumigation treatments raised the labile sulphur level of the deficient

leaves nearly to normal.
The roots had only about one-tenth as much labile sulphur as the leaves,

but the general relationships to the treatments were similar in roots and

leaves. The differences due to fumigation for both roots and leaves were

statistically significant onlv in the low-sulphur pairs of plots.
In the "high nutrient-low sulphur" unfumigated plots, the plants that

made the best growth had more labile sulphur in the leaves (but not in the

roots) than the poorer plants. It is of interest to note that these two check

plots had poorer plants and lower labile sulphur values in the leaves than

did the "low nutrient-low sulphur" plots, suggesting that sulphur deficiency
is more serious with a high nutrient level than with a low level and indi-

cating that the balance of the nutrients in a solution is important as well as

the concentration.
Finally it may be stated that the labile sulphur analyses in the sand cul-

tures confirm the earlier experiments in soil in showing that some of the

absorbed sulphur dioxide is reduced and incorporated into eystine or closely
related organic sulphur compounLds.

Summary

A chemical study has been made of the alfalfa leaf samples obtained in

the alfalfa fumigation experiments of 1935-36, and 1939-41, and also the
1943 work with sugar beets.
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THOMAS, HENDRICKS AND IIILL: SULPHUR DIOXIDE

1. The prolonged low concentrationi fumigations with sulphur dioxide
did not change appreciably the pH of the expressed leaf juice.

2. These treatments reduced appreciably the buffer capacity of the leaves
as shown by electrometric titration.

3. Organic bases in the leaf were probably principally responsible for
the neutralization of the absorbed acid.

4. The data suggest a slow restoration of the buffer capacity.
5. The absorbed sulphur dioxide was changed principally to sulphate.
6. A small amount of organic sulphlulr was produced including cystine

or related "labile" sulphur compounds, anid probably also other soluble and
insoluble organic sulphur compounds.

7. Labile sulphur was consistently higher in the fumigated plots of
1935-36 than in the unfumigated plots. It was generally higher in the later
work also. When the nutrient solution was deficient in sulphate, the fumi-
gated leaves had considerably more labile sulphur than the unfumigated
leaves. The differences between the labile sulphur values of the fumigated
and unfumigated plots were small when the sulphur available to the roots
was adequate.

8. The roots of sugar beets had onlv about one-tenth the labile sulphur
in the leaves, but showed differeniees due to the different sulphur treatments,
similar to those shown by the leaves.

9. The high nutrient-low sulphur unfumigated plots had very low labile
sulphur values in the leaves both of alfalfa and of sugar beets-considerably
lower in fact than the low nutrient-low sulphur plots, suggesting a lack of
balance as well as deficiency in the former.
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