type in the face of natural randomiz-
ing influences. Indeed, among the
codes that could be generated by a
reassignment of codons, it is doubtful
that any would be substantially more
protective than the present one. In fact,
if the GC content and degree of de-
generacy of each amino acid is kept
constant, then Table 1 shows that re-
assignment of codon sets cannot im-
prove the protection of hydrophobic
and hydrophilic character.

A different explanation (4, 27) for
the organization of the code is that
it arose through the influence of spe-
cific interactions of amino acids and
nucleotides before the development of
the adaptor RNA. No such chemical
affinity has been demonstrated, and
such a mechanism cannot adequate-
ly explain the fitness of the code to
protect amino acid groups in relation
to their quantitative importance in pro-
teins.

Sonneborn (5) has suggested that
protection against lethal mutation may
have been the major determinant in the
evolution of the code. We suggest,
however, that increased accuracy
of the systems for gene expression may
have been the chief selective influence.
The efficiency of cellular processes ul-
timately depends on the accurate syn-
thesis of enzymes; hence a protec-
tive code, apart from its effect on muta-
tion rate, would be advantageous in
the same way as a better ribosome or
a better SRNA would be. A similar
suggestion has been made by Woese
(28).

Initially, adaptors and the cor-
responding code were probably non-
specific, recognizing only general as-
pects of amino acid character. Evolu-
tionary pressures for better enzymes
would have selected not only the ap-
propriate amino acid sequences, but
also a system for translation that best
insured their synthesis. The evolution
of the code was thus the development
of a larger number of adaptors with
greater specificity (29) such that re-
lated amino acids became associated
with closely related adaptors derived
from an earlier, less specific one. In
this way a genetically protective pat-
tern of coding emerged because of se-
lective pressures for better mechanisms
of protein synthesis.

ALFRED L. GOLDBERG
RoBERT E. WITTES
Department of Bacteriology and
Immunology, Harvard Medical
School, Boston, Massachusetts
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Ozone and Sulfur Dioxide Synergism:
Injury to Tobacco Plants

Abstract. Tobacco plants displayed
ozone-type injury when exposed to mix-
tures of ozone and sulfur dioxide at
subthreshold concentrations. The syn-
drome suggests synergism between
ozone and sulfur dioxide that lowers
thresholds to injury; exposure to the in-
dividual gases at the mixed-gas concen-
trations caused no symptoms.

Certain varieties of tobacco are the
most sensitive indicators known of the
presence of air-polluting ozone, usually
displaying symptoms in the field when
concentrations exceed 0.05 ppm (parts
per million) (I, 2). Development of
automated methods for measuring
ozone, including those based on oxida-
tion of potassium iodide, has facilitated
determination of ozone thresholds.
However, we have observed and others
(1) have reported symptoms resembling
ozone fleck after indication of concen-
trations of ozone, in ambient air, as low
as 2 parts per 100 million (pphm). Sul-
fur dioxide causes 100-percent inter-
ference with potassium iodide ozone
analysis (3), although ozone and sulfur
dioxide coexist without antagonism in
the gaseous phase at concentrations be-
low 1 ppm (4). Interference by sulfur
dioxide is prevented by placement of
a chromium trioxide scrubber at the
beginning of the air-sampling train (3).
Concentrations of sulfur dioxide tend to
be higher in late spring and fall than in
summer (5). We believe that ozone
thresholds determined in the field while
sulfur dioxide is present are incorrect
because of interference by the sulfur
dioxide with the measurement of ozone.
Furthermore, the apparently subthres-
hold concentrations of ozone that
caused injury suggested synergistic ef-
fect by ozone and sulfur dioxide. The
suspicion of synergism is based on the
disruption of an indicated balance of
oxidized and reduced sulfur in plant
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tissues (6). We now report the results
of tests of the suspected synergism be-
tween ozone and sulfur dioxide ab-
sorbed by tobacco leaves.

Our experiments during the winter
used potted tobacco plants grown in
the greenhouse under natural condi-
tions. Cigar-wrapper varieties Bel-W3
and Bel-B, ozone-sensitive and ozone-
resistant, respectively, and virescent
variety Consolation 402 were exposed
to doses of ozone and sulfur dioxide,
individually and mixed, in a dynamic-
flow, walk-in, fumigation chamber
equipped with an activated-charcoal
filter to remove phytotoxic air pollutants
(7). Fumigation was basically with
mixed gases to study the suspected
synergism and with individual gases to
provide controls. All tests were made in
the same chamber, 3 days being re-
quired for completion of the mixed-gas
and control exposures for each trial.
Four trials were conducted: one each
during January, February, March, and
April 1966. Under our conditions, to-
bacco plants are most sensitive to ozone
when fumigated at the 6- to 7-leaf stage,
during rapid growth, 3 to 4 weeks after
seedlings are transplanted into 3-inch
(7.5-cm) pots; the span of each trial
was limited to this period.

Plants were selected for uniformity,
preconditioned in the chamber for 1.5
hours, and fumigated for 2 or 4
hours. The chamber was operated at
800 to 1100 mphot (cool-white fluores-
cent), 24° to 26°C, and 80- to 100-per-
cent relative humidity. One plant of each
variety was removed for observation
of the stomatal condition at the begin-
ning and end of the fumigation period,
since at these low concentrations stom-
ata must be open to permit absorption
of toxicants (8). Stomatal measurements
were made from silicone impressions
(9) taken from predetermined areas on
the lower and upper surfaces of ma-
ture leaves.

Ozone was produced from tank oxy-
gen by high-voltage discharge (7), and
sulfur dioxide was infiltrated into the
stream of carbon-filtered air from a
cylinder of 1 percent sulfur dioxide
in air. A Mast 724-1 (I0) automatic-
recording ozone meter was used to
monitor ozone concentrations during
fumigations as near as possible to 3
pphm; the concentration was critically
controlled and varied no more than 25
percent from the 3-pphm average. The
Mast instrument was equipped with a
U-tube chromium trioxide scrubber (3)
when doses were of mixed ozone and

22 JULY 1966

Table 1. Injury to tobacco leaves by fumigation with dilute mixtures of ozone and sulfur
dioxide; each value is the average for four experiments (total of 18 plants; seven leaves per

plant scored).

Fumigation Leaf damage to varieties (%)
Toxicant Leaves (No.) Area
Duration (pphm)
hr — - -

(ho) 0, SO, Berws Comsola g pewy Consola pop
2 3.0 0 0 0 0 0 0
2 24.0 0 0 0 0 0 0
2 2.7 24.0 - 38 37 25 15 12 9
4 3.1 0 0 0 0 0 0
4 26.0 0 0 0 0 0 0
4 2.8 28.0 15 76 48 41 43 23

sulfur dioxide or of ozone alone. Sul-
fur dioxide was introduced into the air
stream with a flowmeter at a constant
rate of 250 ml/min; concentrations
were determined manually by the
West-Gaeke method (/7). Ozone does
not interfere with the West-Gaeke meth-
od because of the relative insolubility
of ozone in the sampling reagent (4).
The rate of introduction of sulfur di-
oxide provided a concentration between
15 and 36 pphm as revealed by 5-
minute air samples collected from the
chamber four times during each fumi-
gation. Preliminary tests with these
facilities showed that administration of
between 50 and 100 pphm sulfur di-
oxide for at least 2 hours was required
to cause acute injury to tobacco.

No symptoms appeared after plants
were exposed to either gas alone at
concentrations used in the combined-
gas experiments. Symptoms in the
combined-gas experiments (Table 1)
closely resembled typical ozone injury
as tiny white flecks scattered randomly
over the upper surface of mature leaves;
the degree of injury was greatest on
mature leaves, and total injury increased
when time of exposure was extended
from 2 to 4 hours. Examination of
silicone impressions showed that lower-
surface stomata were open at the be-
ginning of fumigations and remained
open throughout (Table 2). Removal
of the U-tube scrubber from the Mast
instrument caused immediate reduc-
tion in indicated concentrations to a
constant level near 0 pphm, and demon-
strated the interference by sulfur di-
oxide.

Our results offer a tentative explan-
ation of occasional inconsistencies in
the recording of ozone thresholds. We
believe that sulfur dioxide interference
with analysis of ozone has caused con-
centrations of ozone to be mistakenly
interpreted, and that synergism between
the two gases in leaf tissues in fact re-

Table 2. Stomatal apertures of three varieties
before and after fumigation with ozone and
sulfur dioxide mixed and singly; average
values for four plants and four experiments
with each treatment.

Width of apertures on surface (u)
After
Upper Lower

Variety Before

Upper Lower

Ozone and. sulfur dioxide

Bel-W3 1.2 3.9 1.1 1.4
Bel-B 1.8 4.2 1.1 14
Consolation 1.6 4.6 1.8 2.6
Ozone
Bel-W3 1.9 4.0 0.8 1.2
Bel-B 1.6 3.6 8 1.5
Consolation 1.7 4.1 1.1 2.7
Sulfur dioxide
Bel-W3 1.1 4.0 0.6 2.3
Bel-B 2.0 4.4 5 1.7
Consolation 3.5 4.8 .6 3.5

duces the threshold necessary for injury.
Although the chronic and acute effects
of sulfur dioxide on plants have been
studied for more than 50 years, a subtle
threat to crops is posed when concen-
trations of ozone and sulfur dioxide

may concomitantly increase during
episodes of air pollution.
H. A. MENSER

H. E. HEGGESTAD
Crops Research Division, Agricultural
Research Service, Beltsville, Maryland
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