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Introduction

, Various formulations of petroleum fractions in the light lubricating oil

range provide efficient general insecticides for control of insect pests of
citrus and have been used for this purpose for many years. The relatively
low cost and high insecticidal efficiency of these materials make it probable
that their widespread use in citrus culture will continue for some time.
Many types of injury to citrus trees have been reported, however, as result-
ing from such sprays.

The injurious effects of oil sprays on citrus trees have been summarized
in reviews by EBeriNG (3) and RIEHL (12). Conclusive evidence has been
presented to show that the application of oil sprays to citrus trees results in
a reduction of the total percentage of soluble solids in the juice of citrus
fruits. This decrease in the solids content of the juice was first noted by
YorueRrs and McBRIDE in 1929 (16). SINCLAIR et al. (14), SToFBERG and
ANDERsSEN (15), and BARTHOLOMEW et al. (2) have extended the results and
have shown that, when fruits from oil-sprayed trees and from non-oil-
sprayed trees are compared, the use of oil spray in the usual commercial
dosage causes a decrease of as much as 15% in the total soluble solids in
the juice. :

The relatively large portion of the citrus crop marketed at present in the
form of a frozen, concentrated juice having a uniform solids content makes
this lowering of the solids in the juice, resulting from oil sprays, of more
importance than formerly. Since the primary constituents of the soluble
solids of citrus juice are sugars and citric acid, the reduction caused by oil
sprays is probably due to an interference with the net production of photo-
synthate by the tree, or to a decrease in the translocation of elaborated
foods from the leaves to the fruit, or to a combination of these factors.

The present study was undertaken for the purpose of elucidating the
effect of petroleum oils on photosynthesis and respiration of citrus leaves
in the hope that knowledge concerning the mechanism of the toxic effect of
oils would be useful in developing means of overcoming these effects in field
practice. .

KNIGHT et al. (8) measured the effect of petroleum oils on the photo-
synthesis of citrus leaves by painting oil on both surfaces of the leaves of
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plants which had been starved in darkness for 15 days. Sections were cut
from these leaves and tested for starch daily. It was found that when an
oil having a viscosity measurement of 106 seconds was applied, the starch
content of the treated leaves had not returned to normal at the end of 40
days. With an oil having a viscosity measurement of 50 seconds, the starch
returned to normal on the fourth day. These same workers, using a carbon
dioxide absorption-titration method, found a very marked stimulation of the
respiration of citrus cuttings as a result of oil painted on the leaves. The
same oil applied as a spray also stimulated respiration, but not to the same
degree. The data given indicate that although the plants were illuminated,
the oil application stimulated respiratien so much that it was considerably
in excess of photosynthesis. '

GreeN and JouNsoN (6) found that oils containing less than 84% un-
sulphonated residue (U.R.) caused an increase in the respiration of bean
leaves, whereas oils containing more than 84% U.R. brought about a de-
crease in the rates of respiration. GreeN (b), working with both poorly re-
fined oil (84% U.R. or less) and highly refined oil (94% U.R. or more) on
bean plants, apple leaves and twigs, and barley seedlings, found that there
was, in general, an increase in the rate of respiration in response to oils sup-
plied by atomization, but that the increase caused by the low U.R. oils was
more than three times as much as that caused by the high U.R. oils. There
was considerable variation within individual samples, however, and in some
cases respiration was inhibited by high U.R. oil. He also found that small
amounts of oil produced the same changes in the respiration of barley seed-
lings as large amounts of oil.

ScHROEDER (13), using summer spray oils applied to apple leaves, found
that 1% of an oil of 80-second viscosity, 85% U.R., reduced carbon dioxide
absorption 17% one to three days after oil application. The use of 2% of
the same oil gave a reduction of 38.4% three to four days after application.
In general, he found that inhibition of photosynthesis increased with higher
viscosity and greater amount of oil applied.

HorrMmaN (T7) applied several summer spray oils to apple leaves and
found that, on the day following an application of a 1% emulsion, photo-
synthesis was reduced to about 20% of the rate before treatment, and that
there was a gradual recovery of photosynthetic capacity. Different oils of
the same type had different effects on photosynthesis. Under the conditions
of his experiments, respiration occasionally exceeded photosynthesis.
OBerLE et al. (10) found that, in comparison with the controls, dormant
spray oils reduced the respiration of treated tissues. These workers also
found a direct relation between the amount of oil applied and the inhibition
of respiration.

Materials and methods

Plants of Washington Navel orange and of Eureka lemon, two important
commercial species of citrus grown in California, were used in these experi-
ments. The plants treated were rooted cuttings 18 months of age and 24 to
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30 inches in height, growing in a greenhouse at a temperature of 80° F and
at 50% relative humidity.

Oil treatments were made in the laboratory. The navel orange cuttings
were sprayed with a laboratory sprayer operated with compressed air at a
pressure of 30 pounds per square inch. The lemon cuttings were sprayed
with a small-scale replica of a field spray rig operating at a pressure of 500
pounds per square inch. All the plants were given a drenching spray with
full coverage of both upper and lower surfaces of the leaves. Immediately
upon completion of the spray applications, the plants were returned to their
former location in the greenhouse, where they remained throughout the
experiment.

Plants of both citrus species were treated with an emulsion containing
2% of a California medium-grade (4, 9) emulsive-type spray oil. Inspce-
tion indicated that the oil deposit on the leaves was comparable in amount
to that obtained under field conditions. In the experiment with navel
orange three plants were sprayed with the oil mixture, and three similar
plants were sprayed with water alone, to serve as controls. In the experi-
ment with lemon six plants were sprayed with the oil mixture, and six simi-
lar plants were sprayed with water.

Determinations of photosynthesis and respiration were made with the
use of a Warburg respirometer having a rectangular tank and modified to
provide illumination from below the tank by means of a horizontal bank of
10 thirty-watt fluorescent lamps spaced with one eighth inch clearance be-
tween the tubes and placed 2.5 inches from the bottom of the flasks. Color
quality of the light was balanced to more closely approximate sunlight by
alternating Daylight (blue-white) and Warm-white (pink-white) lamps.
These lamps provided an illumination of approximately 1300 fc at the bot-
tom of the flasks.

The flasks used were of 16 ml. eapacity, with two side arms. A constant
carbon dioxide tension of approximately 1.5% was maintained in the system
by means of diethanolamine-carbonate buffer (11) contained in the well and
side arms. The flasks were shaken at a rate of 100 cycles per minute.

For each sampling, three leaves were harvested from the oil-treated and
three from the control plants. In the experiment with orange plants, one
leaf from each plant was collected at each sampling date. In the experi-
ment with lemon plants one leaf was collected from each plant on alternate
days of sampling. In both experiments, the first samples were collected 24
hours after the application of the oil spray, and sampling continued period-
ically until no leaves which had been oil sprayed remained on the plants.

After harvesting, the leaves were kept with their petioles in a tube of
water until disk samples had been obtained. These disks were made by
means of a sharpened cork borer having an inside diameter of 1 em. Six
disks were taken from each leaf, three from each side of the midrib. These
disks were distributed six to a flask, so that each of the replicate flasks con-
tained punches from all the leaves used for the treatment represented. The
leaf disks were placed in the flask with the upper surfaces next to the bot-
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tom of the flask, thus preventing obstruction of the stomata which occur
primarily on the lower surface of citrus leaves (1). Movement of the disks
during shaking was prevented by moistening the bottom surface of the flask
with three drops of distilled water. By this means,-overlapping of the disks
and a consequent reduction in illumination was prevented.

Respiration determinations (O, uptake) were carried out in darkness
for a total of one hour. At the end of this time the lights were turned on
and the manometers were opened. After an equilibration period of 10 min-
utes, the system was closed, and apparent photosynthesis, as represented by
the O; evolved, was measured for one hour. This procedure was followed
by a second determination of respiration for one hour. Readings were made
at 10-minute intervals, but the final data are expressed as the means of
half-hourly readings for all flasks. True photosynthesis was approximated
by adding the mean of pre-illumination and post-illumination determina-
tions to the values obtained during the period of illumination. This mean
of the two respiration determinations is also used as the value for respira-
tion of the leaf disks.

Results

The effect of oil-spray treatment on the true photosynthesis of navel
orange leaves is shown in figure 1. Here the rate of photosynthesis, in ul.
O./hour/flask, is expressed as a percentage of that of the control plants.
The least significant difference at the 5% level is shown by the vertical line
at each point. On the first day after spray application the photosynthesis
of the treated plants was slightly though not significantly higher than that
of the controls. On the second day the rate of photosynthesis of the treated
plants had decreased to 31% of that of the controls. With some fluctuations
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F1e. 1. Influence of oil spray on photosynthesis of Washington Navel orange leaves.
Each point represents the mean of six determinations for the treated plants and is
expressed as percentage of the mean of six determinations for the control plants, made
at the same time. Vertical lines represent least significant differences at the 5% level.
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in the relative rates, the photosynthesis of the oil-treated plants remained
at a low level for at least 11 days. On the nineteenth day, the leaves had
begun to recover their photosynthetic abilities. This recovery continued
until the experiment was terminated at the end of 46 days, when the differ-
ence between the oxygen evolution of the two sets of plants was only 12%,
or barely significant.

The rate of respiration of the same leaf samples (fig. 2) was consistently
lower in the oil-treated leaves than in the controls from the second day
until the nineteenth day. The next two samplings did not show statistically
significant differences. In general, respiration of the leaves seems to be af-
fected by oil in the same way as photosynthesis, but to a lesser extent. For
example, it will be noted that the increased photosynthesis on the third day
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Fi6. 2. Influence of oil spray on respiration of Washington Navel orange leaves.
Each point represents the mean of six determinations for the treated plants and is
expressed as percentage of the mean of six determinations for the control plants, made
at the same time. Vertical lines represent least significant differences at the 5% level.

is reflected in an increased respiration rate for that day. This same rather
close relationship between the effects of petroleum oil on photosynthesis and
on respiration has been noted in other experiments in this laboratory. At
no time have we found a stimulation of oxygen uptake, as was reported by
Kn~iGHT et al. (8), GReeN and JounsoN (6), GREEN (5) and others.

Oil applied to Eureka lemon plants has an effect on photosynthesis simi-
lar to that reported for applications to plants of Washington Navel orange.
The photosynthesis of leaves of oil-treated plants plotted as percentage of
the rate of that of leaves of control plants is given in figure 3. Comparison
of these results with those obtained with orange leaves shows that the de-
pression of photosynthesis by oil was effective more rapidly on lemon leaves,
since the rate was 41% of the control on the first day after oil application.
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The lowest point in the time-course of photosynthesis was reached on the
second day, and on the third day the process had recovered to 68% of the
control rate. From this point there was a gradual recovery of photosyn-
thesis; but at the end of 59 days after treatment, the rate was still lower
than the control, although the difference was not significant. These data,
together with other similar determinations made on lemon leaves, seem to
indicate that the effect of oil on photosynthesis in lemon leaves differs from
its effect on photosynthesis in orange leaves in that there is a more rapid
initial inhibition of the process in the former.

The respiration of lemon leaves, plotted in the same manner as the data
previously given, is shown in figure 4. The effect of oil on this process in
lemon leaves differs considerably from its effect in orange leaves, the initial
response being slight, and even this slight effect persisting for only about 10
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Fic. 3. Influence of oil spray on photosynthesis of Eureka lemon leaves. Each point
represents the mean of six determinations for the treated plants and is expressed as per-
centage of the mean of six determinations for the control plants, made at the same time.
Vertical lines represent least significant differences at the 5% level.

days. After 20 days there was a second downward trend which continued
for approximately 20 days. After 45 days there was no longer any signifi-
cant difference between the rates for the two groups of plants. This delayed
inhibition of respiration has also been observed in other experiments with
lemon leaves, and seems to constitute a real difference in the response of
lemon and orange leaves to oil sprays.

A summary of the actual rates of true photosynthesis and respiration of
the control leaves of both the Navel orange and Eureka lemon plants is
given in table I. It can be seen that there was considerable variability in
the photosynthesis and respiration of the leaves from day to day. Since the
temperature and relative humidity of the greenhouse were controlled to ap-
proximately *=5%, it is thought that the variation reflects differences in the
light intensity to which the plants were exposed and differences in the
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physiological age of the leaves selected on any one day. These fluctuations
in the photosynthesis and respiration of the control plants contribute to the
variability indicated by the least significant differences in figures 1 to 4.
However, even though in some cases other factors were partially limiting
the rates of the two processes, the presence of oil on the leaf caused an even
greater depression of the rate, indicating that the relative inhibition of
photosynthesis and respiration due to oil was of considerable magnitude. In
fact, the inhibition was probably even greater than is indicated by the data
obtained under the conditions of this experiment, where light intensity dur-
ing the measurements was almost certainly a partial limiting factor.
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T16. 4. Influence of oil spray on respiration of Eurcka lemon leaves. Each point
represents the mean of six determinations for the treated plants and is expressed as per-
centage of the mean of six determinations for the control plants, made at the same time.
Vertical lines represent lcast significant differences at the 5% level.

Discussion

The data presented here, which are in general agreement with several
other experiments of the same type, show that petroleum oils of the kind
used as insecticides on citrus in California cause inhibition of the processes
of photosynthesis and respiration in citrus leaves. The duration and mag-
nitude of these inhibitions seem to be affected by species differences as well
as by a number of environmental factors which are not clearly understood.
The present experiments, which were carried out under controlled conditions
in the greenhouse and laboratory, using small rooted cuttings, agree with
similar determinations made of photosynthesis and respiration of trees
growing in commercial groves to which petroleum oils have been applied by
the usual methods. These field experiments, which are to be reported com-
pletely elsewhere, showed the same trend as was found in the work reported
here, but differed in that there was more variation between the relative
rates of control and oil-treated plants at different sampling rates. This



276 PLANT PHYSIOLOGY

TABLE I

RATES OF TRUE PHOTOSYNTHESIS AND RESPIRATION OF UNTREATED
NAVEL ORANGE AND EUREKA LEMON LEAVES,

Navel orange  Eureka lemon
Days True True
photosynthesis Respiration photosynthesis Respiration
wl. Oy/cm2/hr. wl. Oy/eml/hr. - pl. Oy/cm3/hr, wl. 0;/cm? /hr,

1 61.6 9.6 46.1 7.7
2 6206 . 1103 57.7 807
3 48.2 12.0 - 58.1 8.7
4 76.5 12.9
5 47.0 9.5
6 - 59.0 8.3
7 38.5 8.0
8 50.0 7.2
9 58.0 . 8.6 35.8 8.0
11 47.6 8.0 37.0 8.1
14 21.4 7.2
15 28.5 4.7
16 31.2 4.7
18 35.6 4.9
20 38.3 5.5
21 40.3 8.1
24 46.4 . 8.2
25 44.2 5.0
31 44.7 6.9
32 59.0 6.4
38 37.9 5.8
39 61.2 : 7.2
45 33.2 7.6
46 44.2 8.0
52 66.1 5.9
55 68.2 6.7
59 ’ 29.3 6.1

fluctuation in the relative inhibition of both photosynthesis and respiration
in the field is thought to be due to differences in environmental conditions.
In experiments which are now under way, an attempt is being made to cor-
relate these differences with various environmental factors.

The mechanism by which oil sprays affect photosynthesis and respiration
in citrus remains to be determined. On the basis of present evidence, there
seem to be at least two alternatives. First, there may be a direct interfer-
ence with both photosynthesis and respiration, possibly due to an altered
permeability of the plasma and/or other cell membranes to the passage of
one or more of the gases involved. Second, there may be an indirect effect
on photosynthesis caused by an accumulation of the end products of the
process brought about by an inhibition of outward translocation from the
leaf.

Data collected by the authors on dry weight and carbohydrate content
of leaves indicate that there is an inhibition of outward transport due to the
presence of oil. This type of inhibition of photosynthesis would require a
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direct inhibition of respiration to prevent the stimulation of this process
which would otherwise be expected from an accumulation of substrate due
to inhibition of translocation. There are other possible explanations, and it
seems quite likely that several factors are involved. .

The question of direct respiratory inhibition has been studied by the use
of disks punched from the albino portions of the leaves of variegated ivy
which had been sprayed with petroleum oil emulsions. In these experiments
no effect on respiration was found, but this observation is not conclusive,
since substrate may have been limiting the process in the chlorotic regions
of these leaves, and, in addition, the effect of oil on the respiration of this
plant may be very different from its effect on citrus.

Summary

The photosynthesis and respiration of disk samples from leaves of Wash-
ington Navel orange and Eureka lemon have been studied by the use of a
Warburg respirometer modified to provide illumination from a bank of
fluorescent lamps placed below the flasks.

The application of petroleum oil emulsions in amounts approximating
those used as insecticides on citrus was found to depress the rate of photo-
synthesis in leaves of both species. Some inhibition of the process persisted
as long as determinations were made (59 days).

A corresponding but smaller decrease in respiration was found in these
oil-treated leaves.

The data suggest that at least part of the decrease in percentages of sol-
uble solids in the juice of the citrus fruits accompanying oil-spray applica-
tions may be due to inhibition of photosynthesis.
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