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EFFECTS OF ATMOSPHERIC CO, ENRICHMENT AND FOLIAR
METHANOL APPLICATION ON NET
PHOTOSYNTHESIS OF SOUR ORANGE TREE
(CITRUS AURANTIUM,; RUTACEAE) LEAVES!

SHERWOOD B. IDs0,%* KIETH E. IDs0,> RICHARD L. GARCIA,?
BrUCE A. KiMBALL,? AND J. KENNETH HOOBER3

2U.S. Water Conservation Laboratory, 4331 E. Broadway, Phoenix, Arizona 85040; and
3Botany Department, Arizona State University, Tempe, Arizona, 85287

Foliar spray applications of 40% aqueous methanol were made to sunlit leaves of sour orange trees that had been grown
continuously in clear-plastic-wall open-top enclosures maintained out-of-doors at Phoenix, Arizona, for over 5.5 years in
ambient air of approximately 400 umol mol-! CO, and in air enriched with CO, to a concentration of approximately 700
umol mol-'. No unambiguous effects of the methanol applications were detected in net photosynthesis measurements made
on foliage in either of the two CO, treatments. The 75% increase in CO,, however, raised the upper-limiting leaf temperature
for positive net photosynthesis by approximately 7 C, which resulted in a 75% enhancement in net photosynthesis at a leaf
temperature of 31 C, a 100% enhancement at a leaf temperature of 35 C, and a 200% enhancement at 42 C.

Nonomura and Benson (1992) claim that foliar sprays
of aqueous methanol increase the growth of C; plants
exposed to high temperatures and full sunlight by 50% to
100% by inhibiting photorespiration. If true, this phe-
nomenon would have implications of far-ranging signif-
icance. Hence, we felt it important to attempt to provide
independent verification of possible effects of methanol
on photosynthetic rates under conditions that are known
to favor high photorespiration rates. Moreover, as at-
mospheric CO, enrichment is known to have an analogous
effect, i.e., to increase net photosynthesis by suppressing
photorespiration (Long, 1991), we decided to study both
phenomena concurrently to compare their effectiveness
and to see if they produce any synergisms when acting in
concert.

MATERIALS AND METHODS

Plant material —Nonomura and Benson (1992) re-
ported substantial increases in the yields of all of the C,
plants that they treated with methanol. We chose to work
with one of the same species they had studied: Citrus
aurantium L., the common sour orange tree. Nonomura
and Benson also reported that methanol treatment in-
creased the growth of the colonial alga Botryococcus brau-
nii by only 15% in ambient air but by nearly 100% when
enriched with CO,. In light of this strong methanol/CO,
interaction, we decided to test for methanol effects on four
tréees we had continuously exposed to ambient air of ap-
proximately 400 umol CO, per mol air (umol mol~!) and
four trees we had exposed to CO,-enriched air of ap-
proximately 700 umol mol—! CO, for a period of 5.5 years
(Idso and Kimball, 1993).
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Experimental conditions —The eight sour orange trees
were rooted in the ground and grown within clear-plastic-
wall open-top enclosures during the same time of year
and in the same general area as the plants of Nonomura
and Benson’s study: “during the summer on irrigated farm
fields in the desert Southwest, Maricopa County, Arizo-
na.” As with their plants, our trees were also “given suf-
ficient fertilizers to maintain normal growth.” Specifically,
each tree was given 0.45, 0.45, 0.90, and 1.13 kg of Ar-
izona Best Citrus Food (N,P,K=13,10,4) with flood ir-
rigations of the enclosures on 5 April, 5 and 25 May, and
15 June 1993, respectively. We also restricted our mea-
surements, as did Nonomura and Benson, to leaves ex-
posed to full sunlight located in the outer portions of the
trees’ crowns.

Methanol applications —Nonomura and Benson (1992)
typically utilized methanol concentrations of 10%-50%.
Consequently, we sprayed several branches of several dif-
ferent Citrus species with methanol concentrations rang-
ing from 20% to 60% until the solutions dripped profusely
from the foliage, repeating the procedure at intervals of
2-3 days for a period of 2 weeks. Observing no visible ill
effects at any of these concentrations, we decided to use
a concentration of 40% methanol and 0.1% Triton X-100
(the same surfactant and percentage used by Nonomura
and Benson) in our primary experiment.

Experimental protocol —Since Nonomura and Benson
(1992) implicated the inhibition of photorespiration as
the primary reason for the growth-stimulating effect of
methanol application, we decided to measure the net pho-
tosynthetic rates of methanol-treated and nontreated sour
orange tree foliage in ambient and CO,-enriched air over
a range of naturally occurring high air temperatures that
would normally render photorespiration a serious detri-
ment to growth (Long, 1991). We thus tagged a number
of leaves on the trees growing in each CO, treatment,
identifying them as targeted for methanol application or
to serve as controls. Then, on 13 May 1993, and on 11
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Fig. 1.

Net photosynthetic rate vs. leaf temperature of foliage of sour orange trees grown since 18 November 1987 in clear-plastic-wall open-

top enclosures maintained out-of-doors at Phoenix, Arizona in ambient air of approximately 400 umol mol-' CO, and at an elevated CO, concentration

of approximately 700 umol mol-!.

other cloudless days stretching to 24 June 1993, we mea-
sured the net photosynthetic rates of these tagged leaves
over various 2-hour portions of the day between 0900
and 1500 hours local time, when for this season of the
year solar radiation was not a limiting factor for the pho-
tosynthetic process (Idso, Wall, and Kimball, 1993), but
air temperatures were sometimes high enough to reduce
it to zero or less (Idso, Kimball, and Allen 1991).

On 27 June 1993, between 0700 and 0900 hours local
time, the leaves targeted for methanol application were
sprayed with a 40% solution. Each leaf was sprayed sep-
arately on both surfaces until solution dripped profusely
from the leaf. Net photosynthesis measurements were
then made on 30 June and 1 and 2 July. The same leaves
were sprayed a second time on 3 July; and additional net
photosynthesis measurements were made on 6, 8, and 9
July. Last of all, net photosynthesis measurements that
had been made on the same sour orange trees in 1989,
1990, and 1991 were retrieved from a data repository for
inclusion in some of the analyses.

Photosynthesis measurements—Net photosynthetic rates
of individual leaves were measured with an LI-6200 por-
table photosynthesis system (LI-COR Inc., Lincoln, NE).
All measurements were made on fully expanded outer-
canopy leaves held in a horizontal position within the

measuring system’s leaf cuvette, which was exposed to
the direct rays of the sun. In 1989, 1990, and 1991, single
30-second measurements were made on each leaf thus
sampled. In 1993, a series of three 20-second measure-
ments were made on each leaf before freeing it from the
cuvette. Results reported herein for 1989, 1990, and 1991
are averages of 12 such individual measurements made
on 12 different leaves. Results reported for 1993 are av-
erages of 18 measurements made on six leaves.

RESULTS

Net photosynthesis vs. leaf temperature—Figure 1 dis-
plays all of the 12-point net photosynthesis measurements
made during the summers of 1989, 1990, and 1991 and
the 18-point measurements made in 1993 as functions of
concurrently measured leaf temperatures derived from
the thermocouple that presses against the underside of
the leaf during the time of the net photosynthesis mea-
surement. The linear regression results superimposed upon
these data were derived from nonmethanol-treated leaves
only. Their negative slopes confirm that all of the data
were collected at temperatures above the optimum for
net photosynthesis in sour orange tree foliage, where ef-
fects of photorespiration and residual or “dark™ respi-
ration are most pronounced.
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Fig. 2. (A) The linear relationships between net photosynthesis and leaf temperature derived from the data of Fig. 1, along with the mean pre-
and postmethanol-treatment results for the summer of 1993. (B) The ratio of CO,-enriched leaf net photosynthetic rate to ambient-treatment leaf
net photosynthetic rate derived from the two relationships of Fig. 2A and plotted as a function of leaf temperature.

Mean Co, and methanol effects—The upper panel of
Fig. 2 displays the linear regression lines of Fig. 1 that
describe the effects of leaf temperature on the net pho-
tosynthetic rates of leaves in ambient air of approximately
400 umol mol~! CO, and in CO,-enriched air of ap-
proximately 700 umol mol~! CO,. Also plotted in this
panel are the mean results obtained for control and meth-
anol-sprayed leaves both before and after the start of
methanol applications in 1993. The lower panel of Fig.
2 displays the ratio obtained by dividing the net photo-
synthetic rates predicted by the CO,-enriched relationship
of the upper panel by the net photosynthetic rates pre-
dicted by the ambient relationship of that panel for equiv-
alent leaf temperatures.

DISCUSSION

CO, effects—Exposure to air enriched to 700 as com-
pared to 400 umol mol—! CO, markedly increased the net
fixation of carbon dioxide. As shown in Fig. 2B, the en-
hancement was approximately 75% at a leaf temperature
of 31 C, 100% near 35 C, and 200% at 42 C. At higher
leaf temperatures the net photosynthetic rate of the foliage
growing in ambient air dropped to zero at 47 C and became
negative thereafter. In the CO,-enriched foliage, by con-
trast, the net fixation of carbon dioxide was still substantial
at 47 C. The dashed-line extension of the linear regression
line for these trees suggests that their mean rate of net
photosynthesis may not drop to zero until leaf temper-
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Mean net photosynthetic rates and their standard deviations (umol m~2 s~!) of control and methanol-sprayed foliage of sour orange

trees growing in ambient air and in air enriched with an extra 300 umol mol-! of CO,.

Ambient foliage CO,-enriched foliage
Control Methanol Control Methanol
Before date of spraying 0.70 £ 0.45 0.54 + 0.37 4.38 + 0.58 2.84 + 0.52
After date of spraying 0.78 = 0.60 0.82 + 0.46 5.48 £ 1.51 5.43 £ 1.56
After/before 1.11 1.52 1.25 1.91
(After/before)uetnano
(After/beforecona 1.37 1.53

atures reach 54 C, approximately 7 C above the upper-
limiting temperature for positive net photosynthesis in
trees growing in ambient air.

These results are consistent with those of numerous
other studies that have shown the relative or percentage
increase in plant growth as a result of atmospheric CO,
enrichment to rise in response to an increase in leaf or
air temperature, as documented in the review of Idso and
Idso (1994). They are also in harmony with the results of
several experiments that have revealed sizable CO,-in-
duced upward shifts in the optimum temperature for the
net fixation of CO, (Idso and Idso, 1994). Both of these
phenomena, as elegantly demonstrated by Long (1991),
arise from the fact that photorespiration typically increas-
es at higher air temperatures under current atmospheric
€O, concentrations but is significantly suppressed by at-
mospheric CO, enrichment. From theoretical consider-
ations alone, Long (1991) calculated that a 300 umol
mol~! increase in atmospheric CO, should raise the op-
timum temperatures of most C; plants by about 5 C. This
conclusion is supported by the review of Idso and Idso
(1994), who report a mean optimum temperature rise of
5.9 + 1.3 C for comparable CO, concentration increases
in seven different species studied by Bjorkman, Badger,
and Armond (1978), Nilsen et al. (1983), Jurik, Weber,
and Gates (1984), Seeman, Berry, and Downton (1984),
Harley, Tenhunen, and Lange (1986), Stuhlfauth and Fock
(1990), and McMurtrie et al. (1992).

Methanol effects—1In the case of the orange trees grow-
ing in ambient air, the mean net photosynthetic rates of
the pretreatment control and methanol-targeted leaves
were, respectively, 1.0 and 0.7 umol m~2 s~! below the
mean rates predicted by the linear relationship between
net photosynthesis and leaf temperature in ambient fo-
liage (Fig. 2A). After spray applications of methanol to
the targeted foliage, these same populations of leaves had
mean rates of net photosynthesis that were 0.5 and 0.3
umol m~—2 s~! below their predicted mean rates. When
adjusted for the small differences in temperature that ex-
isted between the pre- and postmethanol-treatment pe-
riods (before and after 27 June 1993), the net photosyn-
thetic rate of the control foliage rose by 0.5 umol m—2s~!
while that of the methanol-treated foliage rose by 0.4 umol
m~2 s, These observations suggest that the methanol
treatment had no effect on the net photosynthetic rates
of the leaves of the sour orange trees growing in ambient
air, even when photorespiration was high enough to re-
duce net photosynthetic rates to negative values (Fig. 1).

The effect of methanol treatment on CO,-enriched or-
ange tree leaves was essentially the same. Prior to the

methanol applications, the average rate of net photosyn-
thesis in the control leaves was 1.7 umol m~2 s—! below
that predicted by the mean trend line giving net photo-
synthetic rate as a function of leaf temperature, while the
average rate of the methanol-targeted leaves was 2.0 umol
m~2 s~! below the predicted rate. Subsequent to 27 June
1993, these values rose to 0.6 and 0.3 umol m~—2s~! above
their respective predicted rates, for net increases of 2.3
umol m~2 s~! in both instances. Hence, as with the trees
growing in ambient air, the application of aqueous meth-
anol to leaves of sour orange trees growing in air enriched
with an extra 300 umol mol~! of CO, had no measurable
effect on the rates of net photosynthesis of the sprayed
leaves when analyzed in this manner.

It must be acknowledged, however, that the different
foliage temperature trends for which we adjusted the net
photosynthetic data in the preceeding analysis may them-
selves have been wholly or partly a consequence of the
presence or absence of methanol applications to the tree
leaves. Assuming such an influence, we can directly com-
pare the mean net photosynthetic rates of the different
treatments without any adjustments for changes in tem-
perature, as shown in Table 1.

For the trees growing in ambient air, this direct com-
parison suggests that the spray applications of methanol
increased leaf net photosynthetic rates by approximately
37%; but the overlapping standard deviations reveal this
result to be of no significance. For the trees growing in
CO,-enriched air, however, the pre- and post-methanol-
treatment leaves did have significantly different mean net
photosynthetic rates, indicative of a 53% increase in net
photosynthesis due to the application of methanol. But
as all of the data obtained in this part of the study fall
within the range of scatter defined by the larger population
of 1989, 1990, and 1991 data, even this result must be
considered to be within the bounds of natural variability.

Based on the results of all of our experimental data, we
thus conclude that enriching the air with CO, significantly
enhances rates of net photosynthesis in sour orange tree
leaves at high temperatures, when photorespiration is typ-
ically a major factor in liberating recently fixed CO,. How-
ever, we find no compelling evidence for an analogous
enhancement of net photosynthesis attributable to the
application of aqueous methanol to the foliage.
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