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Minor Physiological Response to Elevated CO2 by the CAM
Plant Agave vilmoriniana1
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ABSTRACT

One-year-old plants of the CAM leaf succulent Agave vilmoniniana
Berger were grown outdoors at Riverside, California. Potted plants were
acclimated to CO2-enrichment (about 750 microliters per liter) by growth
for 2 weeks in an open-top polyethylene chamber. Control plants were
grown nearby where the ambient CO2 concentration was about 370
microliters per liter. When the plants were well watered, COrinduced
differences in stomatal conductances and CO2 assimilation rates over the
entire 24-hour period were not large. There was a large nocturnal
acidification in both CO2 treatments and insignificant differences in leaf
chlorophyll content. Well watered plants maintained water potentials of
-0.3 to -0.4 megapascals. When other plants were allowed to dry to
water potentials of -1.2 to -1.7 megapascals, stomatal conductances and
CO2 uptake rates were reduced in magnitude, with the biggest difference
in Phase IV photosynthesis. The minor nocturnal response to CO2 by
this species is interpreted to indicate saturated, or nearly saturated,
phosphoenolpyruvate carboxylase activity at current atmospheric CO2
concentrations. C02-enhanced diurnal activity of ribulose bisphosphate
carboxylase activity remains a possibility.

The bulk of the world's vegetation belongs to the C3 photosyn-
thetic group and will likely respond to atmospheric CO2 enrich-
ment with a moderate increase in growth and yield (9, 21).
However, it is clear that some C3 plants will not respond to CO2
enrichment (17, 18). Furthermore, short- versus long-term stud-
ies of a single species may yield different experimental results
(19). Photosynthetic and growth responses to C02-enriched at-
mospheres have also been reported for numerous C4 species (3,
6, 10, 16, 20, 24), which change their photosynthetic capacity
less when grown with elevated CO2. This diminished response
must be biochemically based since stomata of C3 and C4 plants
are equally sensitive to CO2 concentration changes (12, 24). As
with C3 plants, differential responses to CO2 enrichment occur
between the various C4 plants species (20).
The physiological response of CAM plants to C02-enriched

atmospheres is less clear since studies are few and, at present,
contradictory. Bonner and Bonner (4) reported a sharp increase
in the rate of acid synthesis in Bryophyllum crenatum leaves after
a 2-d period ofCO2 enrichment at partial pressures ranging from
300 to 1000 ,l L'. Subsequent work with the same species
suggests phosphoenolpyruvate carboxylase may play a role in
this response at CO2 partial pressures below 5000 gl L' (22).
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CO2 enrichment caused an immediate increase in the photosyn-
thesis rate of Kalanchoe daigremontiana during Phase IV gas
exchange (1). In this study, the photosynthetic response to CO2
concentration was linear over a wide range and saturated at
about 1650 ,ul L-'. A similar response was reported during short-
term exposure of Ananas comosus leaves to elevated CO2 ( 1).
In contrast, Holtum et al. (7) reported little, or even no, change
in both nocturnal and diurnal CO2 uptake during enrichment of
leaves of K. daigremontiana. The reason for this contradiction
with the earlier Kalanchoe study is not clear but may be the
result of different procedures being used.

Recently, long-term studies ofCAM plant growth during CO2
enrichment have been conducted (8, 23). Agave vilmoriniana
was selected for one investigation since it demonstrated both
daytime and nighttime "4C02 assimilation (SR Szarek, unpub-
lished data). It was expected that CO2 enrichment would enhance
the extent ofCO2 assimilation in the light more than for noctur-
nal CO2 assimilation (23). During the day, Phase II and Phase
IV periods of gas exchange occur, periods when ribulose bis-
phosphate carboxylase activity plays a role in the total daily
carbon acquisition (14). In CAM plants, this enzyme saturates
at a higher partial pressure of CO2 than does phosphoenolpyru-
vate carboxylase (15). Plants of Agave were grown outdoors at
four CO2 concentrations and two water treatments (8). Unex-
pectedly, well watered plants responded less to CO2 enrichment
than water-limited plants. Second, C02-induced differences in
growth were only statistically significant between the extreme
CO2 concentrations. The study reported here was designed to
investigate the photosynthetic physiology of plants of Agave
vilmoriniana during long-term growth under CO2 enrichment
and two contrasting water treatments.

MATERIALS AND METHODS

Plant Material. One-year-old plants ofthe leafsucculentAgave
vilmoriniana Berger were grown outdoors at Riverside, CA in an
open-top chamber constructed of clear polyethylene. The cylin-
drical chamber was 0.7 m high and had a diameter of 0.65 m.
This chamber was positioned below a polyethylene roof which
diverted rain. The roofing reduced midday PAR by 0.25 mmol
m-2 s_'. Individual plants were placed in 1.5-L pots containing
a 1:1 mixture of vermiculite and UC potting mixture. All were
watered on alternate days and one-quarter strength Hoagland
solution was applied weekly. Two weeks prior to each experi-
ment, watering was stopped for the "dry treatment" plants. The
"wet treatment" plants were watered as before. A C02-enriched
atmosphere was produced by pumping ambient air through the
chamber after CO2 had been added from a cylinder of liquid CO2
known to be free of ethylene contamination (13). The air ex-
change rate through the chamber was about 22 L min-' and the
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FIG. 1. Stomatal conductance and CO2 assimilation rates for plants of A. vilmoriniana grown in elevated (closed symbols) and ambient (open
symbols) CO2 with two water treatments: wet (circles) and dry (squares). Symbols depict mean values for n = 4 while error bars depict the standard
deviation. On this date, dawn was at 0505 h and dusk was at 1829 h.

Table I. Nocturnal Acidification ofAgave vilmoriniana Leavesfrom
Plants Acclimated to Ambient and Elevated CO2 Concentrations

Nocturnal Acidity Increasea
Water Treatment

Ambient versus Elevated CO2

Aieq g'fresh wt
Wet 205 ± 33 A 230 ± 30A
Dry 161 ±28A 173±43A

a Each value is the mean of 24 leaf discs ± the SD. Acidity differences
between the CO2 treatments followed by the same letter were not signif-
icantly different at P = 0.05.

CO2 concentration within it was determined with a portable IR
gas analyzer (described below). Plants which were not C02-
enriched were grown nearby. Average CO2 concentrations during
the experiments were 752 ± 87 ul L-' and 367 ± 14 ul L-'.
These experiments were conducted in the months of April to
June 1986 since this species is quiescent over the winter.

Acclimation Period. A 2 week period of acclimation to the
elevated CO2 concentration preceded each experiment. In other
plants, photosynthesis reversibly acclimates to different CO2
concentrations within 3 to 4 d (19). Winter (23) did not observe
an acclimation response in his unpublished studies with CAM
plants and CO2 enrichment.
Gas Exchange Measurements. The second and third fully

expanded leaves on plants from each treatment were chosen for
measurement. A terminal section of each leaf was sealed in a

Table II. Chlorophyll Content ofAgave vilmoriniana Leavesfrom
Plants Acclimated to Ambient and Elevated CO2 Concentrations
Water Ambient versus Elevated

Treatment Parameter C02a
Wet Total Chl (,ug g-' fresh wt) 149 ± 6 Ab 131 ± 26 A
Dry 132±23A 116±23A
Wet Chl a (Mmol m-2) 237 ± 30 A 190 ± 32 A
Dry 169±34A 149±19A
Wet Chl b (Mgmolmn2) 96 ± 18 A 66 ± 8 B
Dry 68±4A 68±4A
Wet Chl a/Chl b 2.5 A 2.8 A
Dry 2.5 A 2.2 A

aEach value is the mean of 24 leaf discs ± SD. bChl contents
between CO2 treatments followed by the same letter are not significantly
different at P = 0.05.

polycarbonate chamber and its gas exchange measured with a
LI-COR model LI-6000 Portable Photosynthesis System. Each
measurement period was for 90 s before the CO2 assimilation
rate and stomatal conductance were computed by the instru-
ment. The system was calibrated before each experiment and
was zeroed on an alternate hour basis during each 24-h experi-
ment.

Titratable Acids. The same leaves used in the gas exchange
measurements were harvested and placed on dry ice until they
were brought to the laboratory. Leaf discs, 7 mm in diameter,
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were weighed and then ground in glass-distilled H20 with a
Potter-type tissue homogenizer. Samples were titrated to a pH
7.0 endpoint using 0.01 N KOH and a Brinkmann Auto-titrator.
Chl Content. Other discs from the leaves used above were

weighed and then ground with sea sand in a chilled mortar and
pestle. Pigments were extracted in 80% acetone (v/v) and about
10 mg of L-ascorbic acid (sodium salt) added to each sample.
The preparation was cleared by centrifugation at 1500g for 10
min at room temperature. A645 and A663 were measured with a
Beckman model DU-7 Spectrophotometer and the Chl compo-
nents determined by the formulae of Arnon (2).
Water Potentials. Single discs were placed in Wescor model

C-52 Sample Chambers and equilibrated for 2 h at a constant
temperature. The water potential was then measured with a
model HR 33 Dewpoint Microvoltmeter. Duplicate samples were
measured for each leaf.

Statistical Analyses. Titratable acids and Chl contents were
analyzed to determine which means were greater than that
predicted by the F value. This was done using a Tukey's least
statistical difference test by microcomputer.

RESULTS AND DISCUSSION
Well watered plants of Agave vilmoriniana did not exhibit a

large difference in gas exchange between the two CO2 treatments
when compared over the entire 24-h period (Fig. 1, A and B).
These results are similar to the investigation of Holtum et al. (7)
who also found small variations in the CO2 uptake rate of K.
daigremontiana at elevated CO2. The predominant period for
fixing atmospheric CO2 is the nighttime. Stomata close within a
few hours after dawn, allowing for about 20% of the daily gas
exchange during Phase II. A Phase IV period of CO2 assimilation
commences a few hours after midday and contributes about 15%
of the daily total gas exchange. Diurnal CO2 assimilation oc-
curred in both CO2 treatments, indicating the feedback inhibition
of ribulose bisphosphate carboxylase by long-term CO2 enrich-
ment, sometimes reported in other studies (e.g. 18), is neglible
in this CAM plant. Phase IV CO2 assimilation was consistently
higher in the elevated C02, dry treatment plants (Fig. 1 D).

Well watered plants of A. vilmoriniana maintained water
potentials of-0.3 to -0.4 MPa. When other plants were allowed
to dry to water potentials of -1.2 to -1.7 MPa, gas exchange
patterns were similar but reduced in magnitude. Hence, well
watered plants exhibited a large nocturnal acidification in both
CO2 treatment (Table I). During the three replications of these
experiments, the acidity flux measured on each increased with
day lengths and ambient temperatures. In June, the maximum
acid content at dawn was about 360 ,eq g-' fresh weight. Leaves
of the same plant had a minimum acid content at dusk of about
40 ,ueq g-' fresh weight. However, the approximate percentage
difference between the water and CO2 treatments remained the
same in each replication. In comparison with other CAM plants,
A. vilmoriniana appears to have high total activity of phosphoen-
olpyruvate carboxylase (14). Elevated CO2 did not, in these
experiments, alter Chl parameters relative to plants grown in
ambient CO2 (Table II). In other studies, CO2 enrichment caused
small decreases in the Chl concentration (5).
The lack of a nocturnal response to CO2 enrichment indicates

saturated, or nearly saturated, activity of phosphoenolpyruvate
carboxylase at current atmospheric CO2 concentrations. This is
concluded from the two recent gas exchange studies with plants
of Kalanchoe which did not show enhanced rates of CO2 uptake
when exposed to supranormal concentrations of CO2 (7, 15).
The importance of ribulose bisphosphate carboxylase activity
upon total daily carbon gain is more evident in the water-limited
plants, although the well-watered plants also fixed CO2 during
the daytime. C02-enhanced growth may be more important in
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plants that have a greater period of daytime CO2 assimilation. A
previous growth study with A. vilmoriniana indicated a 28%
enhancement with a doubled atmospheric CO2 concentration for
large, dry plants (8). After the current study, we have to conclude
that the 3-fold increase in growth was overestimated for juvenile
plants and may be the result of water stress effects leading to
slow or no growth in some of these plants.
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