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ABSTRACT

Atriplex lentiformis plants collected from coastal and desert habitats
exhibit marked differences in capacity to adjust photosynthetic response
to changes in growth temperature. Plants from desert habitats grown at
43 C day/30 C night temperatures had higher CO2 uptake rates at high
temperatures but reduced rates at low temperatures as compared to
plants grown at 23 C day/18 C night temperatures. In contrast, growth of
the coastal plants at high temperatures resulted in markedly reduced
photosynthetic rates at all measurement temperatures.

Leaf conductances to CO2 were not important in controlling either the
differences in the temperature dependence of net CO2 uptake or the
differences in photosynthetic capacities at any measurement tempera-
ture. At low measurement temperatures, differences in photosynthetic
capacities among plants acclimated to the contrasting growth regimes
were correlated with differences in leaf ribulose diphophate carboxylase
activities. At high measurement temperatures, the improved net photo-
synthetic performance of the high temperature acclimated desert plants
appeared to be due to a combination of decreased respintion rates,
decreased temperature dependence of respiration, and an apparent in-
creased thermal stability of photosynthetic CO2 exchange.

Observations under both field and laboratory conditions have
established that for many plant species a certain degree of
plasticity or capacity for acclimation exists in the photosynthetic
response to temperature. Plants preconditioned in different
growth temperature regimes or at different seasons exhibit shifts
in photosynthetic response that in some cases appear to have
adaptive value since the result is enhanced CO2 uptake rates (2,
16, 17). Despite the many observations, very little information is
available in the literature concerning the underlying mechanisms
controlling these acclimation responses.

Atriplex lentiformis (Torr.) Wats. is an evergreen phreatophy-
tic shrub native to both hot desert and cool coastal habitats in
California. This species possesses the "Kranz" type leaf anatomy
characteristic of the C4 dicarboxylic acid pathway of photosyn-
thesis (15). Under summer field conditions, CO2 exchange char-
acteristics of the plants in the two habitats contrast markedly
with the desert plants possessing nearly a 10 C higher tempera-
ture optimum (21). Subsequent laboratory measurements of
growth and CO2 exchange at three temperatures have shown
that the desert and coastal plants differ primarily in their capac-
ity to acclimate to high temperatures rather than in genetically
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fixed temperature responses (19). The large capacity for temper-
ature acclimation in the desert plants and marked contrasts with
the coastal plants make Atriplex lentiformis an ideal species for
studies of the mechanisms involved in photosynthetic tempera-
ture acclimation. Here, the results of a detailed analysis of the
effects of growth temperature on the CO2 exchange characteris-
tics of A. lentiformis are reported. The objective in this analysis
was to characterize the CO2 exchange responses in terms of the
possible rate-limiting steps so that the components of the photo-
synthetic apparatus involved in the temperature acclimation re-
sponse could be identified.

MATERIALS AND METHODS

Plants of Atriplex lentiformis were established from cuttings
collected at coastal and desert sites in southern California. Gen-
eral descriptions of these sites are given elsewhere (19). Experi-
mental plants were established from cuttings taken from the
stock clones and were grown in an I.S.C.O. E3A growth cham-
ber. Light was supplied from a mixture of 400 w metal halide
and 100 w incandescent lamps that gave an irradiance at the top
of the pots of 110 neinsteins cm-2 sec-1. All plants were grown in
Perlite continuously irrigated from below with a modified Hoag-
land nutrient solution that was vigorously aerated. Since prelimi-
nary experiments established that A. lentiformis had maximum
growth with 0.12 M NaCl in the nutrient solution, this concentra-
tion was used routinely in all experiments. The temperature
regimes used in all experiments were either 23 C day/18 C night
or 43 C day/30 C night. These regimes were chosen because the
day temperatures are similar to those present in the desert
habitat in the winter and summer months, as well as in the
coastal and desert habitats, respectively, during the summer.
CO2 exchange measurements were made on single attached

leaves with an open system gas exchange apparatus incorporat-
ing a Beckman 315B IR CO2 analyzer modified for differential
analysis. The leaf chamber in this system was similar to that
illustrated by Bjorkman and Holmgren (5). Leaf temperatures
were measured on the abaxial surface with a 44-gauge copper-
constantan thermocouple. A fan mounted in the bottom of the
chamber rapidly mixed the chamber atmosphere providing maxi-
mum and constant boundary layer conductances. Air was sup-
plied from compressed air cylinders containing 350 to 380 pl 1-'
CO2. Flow rates through the chamber were measured either with
a rotameter or with a Validyne differential pressure transducer
mounted across a sintered glass disc that acted as a flow restric-
tor in the air stream. Flow rates were adjusted to give concentra-
tions of 290 and 310 ,ul l- CO2 in the chamber atmosphere
when the plants had high rates of CO2 uptake. At low tempera-
tures, however, CO2 concentrations in the chamber were al-
lowed to rise because of the necessity of maintaining adequate
flow rates.
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Transpiration rates were determined by measuring the humid-
ity in the exiting air stream with either an EG & G model 880
dew point hygrometer or a Weathermeasure model HMlllp rela-
tive humidity sensor. Both systems were frequently calibrated
with air streams of known water vapor content. Humidity in the
entering air stream was controlled by first humidifying and then
dehumidifying in a gas washing bottle and a thermostatted glass
condenser, respectively, to a known dew point temperature.
Leaf conductances to CO2 and the intercellular space CO2

pressures were calculated according to the procedures of Sestak
et al. (23) from the simultaneous measurements of water vapor
and CO2 flux. The leaf conductances reported include the contri-
butions of both the boundary layer and stomatal conductances.
Preliminary measurements established that the stomata were

equally distributed between both leaf surfaces. No attempt was

made to correct for any possible errors resulting from differences
in conductances of the two surfaces.
The light source for photosynthetic CO2 exchange measure-

ments was a 2.5 kw short arc xenon lamp. Wavelengths longer
than 700 nm were removed by filtering through 15 cm of water
and a heat-reflecting interference filter. Irradiances were mea-
sured with a silicon photoelectric cell mounted on the lid of the
chamber that was frequently calibrated against a Lambda Inst.
Co. quantum sensor placed inside the chamber. Irradiances were
controlled with neutral density filters.
The temperature dependence of photosynthetic CO2 exchange

was determined by measuring the steady-state rate of CO2 ex-

change at 2 C temperature intervals. In order to avoid significant
aftereffects of high temperature on the rate of photosynthesis,
the following procedure was used. Measurements were always
started at the growth temperature, or in the case of the high
temperature-grown plants, a few degrees below the growth tem-
perature. The temperature was then increased in steps up to 1 to
3 C above the optimum temperature for CO2 exchange and then
decreased in steps down to 10 C. With other leaves, the temper-
ature was increased in steps up to the maximum temperature
where CO2 exchange was measured. In this way, the sequence of
measurements at both high and low temperatures was always
from a more to a less favorable temperature regime. Since slight
differences in the mean photosynthetic rate in the increasing and
decreasing measurement series were present, the mean re-

sponses of each series were normalized to the average photosyn-
thetic rate for all plants from a collection location at the growth
temperature. Vapor pressure gradients from the leaf to the
chamber atmosphere were kept within the range of 5 to 15
mbars at all temperatures.
The temperature dependence of dark respiration was deter-

mined with plants left in the dark for 2 to 3 hr prior to the
measurements in order to achieve steady rates. The temperature
was first lowered from 25 C to 5 C and then increased in steps up
to the maximum temperature used. Rates of respiration were

always equal at 25 C before and after the reduction in tempera-
ture.
RuDP3 and PEP Carboxylase Activities. Activities of RuDP

carboxylase (EC 4.1.1.39) and carboxylase (EC 4.1.1. 31) were

determined according to the procedures of Bjorkman and Gauhl

(4).

RESULTS

Figure 1 illustrates the large dependence of photosynthetic
CO2 exchange characteristics of A. lentiformis on the growth
temperature regime. For the Death Valley plants, growth in the

contrasting temperature regimes resulted in no change in the

3 Abbreviations: RuDP: ribulose diphosphate; PEP: phosphoenolpyr-
uvate.

maximum CO2 exchange rates but nearly a 10 C difference in the
photosynthetic temperature optimum. CO2 uptake rates were

higher at high temperatures but lower at low temperatures in the
43/30 C as compared to the 23/18 C grown plants. Steady-state
CO2 exchange rates were not achieved at temperatures above 38
to 39 C with the plants grown at 23/18 C, indicating a thermal
inhibition of CO2 exchange, but occurred up to 45 C and ex-

hibited only a very gradual decline at 47 C in plants from the 43/
30 C regime. Plants from the coastal Ventura collection site
grown at 23/18 C had CO2 exchange characteristics that were
similar to those of the Death Valley plants in the same regime.
Growth of the Ventura plants at 43/30 C resulted in a marked
reduction in photosynthetic CO2 exchange rates at all tempera-
tures. The Ventura plants thus exhibited a lesser capacity to
acclimate to high temperatures than the Death Valley plants.
There seems to be at least a partial photosynthetic acclimation to
high temperatures in these plants since the temperature opti-
mum shifted from 32 to 40 C and steady-state CO2 uptake rates
were maintained to the highest measurement temperature of 43
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FIG. 1. Temperature dependence of CO2 uptake (upper) and leaf

conductance (lower) for the Death Valley and Ventura plants grown at

either 23 C day/18 C night or 43 C day/30 C night temperatures. (0)
Death Valley 23 C day/18 C night; (0) Ventura - 23 C day/18 C night;

(U) Death Valley 43 C day/30 C night; (0) Ventura 43 C day/30 C

night. Vertical bars give ranges for four to seven plants and are repre-

sentative of those at other temperatures. Arrows indicate non-steady-

state rates of CO2 exchange. All measurements were made at irradiances

of 170 to 180 neinsteins cm-2 sec-'.
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C. It is noteworthy that under the respective high and low
growth temperature regimes, the photosynthetic temperature
responses of the Death Valley and Ventura plants were similar
to curves determinied under field conditions in coastal and desert
habitats (21).
Leaf conductances to CO2 (Fig. 1, lower) were strongly de-

pendent on both growth and measurement temperature. Below
the thermal optimum for CO2 uptake, leaf conductances de-
creased with decreasing temperatures in both growth regimes
but were much higher in plants from the 23/18 C regime. Above
36 C, leaf conductances increased markedly in the Death Valley
plants but decreased slightly in the Ventura plants grown in the
43/30 C regime. The marked increase in leaf conductance above
36 C in the 43/30 C grown Death Valley plants was not present
in desert plants under field conditions (21). High leaf chamber
vapor pressures in the laboratory experiments and the growth
chamber versus field environment are possible contributing fac-
tors to the difference in the field and laboratory response. The
reasons for the differences in stomatal response at high tempera-
ture of the 43/30 C grown Death Valley and Ventura plants are
not apparent.

Except for the Ventura plants grown at 43/30 C, the mean
intercellular CO2 partial pressures calculated from the photosyn-
thetic CO2 fluxes and leaf conductances were lowest at tempera-
tures near or slightly below the thermal optima for CO2 uptake
and increased at either higher or lower temperatures (Fig. 2).
For the Death Valley plants, mean intercellular CO2 partial
pressures at the respective thermal optima were similar in the
two growth regimes. Growth of the Ventura plants at 43/30 C,
however, resulted in markedly increased intercellular CO2 par-
tial pressures at all temperatures below the thermal optimum
despite reduced leaf conductances. Thus, the increased limita-
tions to CO2 uptake in the mesophyll were clearly much greater
than the limitations imposed by the decreased leaf conductances.
In the other plants, the increased intercellular CO2 partial pres-
sures, but reduced CO2 uptake rates, at temperatures both
above and below the thermal optima show that changes in leaf
conductance are not responsible for the differences in photosyn-
thetic temperature dependence. Rather, differences in the inter-
nal limitations to photosynthesis in the mesophyll must be in-
volved.

Preliminary measurements of the CO2 concentration depend-
ence of CO2 uptake with the Death Valley plants from both
growth regimes indicated that CO2 saturation was occurring at
intercellular concentrations in the range of 100 to 140 u1l-1
which is similar to the responses of other C4 plants from arid
habitats (6). Thus, mesophyll conductances could not be calcu-
lated as the residual conductance without significant error (24).

Arrhenius plots for the temperature dependence of net CO2
uptake (Fig. 3) show that at temperatures below 16 to 18 C,
activation energies ranged from 18 to 21 kcal mol-' for plants in
both growth regimes. Plots for the 43/30 C grown plants show a
break at 16 to 18 C, but CO2 uptake continued to follow a
logarithmic increase as a function of the reciprocal of absolute
temperature giving an activation energy of about 14 kcal mol-'.
At temperatures above 26 and 29 C in the Death Valley and
Ventura plants, respectively, CO2 uptake deviated from an Ar-
rhenius relationship indicating an increasing limitation by factors
other than those limiting at lower temperatures. This increasing
limitation of CO2 uptake resulting in a deviation from an Ar-
rhenius relationship occurred at much lower temperatures (18
C) in the plants grown at 23/18 C.

Since activities of RuDP carboxylase have been shown to be
closely correlated with photosynthetic capacity in a number of C3
photosynthetic species (3), the activities of this enzyme as well as
the other carboxylating enzyme present, PEP carboxylase, were
determined (Table I). Marked differences were apparent in the

responses of the two enzymes with RuDP carboxylase activities
decreasing strongly in response to the higher growth tempera-
ture while no consistent pattern was present for PEP carboxyl-
ase. For RuDP carboxylase, the increased growth temperature
resulted in a 60% decline in activities in the Death Valley plants,
but over a 90% reduction in the Ventura plants. In contrast,
PEP carboxylase activities showed a slight increase in the Ven-
tura but a slight decrease in the Death Valley plants at high as
compared to low growth temperatures.
Dark respiratory acclimation to temperature was also appar-

ent in both the Death Valley and Ventura plants. Increased
growth temperatures resulted in decreased dark respiration rates
at all temperatures (Fig. 4). The differences were, however,
most apparent at temperatures above 30 C. Only small differ-
ences were apparent in the responses of the plants from the two
collection locations.
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FIG. 2. Mean intercellular space CO2 pressures as a function of
temperature for the Death Valley and Ventura plants grown at 23 C day/
30 C night or 43 C day/30 C night temperatures. Symbols and conditions
are the same as in Figure 1.
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FIG. 3. Arrhenius plots for net CO2 uptake of the Death Valley and
Ventura plants grown at 23 C day/30 C night or 43 C day/30 C night
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Table 1. RuDP and PEP carboxylase activities per unit leaf
area in leaves of coastal and desert Atriplex
lentiformis plants grown in two temperature regimes.

Growth temp. Activity, nanomoles cm sec
Day/Night, °C RuDP carboxylase PEP carboxylase

Death Valley 23/18 2.061 6.20
43/30 0.83 5.31

Ventura 23/18 2.28 6.77
43/3U 0.13 8.38

1each value is the mean of 3 to 5 determinations.

Arrhenius plots for the respiration rates of the Death Valley
plants are shown in Figure 5. A single transition from an activa-
tion energy of 15.13 kcal mol-' to 12.61 kcal mol-' occurred at
25 C for the plants grown in the coastal regime. In contrast, two
transitions occurred at about 27 and 37 C in the Arrhenius plot
for the plants grown in the desert regime. Above and below the
two transitions, the activation energies were similar to those of
the coastal regime grown plants. Between the two transitions,
however, the activation energy was much lower at 5.24 kcal
mol-h. Arrhenius plots of the respiration rates of the Ventura
plants yielded similar results to those presented for the Death
Valley plants.

DISCUSSION

Although the factors controlling the temperature response of
CO2 exchange are not well understood, it seems clear that the
temperature dependence of net CO2 uptake is probably the
result of the temperature dependence of several rate-limiting
steps, with each acting alone or in combination over a limited
part of the total temperature range (3). Raschke (22), in line
with an earlier model of Hesketh and Baker (14), has proposed
that the temperature response of maize can be described in terms
of three components: (a) an exponentially increasing process
that dominates at low temperature; (b) an antagonistic process
(or several processes) that gradually increases with temperature;
and (c) an inactivation of the photosynthetic CO2 exchange
apparatus at high temperatures. These processes also seem to
describe the temperature response of A. lentiformis. Since the
acclimation responses involve changes in CO2 uptake rates in all
parts of the temperature response curve, it is likely that at least
several rate-limiting processes are involved.
Changes in several processes have been suggested as possible

factors controlling acclimation responses. Changes in the 02
effect on CO2 uptake have been implicated in the differences in
photosynthetic temperature response of Encelia farinosa grown
in contrasting temperature regimes (17). Since A. lentiformis
possesses the C4 dicarboxylic acid pathway and therefore lacks
an 02 effect on photosynthesis, this cannot be of importance
here. Changes in the temperature dependence of stomatal con-
ductance as a function of growth temperature appear to control
the shifts in temperature dependence of CO2 uptake of some
species (9, 10, 17, 18). Marked effects of growth temperature on
stomatal response are apparent in A. lentiformis. The different
directions of change of intercellular CO2 concentrations and CO2
uptake rates, both above and below the temperature optima in
both the high and low temperature-grown plants, argue against a
role for these differences in stomatal response as a determinant
of the shifts in the temperature dependence of CO2 uptake seen
here.
The similar Arrhenius activation energies for CO2 uptake,

regardless of population origin or growth temperature, support
the conclusions of Bjorkman and Pearcy (7) that adaptations in
the low temperature part of the temperature dependence curve
involve quantitative adjustments in the same rather than changes

to different rate-limiting steps. The activation energies deter-
mined for CO2 uptake in A. lentiformis are similar to those found
for photosynthesis and for RuDP carboxylase activity in a wide
variety of other species. At high bicarbonate concentrations,
RuDP carboxylase gives an Arrhenius plot with a single transi-
tion at about 17 C and activation energies of 18 to 21 and 12 to
14 kcal mol-' at lower and higher temperatures, respectively.
The activation energies for CO2 uptake determined here are thus
remarkably similar to those exhibited by RuDP carboxylase.
Furthermore, a good correlation is also apparent between CO2
uptake rates below 25 C and RuDP carboxylase activities; both
are lowest in the Ventura plants grown at 43/30 C, intermediate
in the Death Valley plants grown at 43/30 C, and highest in
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plants grown at 23/18 C. These results support the suggestions
that RuDP carboxylase may be rate-limiting for CO2 uptake at
low temperatures in C4 as well as C3 plants (3) and that the
growth temperature-dependent changes in photosynthesis at low
measurement temperatures where an Arrhenius relationship is
followed may be due to changes in RuDP carboxylase activities
(7). Decreased activities of RuDP carboxylase in high as com-
pared to low temperature-grown plants have been demonstrated
in other species (8, 24). The results reported here, however,
contrast with those reported for cotton acclimated to different
temperatures where no correlation could be found between
RuDP carboxylase activities and estimates of CO2 and light-
saturated photosynthesis (9).
Because increases in temperature increase enzyme activity,

less RuDP carboxylase protein may be required at high growth
temperatures, effecting a savings in synthesis and maintenance
energy costs. This argument would apply to the responses of the
Death Valley plants but clearly the very large reduction in RuDP
carboxylase levels in the Ventura plants could limit CO2 uptake
even at high temperatures. Thus, whether the reduction is ap-
parently adaptive or nonadaptive would depend on its magni-
tude. These changes would be particularly important for RuDP
carboxylase which generally represents a large fraction of the
total leaf protein in plants.

Synthesis of RuDP carboxylase in rye seedlings has been
shown to be sensitive to high growth temperatures (11) because
of a heat sensitivity of chloroplast 70S ribosomes in this species
(12). Differences in heat sensitivity of the chloroplast 70S ribo-
somes of the Death Valley and Ventura plants could be one
possible explanation for the poor photosynthetic performance of
the Ventura plants at high growth temperatures. Although the
site of PEP carboxylase synthesis is not known, assembly on 80S
ribosomes would account for the marked differences in response
of this enzyme and RuDP carboxylase.

Reductions in dark respiration rates that lead to higher net
CO2 uptake rates have been implicated in the improved high
temperature performance in warm-acclimated plants for some
species (2) but not in others (16). The substantial reduction in
dark respiration rates ofA. lentiformis could contribute to higher
net photosynthetic rates at high temperatures in the 43/30 C
grown plants provided that CO2 uptake capacities were not also
strongly reduced as occurred in the Ventura plants. Also, the
course of net CO2 uptake of the 23/18 C grown plants with
increasing temperature from 30 to 40 C declined possibly in
response to the strong increase in the respiration rates. In con-
trast, photosynthetic rates increased over this temperature inter-
val in the 43/30 C grown plants, possibly due at least in part to
the low activation energies and consequently the small increase
in respiration rates. The Arrhenius plots show that changes in
the rate-limiting steps, as indicated by the much lower activation
energy in the 27 to 37 C interval as well as changes in the
capacities of other rate-limiting steps at higher and lower tem-
peratures are involved in temperature acclimation of respiration.
These respiratory differences can however account for only part
of the differences in CO2 uptake observed at high temperatures
since respiration reached steady-state rates at temperatures
above 37 C while photosynthesis did not in the 23/18 C grown
plants. Thus, the decline in photosynthesis at supraoptimal tem-
peratures must involve a direct inhibition of the photosynthetic
apparatus in these plants. The steady CO2 exchange rates at
temperatures out to 45 C indicate that high temperature accli-
mation in A. lentiformis also involves increases in the thermal
stability of the photosynthetic CO2 exchange apparatus. Further
studies on differences in thermal stability will be reported in
another paper (20).

The similar increases in the temperature optima and apparent
thermal stabilities of photosynthesis in the coastal and desert
plants were surprising since maximum day temperatures in the
coastal habitats rarely exceed 40 C and then for no more than 2-
to 3-day periods. The increased thermal stability of the photo-
synthetic apparatus could be an adaptation to protect against
these high temperatures, but only if the changes could occur fast
enough. Heat hardening of the photosynthetic apparatus can
occur over short time periods in some species (1), but the
changes are generally small. Alternatively, since according to
taxonomic evidence (13) the coastal populations evolved from
those in the desert, only part of the capacity to acclimate to high
temperatures may have been lost during evolutionary adaptation
to the coastal habitat.
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