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The intense heat and the very lim- 
ited supply of water that prevail dur- 
ing the summer in many of the world's 
desert regions impose special demands 
on plants occupying such habitats. 
Most species escape the requirement of 
efficient photosynthesis and other met- 
abolic activity under such severe con- 
ditions by carrying out most or all of 
their photosynthesis and growth during 
milder periods of the year. However, 
some higher plant species grow pri- 
marily during the hot summer. Ob- 
viously these species are uniquely 
suited for investigations of photosyn- 
thetic adaptation to high temperature. 
We report here the results of a study 
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of the photosynthetic performance of 
one such species, Tidestromia oblongi- 
folia Wats (Standl.) in its native habi- 
tat on the floor of Death Valley, Cali- 
fornia, during the first week of July 
1970. The results show that the photo- 
synthetic apparatus of this species is 
remarkably well adapted to function 
at the extremely high temperatures 
prevailing in its native habitat; even 
at leaf temperatures as high as 50?C 
the plant was capable of photosynthetic 
rates as high as those reported for any 
species under much more favorable 
conditiions and far greater than for 
other species growing in hot, arid en- 
vironments. 
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Tidestromia oblongifolia is a low- 
growing herbaceous perennial which 
occupies dry sandy places, such as 
washes, below an altitude of 700 m 
throughout the Colorado and eastern 
Mojave deserts of the southwestern 
United States. It is very common on 
the floor of Death Valley, particularly 
on the foot of alluvial gravel fans. 
Earlier observations in this habitat 
indicated that this plant carries out 
most of its growth during May through 
August and dies back to at most a 
few basal leaves during the mild winter. 

The floor of Death Valley is the 
hottest and driest part of the Western 
Hemisphere and one of the most se- 
vere habitats in the world. Long-time 
weather records show that it receives 
an average of 42 mm of rain per 
year, of which 75 percent falls during 
November through April (1). Air 
temperatures are consistently very 
high during the months of May through 
September, and a temperature of 50?C 
or higher is not uncommon during 
these months. The long-time average 
daily maximum temperature for the 
hottest month, July, measured at the 
U.S. Weather Bureau Station at Fur- 
nace Creek (54 m below sea level) 
is 47?C, and the average daily mean 
temperature is 39?C. Temperatures 
measured at Badwater, 85 m below 
sea level and 26 km south of Furnace 
Creek, are as high as or even higher 
than those at Furnace Creek. Ground 
surface itemperatures may be more than 
25?C higher than those measured at 
standard height (1). 

Our experimental site was located 
on a gravel fan, 60 m below sea level 
and 2.5 km south of Furnace Creek, 
just off the road to Badwater. The 
meteorological data measured at Fur- 
nace Creek should -therefore be ap- 
proximately valid also for the experi- 
mental site. Our temperature measure- 
ments at this site during the period of 
the investigation 'closely agreed with 
those recorded by the U.S. Weather 
Bureau Station at Furnace Creek. 

The vegetation of the gravel fan 
on which the site was located is char- 
acterized by three species: T. oblongi- 
folia, Atriplex hymenelytra, and Eu- 
phorbia sp. These species occur pre- 
dominantly in small washes crossing 
the gravel fan. Except in phreatophyt- 
ic zones, plants are sparsely distrib- 
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Photosynthetic Adaptation to High Temperatures: 
A Field Study in Death Valley, California 

Abstract. The photosynthesis of Tidestromia oblongifolia (Amranthaceae) 
is remarkably well adapted to operate at the very high summer temperatures of 
the native habitat on the floor of Death Valley. The photosynthetic rate was very 
high and reached its daily maximum when the light intensity reached its noon 
maximum at the high leaf temperatures of 46? to 50?C which occurred at this 
time. At the intensity of noon sunlight the rate decreased markedly when the 
leaf temperature was experimentally reduced to below 44?C. The optimum rate 
occurred at 47?C. At this temperature the photosynthetic rate was essentially 
directly proportional to light intensity up to full sunlight. 
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site had the anatomical characteristics 
of plants possessing the C4 dicarboxyl- 
ic acid pathway (3) of photosynthesis. 
In situ labeling experiments with 14C- 
labeled carbon dioxide, in which the 
method described by Berry et al. (4) 
was used, showed that, after 10 seconds 
of exposure to labeled carbon dioxide, 
57 to 92 percent of the total radioactiv- 
ity incorporated was in the C4 dicar- 
boxylic acids malate and aspartate. 
Thus, there is no doubt that the species 
possess the C4 pathway of photosyn- 
thesis. 

Simultaneous measurements of car- 
bon dioxide and water vapor exchange 
were made with an open system in- 
corporating a ventilated controlled- 
environment plant chamber, an infrared 
carbon dioxide analyzer modified for 
differential measurements (Beckman 
model 315), and a dew-point hygrom- 
eter (Cambridge model 880). These 
and other measuring and controlling 
devices, with the exception of the plant 
chamber and the temperature and light 
sensors, were contained in an air-con- 
ditioned mobile laboratory unit. De- 
tails of this unit, the plant chamber, 
and the measuring and control system 
are described elsewhere (5). 

In order to determine -the daily 
course of 'the carbon dioxide and water 
vapor exchange of T. oblongifolia, the 

above-ground parts of an intact plant 
in situ were enclosed in the plant 
chamber and the chamber was sealed 
around the basal part of the stem. 
Great care was taken to disturb the 
soil as little as possible. The tempera- 
tures of leaves enclosed in the plant 
chamber as well as those of an adjacent 
plant outside the chamber were mea- 
sured with small thermocouples at- 
tached to 'the lower leaf surfaces. The 
leaf temperatures of the outside plant 
were recorded, and the temperature of 
the plant chamber was automatically 
adjusted so that the temperatures of 
the leaves inside the chamber were 
the same as those of the leaves out- 
side. The system reproduced the leaf 
temperatures measured outside to with- 
in 1 C, but it did not follow rapid 
fluctuations. Since the dew points of 
the ambient air were very low and 
transpiration rates were very high, no 
attempt was made to control the hu- 
midity of the air inside the chamber 
at ambient levels. However, the hu- 
midity of the chamber was kept suffi- 
ciently low so that the water vapor 
pressure gradient from the leaf to the 
air was always greater than 80 per- 
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Fig. 1. Diurnal course of irradiance and of leaf temperature, rate of carbon dioxide 
uptake, and resistance to water vapor transfer of T. oblongifolia on 1 July 1970, in 
Death Valley, California. Leaf resistances were calculated from transpiration rates and 
leaf temperatures (16). 

cent of that outside. The ventilation 
rate inside the leaf chamber was very 
high, and consequently the resistances 
of the leaf boundary layer to the dif- 
fusion of carbon dioxide and water 
vapor were probably small. 

Figure 1 shows the daily course of 
photosynthesis on 1 July 1970, a bright 
clear day with irradiances and tem- 
peratures representative of that time of 
the year. The rate of uptake of carbon 
dioxide closely followed the irradiance 
throughout the day, with the maximum 
rate occurring in the period when ir- 
radiance was at a maximum. Leaf 
temperatures exceeded 40?C for nearly 
the entire light period and exceeded 
45?C between 11 and 17 hours when 
rates of carbon dioxide uptake were 
highest. The maximum leaf tempera- 
ture during the day was 49.5?C. Out- 
side air temperatures were 2? to 3?C 
lower than the leaf temperatures. The 
maximum rate of photosynthesis during 
the day was 22 xmole per square deci- 
meter of leaf area per minute, or 58 
mg of carbon dioxide per square deci- 
meter per hour. This is an unusually 
high rate of photosynthesis, particularly 
since this value represents the average 
value of all leaves on the plant; maxi- 
mum rates of individual leaves can be 
expected to be appreciably higher. The 
sum of the resistances of the leaf 
boundary layer and the stomata to 
water vapor transfer between the leaf 
and the air (Rw) started to decrease at 
dawn, an indication that the stomata 
were opening, and reached its mini- 

mum value during the period of maxi- 
mum photosynthesis. It was not possi- 
ble to determine Rw during the middle 
of the day in this experiment because 
of equipment failure; however, mini- 
mum resistances measured on subse- 
quent days under similar conditions 
were as low as 2 sec cm-~. At an 
ambient dew point of 3?C and a leaf 
temperature of 48?C this resistance 
value corresponds to a transpiration 
rate of 0.21 g of water per square deci- 
meter per minute. It seems unlikely 
that such high transpiration rates could 
be sustained for an extended period 
without loss of turgor if the plant were 
under severe water stress. 

In order to lobtain an estimate of the 
water status of the Tidestromia plants, 
we determined the xylem sap pressures 
of twigs of several individuals by 
using the Scholander pressure bomb 
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Fig. 2. Diurnal course of the xylem sap 
pressure of T. oblongifolia. The determi- 
nations were made from 1 to 5 July 1970. 
Each point represents the mean of three 
to five measurements. 
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technique (6). As shown in Fig. 2, 
sap pressures ranged from a mini- 
mum negative pressure of -10 bars in 
the morning to a maximum of -25 
bars in the midafternoon when trans- 
piration rates reached their maximum 
values. These sap pressures are similar 
to those reported previously for several 
other desert species; they are far less 
negative than the highest negative pres- 
sures reported for Atriplex sp. (~ -55 
bars), Juniperus californica ( --55 
bars), and Larrea divaricata (~ -80 
bars) (6). Determinations of soil mois- 
ture also revealed that, although the 
top 20 cm of soil was almost complete- 
ly dry, the water content at depths of 
25 to 40 cm was 8 to 10 percent 
(weight/weight) in the < 2-mm frac- 
tion. Excavation of a plant showed that 
finely divided roots occurred in the 
zone from 25 to 40 cm. Evidently, 
the root system was capable of taking 
up water at rates sufficiently high to 
sustain a rapid transpiration at mod- 
erate sap pressures. These results clearly 
indicate that the T. oblongifolia plants 
were not under a severe water stress. 

The daily ,course of photosynthesis in 
T. oblongifolia differs strikingly from 
previously published results for plants 
from hot and arid habitats. No evidence 
was found of the pronounced midday 
depression present in several species of 
the Mojave Desert in California (7), 
the Negev Desert in Israel (8), or in 
California chaparral (9), in spite of 
the considerably higher leaf tempera- 
tures measured in the study presented 
here. Moreover, the maximum photo- 
synthetic rates obtained with T. oblongi- 
folia are among the highest recorded 
in any natural habitat and are com- 
parable to those of the highly produc- 
tive crop species corn and sugar cane, 
when these plants are grown under 
highly favorable conditions. The rates 
are far greater than rates previously 
measured in the field for species native 
to arid or semiarid habitats (7-9). 

Further experiments were done to dis- 
tinguish between the influences of light 
intensity and temperature upon the pho- 
tosynthetic rate of T. oblongifolia. Mea- 
surements of temperature dependence 
were made when irradiance was high 
and essentially constant. In these experi- 
ments the temperature-tracking system 
was disconnected and the temperature 
was decreased in steps. Measurements 
of light dependence were made by cov- 
ering the plant chamber with large neu- 
tral optical-density screens. The leaf 
temperature was held constant at the 
different light intensities by adjusting 
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Fig. 3. Dependence of photosynthetic car- 
bon dioxide uptake on leaf temperature in 
T. oblongifolia at two levels of irradiance: 
(a) 1.07 cal cm-2 min-' and (b) 1.33 cal 
cm-2 min.-1 

the temperature of the plant chember. 
The curve for photosynthesis as a 

function of temperature (Fig. 3) shows 
that at-the highest level of irradiance 
the maximum photosynthetic rate is 
reached at about 47?C, and the rate is 
sharply reduced when the temperature 
is lowered to below 44?C. At 20?C, a 
temperature sufficiently high for maxi- 
mum photosynthetic rates in many 
species from temperate environments, 
the rate in T. oblongifolia is only about 
one-third of its maximum value. As can 
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Fig. 4. Dependence of photosynthetic car- 
bon dioxide uptake on light intensity in 
T. oblongifolia at a leaf temperature of 
47.5?C. Irradiance values are for solar 
radiation in the wavelength range from 
0.3 to 3.0 ,um, incident on a horizontal 
plane inside the plant chamber. 

be expected, the temperature required 
for the maximum photosynthetic rate 
decreases when the light intensity is 
reduced to a lower level. We have found 
no reports of an optimum temperature 
for photosynthesis of a terrestrial plant 
exceeding that of T. oblongifolia. Opti- 
mum temperatures exceeding 47?C 
have been reported only for thermo- 
philic blue-green algae occurring in hot 
springs (10). 

As shown in Fig. 4, the photosyn- 
thetic rate was a linear function of light 
intensity up to the highest intensity re- 
ceived by the plant enclosed in the 
plant chamber. This was equal to 85 
percent of the light energy flux incident 
upon the plant chamber at noon. An 
essentially linear relationship between 
photosynthesis and irradiance up to 
the highest level of irradiance received 
by the plant inside the leaf chamber 
(1.3 cal cm-2 min-1) was also obtained 
on another day when light intensity 
was variable because of intermittent 
cloudiness. The decrease in the photo- 
synthetic rate that resulted when light 
in'tensity decreased was not attributable 
to an increased stomatal resistance to 
carbon dioxide diffusion. Lack of light 
saturation of photosynthesis at irradi- 
ance values as high as 1.4 cal cm-2 
min-1 has been reported previously for 
several species which, like T. oblongi- 
folia, possess the C4 dicarboxylic acid 
pathway of photosynthesis (11), but 
the light dependence obtained with T. 
oblongifolia is extreme (12). It is likely 
that the lack of even a partial light 
saturation may be attributed to the 
relatively high reflectance of the tomen- 
tose leaf surfaces and also, to some 
extent, to mutual shading among the 
leaves. The high temperature used in 
these experiments may also have re- 
sulted in a decreased steepness of the 
slope at low light intensities; although 
close to optimum at high light intensi- 
ties (Fig. 3), this temperature may well 
be above optimum at low light intensi- 
ties. There is, nevertheless, little doubt 
that, in spite of the high irradiances 
prevailing in Death Valley, light was 
the primary external factor that limited 
photosynthesis in T. oblongifolia. 

It seems likely that the extraordinary 
photosynthetic performance of T. ob- 
longifolia at high temperatures is large- 
ly attributable to the presence of the 
C4 pathway of photosynthesis coupled 
with an unusually high thermal stability 
of its photosynthetic apparatus. There 
is strong evidence that the C4 pathway 
serves in effect as a mechanism for 
concentrating carbon dioxide for the 
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carboxylation step in the Calvin-Ben- 
son cycle (13, 14), resulting in high 
rates of carbon dioxide uptake under 
conditions of high irradiance, high 
temperature, and limited water supply 
(13). The inhibitory effect of atmo- 
spheric oxygen concentrations on net 

photosynthesis, present in species lack- 
ing the C4 pathway, is absent in plants 
possessing this pathway. Since this in- 
hibitory effect increases with increas- 
ing temperature, one might predict that 
its presence would be particularly det- 
rimental to net photosynthesis in the 
Death Valley habitat of T. oblongifolia. 
Moreover, since C4 photosynthesis 
evidently enables carbon dioxide of low 
concentrations in the leaf intercellular 
spaces to be utilized with a higher ef- 
ficiency (lower "mesophyll resistance"), 
the efficiency of water use, that is, the 
amount of carbon dioxide fixed divided 
by the amount of water lost through 
transpiration, is considerably improved 
(13, 15). Whether higher plant species 
exist which do not possess the C4 path- 
way and yet are capable of a photosyn- 
thetic performance at high tempera- 
tures equaling that of T. oblongifolia 
remains an interesting and important 
question. 
OLLE BJORKMAN*, ROBERT W. PEARCY 

Department of Plant Biology, 
Carnegie Institution of Washington, 
Stanford, California 94305 
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Rapid Increase of Phenylethanolamine N-Methyltransferase 
by Environmental Stress in an Inbred Mouse Strain 

Abstract. The activity of phenylethanolamine N-methyltransferase in mice of 
the C57B1/Ka strain was determined after a 4?C stress. The enzyme activity 
increased 1.2-fold at the end of 3 hours and by 1.4-fold by the end of 6 hours of 
the stress. The results are in contrast to those from other species with intact 
animals in which the enzyme changes only after several days of chronic stress. 
Cycloheximide prevents the rise in enzyme activity, suggesting the increase may be 
due to protein synthesis. The increase may provide a model system for studying 
regulation of catecholamine biosynthetic enzymes. 
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Phenylethanolamine N-methyltrans- 
ferase (PNMT) is the adrenal medul- 
lary enzyme involved in epinephrine 
formation (1). In the rat, this enzyme 
has been shown to respond to exogenous 
glucocorticoid administration along an 
extremely slow time course (2, 3). The 
half-life of the enzyme has been esti- 
mated to be 6 days in the hypophysecto- 
mized rat (3) and 20 to 50 days in the 
intact rat (4). Because of the extremely 
slow turnover of the enzyme in the rat, 
studies which have attempted to probe 
the relation between this enzyme and 
acute environmental stress situations 
have not been possible. 

Studies from this laboratory have 
suggested that PNMT in an inbred 
mouse strain may be under both neu- 
ronal and glucocorticoid control (5). In 
one inbred mouse strain, a maximal 
PNMT response to exogenous glucocor- 
ticoid administration was seen 3 hours 
after injection of the drug (5). Because 
of the rapid response of the enzyme 
in these animals, it would appear that 
inbred mouse strains could serve as 
excellent models in which to study the 
relation between acute stress and 
PNMT activity. 

We now report our studies in an 
inbred mouse strain of the C57B1/Ka 
line. The mice (20 to 25 g, male) were 
obtained from the department of radio- 
biology, Stanford Medical ICenter. Ani- 
mals were housed in a soundproof ani- 
mal room maintained 'at constant tem- 
perature and humidity and were al- 
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lowed to acclimatize to these facilities 
and the light-dark cycle (LD, 13: 11; 
lights on 7:00 a.m.) for 5 to 7 days 
before the study. Cold-stress exposure 
was carried out as follows: Animals 
were housed in groups of three in a 
litter-free stainless steel cage in a cold 
room maintained at 4?C. Animals were 
allowed free access to water and Purina 
Lab Chow during the period of cold ex- 
posure. Immediately after the cold ex- 
posure period was ended, animals were 
killed by cervical dislocation and their 
adrenals were removed. The glands were 
cleaned and homogenized as a pair in 
ice-cold 0.32M sucrose. Homogenates 
were centrifuged at 30,000g for 20 min- 
utes. The PNMT activity was estimated 
by the modification of the method of 
Deguchi and Barchas (6) of the phenyl- 
ethanolamine procedure originally de- 
scribed by Axelrod (1). Protein deter- 
minations were made according to the 
method of Lowry (7). 

Table 1. Effects of cold exposure on adrenal 
PNMT activity in C57BI/Ka mice. Each 
group contained nine animals; the values 
shown are the means and standard errors of 
those groups. One unit of PNMT activity is 
the formation of 1 nmole of N-methyl- 
phenylethanolamine per hour. 
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Treatment Treatment PNMT activity 
(unit/mg protein) 
PNMT activity 

(unit/mg protein) 

Unstressed control 0.300 ? 0.005 
3-hour cold stress 0.370 ? 0.024* 
6-hour cold stress 0.417 ? 0.018t 
* P < .01 greater than unstressed ontrol. 
t P < .001 greater than unstressed control. 
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