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SMALL HEAT SHOCK PROTEIN RESPONSES OF A CLOSELY RELATED
PAIR OF DESERT AND COASTAL ENCELIA
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Evolutionary variation for accumulation of small heat shock protein (sHsp) may contribute to thermal niche
differentiation between species. Here we examine temperature and time-course-dependent variation for sHsp
accumulation in a recently diverged pair of Encelia raised in a common environment: Encelia farinosa, common
in the Mojave desert, and Encelia californica, which is found along the cool coastal bluffs of southern North
America. Both species exhibit peak sHsp accumulation at 42°C. Encelia californica accumulated greater levels
of sHsp at temperatures below 42°C, while E. farinosa had greater levels above 42°C. Encelia farinosa ac-
cumulates sHsp at temperatures up to 45°C, while E. californica does not synthesize sHsp above 44°C. Both
species accumulated significant levels of sHsp while maintaining photosynthetic electron transport (F,/F.,), but
above the temperatures that elicited peak sHsp expression, levels of sHsp and F,/F,, declined in parallel to
zero. Encelia californica accumulated greater levels of sHsp more rapidly than E. farinosa following a 15 min,
42°C heat treatment; however, E. farinosa maintained greater F,/F, at all time points. Our results indicate
that there are significant differences between Encelia species for sHsp accumulation but that these results

depend on the duration, magnitude, and recovery time following temperature stress.
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Introduction

Small heat shock proteins (sHsps) often dominate protein
synthesis during and after high temperature stress and under
some conditions can rapidly accumulate to greater than 1%
of total leaf protein (DeRocher et al. 1991; Vierling 1991;
Hsieh et al. 1992; Howarth and Ougham 1993; Arrigo and
Landry 1994; O’Connell 1994). While most eukaryotes have
just a few sHsps (15-35 kD), in plants this class has duplicated
and diversified to include 20-50 different isoforms in most
species (Vierling 1991; Arrigo and Landry 1994). Small Hsps
(heat shock proteins) are usually divided into five classes based
on sequence homology and subcellular localization; two classes
are localized to the cytosol and one each to the chloroplast,
mitochondria, and endoplasmic reticulum (Vierling 1991; Wa-
ters 1995; Waters et al. 1996). In vivo, sHsps occur as olig-
omeric complexes of 12-40 subunits ranging in total molecular
mass from 200-800 kD (Behlke et al. 1991; Chen et al. 1994;
Lee et al. 1995; Waters et al. 1996; Kim et al. 1998). Unlike
many higher-molecular-mass Hsps, most sHsps are not con-
stitutively expressed. Light, osmotic, salt, and oxidative
stresses, in addition to high temperature and most other
protein-denaturing stresses, can all lead to increased small heat
shock protein (sHsp) expression (Vierling 1991; Harndahl et
al. 1999; Hamilton and Heckathorn 2001).
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Expression of sHsp can be viewed both as a symptom of
thermal stress and as a potential protective mechanism. A
quantitative increase in the pool of denatured proteins in the
cell, as well as increased membrane fluidity (Vigh et al. 1998),
are thought to be primary signals of increased sHsp expression.
Therefore, as levels of denatured proteins increase, so will sHsp
expression, at least until critical temperatures for the heat de-
activation of transcription and translation are reached. Ac-
cumulating evidence indicates that sHsps are important for the
maintenance of photosynthetic and respiratory electron trans-
port (Downs and Heckathorn 1998; Heckathorn et al. 1998
and in press; Miyao-Tokutomi et al. 1998; Downs et al. 1999a;
Nakamoto et al. 2000). Studies comparing genotypes or spe-
cies have shown that after identical temperature treatments,
genotypes that accumulate greater levels of sHsps show greater
protection of photosystem II (PS II) electron transport (F,/F.;
Preczewski et al. 2000; Knight and Ackerly 2001), which sup-
ports the hypothesis that sHsps play a protective role. In gen-
eral it is thought that Hsps prevent irreversible aggregation of
denatured proteins by binding and stabilizing exposed hydro-
phobic domains, a process that facilitates protein refolding
following high temperature and other protein-denaturing stress
(Jakob et al. 1993; Merck et al. 1993; Jinn et al. 1995; Lee et
al. 1995, 1997; Laksanalamai et al. 2001). In addition to pre-
venting protein aggregation, Hsps may also stabilize mem-
branes and possibly act as site-specific antioxidants (Harndahl
et al. 1999; Lee et al. 2000; Gustavsson et al. 2001; Hamilton
and Heckathorn 2001; Torok et al. 2001).

The evolutionary conservation of sHsps, combined with
their duplication and diversification in plants, has led to the
hypothesis that sHsps may play an important role for plant
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adaptation across thermal gradients (Coleman et al. 1995;
Downs et al. 1998). However, only a few studies have ex-
amined comparative sHsp responses between plant species
from contrasting thermal environments (Downs et al. 1998;
Knight and Ackerly 2001), and we are still far from a general
consensus concerning predicted differences between thermo-
philic and mesophilic species (Vierling 1991; Feder and Hof-
mann 1999).

Most previous research on the sHsp response has involved
studies of a single species. Those that have involved more than
one genotype often rely on sHsp induction intensities after a
single heat shock temperature (Downs et al. 1998; Preczewski
et al. 2000). In addition, the method and duration of temper-
ature treatments and the recovery period following tempera-
ture treatments all vary considerably between studies, making
generalizations difficult.

Here we focus on temperature and time-course-dependent
accumulation of sHsps between two closely related Encelia
species: Encelia farinosa, a common species in the inland Mo-
jave Desert, and Encelia californica, found only in the much
cooler coastal sage habitat along the Pacific coast of southern
North America (fig. 1). We also measure the chlorophyll fluo-
rescence parameter F,/F, in the context of sHsp accumulation
because it is heat sensitive and correlated with photosynthesis
and therefore a good independent measure of thermal stress
and physiological performance. Shrub canopy temperatures
can differ considerably between the habitats of these Encelia
species. Knight and Ackerly (2002) show that canopy tem-
peratures exceeding 45°C are frequent in the desert, while those
temperatures are rarely experienced in the coastal habitat. En-
celia shows dramatic thermal niche divergence and has been
the subject of numerous studies in plant evolutionary physi-
ology (Ehleringer and Clark 1988). Much of this research has
focused on differences in leaf size and pubescence in rela-
tion to leaf energy balance (Ehleringer and Mooney 1978;
Ehleringer 1988; Ehleringer and Cook 1990; Sandquist and
Ehleringer 1997, 1998). Here we examine whether biochem-
ical adaptation associated with the heat shock protein response
contributes to adaptive differentiation in Encelia species ra-
diating across thermal gradients.

Material and Methods

Seed Collection and Common Garden Conditions

A common garden of Encelia californica and Encelia fari-
nosa was established from field-collected seeds as described in
Knight and Ackerly (2002). Seeds from desert populations of
E. farinosa were collected near the Desert Studies Center in
the Mojave Desert in 1999 (operated by California State Uni-
versity; lat. 35°11'N, long. 116°4'W). Seeds from coastal pop-
ulations of E. californica were collected in the summer of 1999
along the base of the Santa Monica Mountains between Santa
Barbara and Malibu in California (approximate lat. 34°37'N,
long. 120°5'W). The seeds were germinated in vermiculite and
later transplanted to variable-grain-size sand in 20-cm diam-
eter and 50-cm deep pots in a glasshouse at the plant growth
facility on the campus of Stanford University. Fifty individuals
of each species were arranged in a fully randomized block in
the glasshouse. The mean temperature in the glasshouse was
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Fig. 1 The distribution of Encelia californica and Encelia farinosa
var. farinosa in North America (maps from Clark 2000; used with
permission).

20°-28°C during the day and ca. 15°C during the night. The
plants were fertilized monthly, and the amount of nutrient
addition was adjusted such that adequate growth and healthy
foliage were maintained with minimal fertilizer. The amount
of fertilizer added was identical between species. The plants
matured in the common environment for over 1 yr before we
performed the first series of temperature treatments.

Temperature-Dependent Accumulation of sHsps

Temperature treatments were performed using detached
leaves in air-circulating chambers that were submerged in
temperature-controlled water baths. We used detached leaves
because it was the only method available to achieve precise
and constant leaf temperature control. Two series of temper-
ature treatments were performed. The first was carried out at
42°,43°,44° 45°,46°, and 47°C. Results from these treatments
led us to run a second series at 33°, 36°, 38°, 40°, 42°, and
45°C. Both series also involved a 28°C control (equivalent to
the midday maximum temperature inside the glasshouse). The
first series was replicated four times and the second three times.
For each replicate, a random sample of leaves was collected
early in the morning and then divided into seven groups of
ca. 10-15 leaves (one group for each temperature). For each
replicate of a temperature series, all temperature treatments
for both species were performed simultaneously. For each tem-
perature treatment, equal samples of both species were heat
treated in the same chamber. Leaves were placed on top of a
piece of moist filter paper within the chamber to prevent them
from drying out during the temperature treatments. Leaf tem-
perature measurements using thermocouples showed that
within a chamber leaf temperatures did not vary by more than
0.1°C. The difference between the water-bath temperature and
leaf temperatures also did not vary by more than 0.1°C. Tem-
perature treatments lasted 4 h. Leaves were allowed to recover
for 4 h in the chambers under low light at room temperature.
The last 30 min of the recovery period was in the dark. Fol-
lowing the recovery period, we quantified the dark-adapted
photochemical efficiency of photosystem II using the chloro-
phyll fluorescence parameter, F,/F,, using a 0.7-s saturating
pulse of ca. 12,000 umol m~2 s™' (Hansatech FMS2 fluorom-
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eter, King’s Lynn, U.K.). The leaves were then frozen in liquid
N and stored at —80°C until protein extraction.

Time Course of sHsp Accumulation

Comparisons between the two Encelia species for the time
course of sHsp accumulation were conducted following a 15-
min, 42°C heat treatment (which was close to the peak ac-
cumulation temperature for both species). Random samples
from a large group of leaves heat shocked together were col-
lected at the following time points: before the heat shock; im-
mediately after; and then at 15, 45, 90, 180, and 360 min.
Both species were heat shocked in the same chamber. F,/F,
measurements were taken at each time point, except imme-
diately after the heat shock (rapid relaxation of steady state
fluorescence after heat stress makes measurements immediately
after heat stress highly variable). The experiment was repli-
cated three times.

Protein Methods

Total soluble leaf protein was extracted using a ceramic mor-
tar and pestle in an extraction buffer consisting of 3% w/v
SDS (sodium dodecyl sulfate), 10% v/v 1.5 M Tris, 1% v/v 1
mM PMSF (phenylmethylsulfonyl fluoride), 2% v/v 0.1 M
EDTA (ethylenediaminetetraacetic acid), 0.5% v/v 1M e-
amino-n-caproic acid, 1% v/v 1 M benzamidine, 2% w/v PVP
(polyvinylpyrrolidone), 4% w/v PVPP (polyvinylpolypyrroli-
done), 0.1% w/v DTT (Dithiothreitol), 0.2% w/v ascorbate,
and 0.1% v/v of the protease inhibitors antipain and leupeptin
(modified from Heckathorn et al. 1996). We found that the
soluble protein concentration of the extracted sample varied
considerably with the ratio of extraction buffer to fresh mass
of leaf tissue and with the duration of incubation, mixing, and
grinding with the extraction buffer. Therefore, for all samples
we added 2 mL of the extraction buffer to 1 g of fresh leaf
tissue and continued grinding the leaf tissue in the mortar and
pestle for 10 min after pulverizing the leaf tissue in liquid N.
Samples were boiled for 4 min, centrifuged for 15 min at 2100
g, International Equipment Company (IEC; Needham Heights,
Mass.), and the supernatant was collected and stored at
—80°C. The concentration of soluble protein extract was de-
termined using a Coomassie dot blot on Whatman filter paper
(#4) and quantified using a Hewlett Packard ScanJet II laser
scanner (Palo Alto, Calif.; after Ghosh et al. 1988 and Vincent
et al. 1997). Sample concentrations were inferred from a stan-
dard curve of BSA serial dilutions of known concentration.

We used a polyclonal antibody that detects multiple sHsps
in heat-stressed plant tissue (provided by S. A. Heckathorn).
It was produced using an oligopeptide of the conserved heat
shock domain found in all plant sHsps (as in Downs et al.
1998, except that the antiserum was raised in rabbits and the
peptide was conjugated to kehole limpet hemocyanin [KLH]).
The antibody cross-reacts with several sHsps between ca. 17
and 30 kD. Because we used one-dimensional electrophoresis,
we could not quantify variation in the number of sHsps rec-
ognized. We also attempted to use a monoclonal antibody
developed by Heckathorn et al. (1998) to detect a 22 kD chlo-
roplast sHsp; however, we were unable to detect the protein
in either of these species using that antibody.

Forty micrograms of soluble protein were loaded on precast

5%-20% TRIS-glycine SDS-PAGE gels (BIO-RAD, Hercules,
Calif.). A positive control (Ceanothus cuneatus heat shocked
for 4 h at 42°C with a 4-h recovery period) was run on each
gel to account for blot-to-blot variation. Following separation,
proteins were transferred to a polyvinylidene difluoride
(PVDF) membrane by Western blot. Membranes were blocked
for 2 h following transfer in a 1.5-M Tris (pH 7.5), 2% w/v
powdered milk solution. The optimal antibody concentration
was found by serial dilution so that resulting band intensities
were within the linear range of detection. The PVDF mem-
branes were incubated overnight at room temperature with a
1/3000 dilution of the polyclonal sHsp antibody, followed by
a 1.5-h incubation with a goat antirabbit IgG alkaline phos-
phatase conjugated secondary antibody (Sigma, St. Louis; 1/
10,000 dilution). Following development with the alkaline
phosphatase substrate, accumulation levels of sHsps were
quantified using a Hewlett Packard ScanJet I and Scion Image
for Windows (available at http://www.scioncorp.com). Levels
of sHsp accumulation are expressed as a percentage of the
positive control.

Statistics

Differences between species for the temperature-dependent
accumulation of sHsps were analyzed by two-way ANOVA,
with species and temperature as factors. We also used Scheffé
post hoc tests to examine differences between species at se-
lected high and low temperatures. The decline in E,/F, was
analyzed similarly. We used repeated-measures ANOVA to ex-
amine differences between species for the time course of sHsps
accumulation following the 15-min, 42°C heat shock and for
F,/F.. All analyses were performed using DataDesk (Ithaca,
N.Y.)

Results

Temperature-Dependent Accumulation of sHsps

There was a significant difference between Encelia farinosa
and Encelia californica for the temperature-dependent accu-
mulation of sHsps (interaction term for the two-way ANOVA,
Fo76 = 2.81, P = 0.005; fig. 2A). At lower temperatures, E.
californica accumulated greater levels of sHsps, while at higher
temperatures E. farinosa accumulated more (significant dif-
ferences for Scheffé post hoc tests are indicated in fig. 2A).
Both species reached peak accumulation at 42°C. Accumula-
tion levels were not significantly different at 41° or 42°C. For
temperatures above 42°C, E. farinosa maintained greater elec-
tron transport efficiency (F,/F,,) than E. california, but at tem-
peratures below 42°C, F,/F,, was not significantly different
between the two species (two-way ANOVA, F ,., = 10.91,
P = 0.001). Significant differences for individual temperatures
are indicated on figure 2B (Scheffé post hoc tests). For both
species, there was significant sHsp accumulation before F,/F,,
dropped considerably (fig. 3). Above peak sHsp accumulation
temperatures, F,/F, and sHsp expression declined in parallel
to zero.

In the common environment, E. californica grew faster that
E. farinosa (data not presented). Nitrogen accumulation may
have been greater for E. californica for the same nitrogen ad-
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Fig. 2 A, Contrasting patterns of temperature-dependent accu-
mulation of small heat shock protein (sHsp) for Encelia farinosa and
Encelia californica. Level of sHsp expression is a percentage of a pos-
itive control. B, Decline in photochemical efficiency of photosystem II
(F,/F,). Asterisks indicate responses that are significantly different be-
tween species by Scheffé post hoc tests following two-way ANOVAs.
Data are means + 1 standard error.

dition level; however, E. farinosa showed no visible signs of
stress.

Time Course of sHsp Accumulation

Repeated-measures ANOVA indicated that there was a sig-
nificant interaction between species and sampling time after
the heat shock for sHsp accumulation (E,,, =5.59, P =
0.001). There was also a significant difference between species
(F . = 11.76, P = 0.024) and between time points (F,, =
157.01, P<0.001). Encelia californica had greater sHsp ac-
cumulation earlier than E. farinosa and by the end of the
measurement period had nearly three times greater expression
than E. farinosa (fig. 4). Encelia farinosa maintained signifi-
cantly greater electron transport efficiency following the tem-
perature treatments (repeated-measures ANOVA, F,, =
8.43, P = 0.01).

Discussion

When grown in a common environment and subjected to a
series of temperature stresses, Encelia californica accumulated
greater levels of sHsps at low temperatures (38° and 40°C),
while Encelia farinosa accumulated greater levels at high tem-
peratures (43°, 44°, and 45°C; fig. 2A). Interestingly, both spe-
cies reached peak sHsp accumulation at 42°C. It should be
noted that leaf temperatures frequently exceed 42°C for E.
farinosa in the desert; however, leaf temperatures are rarely
that high for the coastal E. californica (Knight and Ackerly
2002).

We also found that E. californica accumulated greater levels
of sHsps at all time points following a 15-min, 42°C temper-
ature treatment (fig. 4). Six hours after the heat shock, E.
californica had accumulated nearly three times greater levels
of sHsps than E. farinosa. These results indicate that while
there are significant differences between species for the
temperature-dependent accumulation of sHsps, the magnitude
of these differences depends on the intensity and duration of
thermal stress, as well as on the duration of recovery at less
stressful temperatures. For example, after our 4-h heat shock
at 42°C with 4 h of recovery time, there was not a significant
difference between E. californica and E. farinosa for sHsp
accumulation (fig. 3), but after the 15-min heat shock at 42°C,
their responses were quite different (fig. 4).

Both species accumulated significant levels of sHsps at tem-
peratures below the point at which significant reductions in
PS II electron transport efficiency occur (F,/F; fig. 3). This

PSII thermal stability
0.9 and/or sHsp protection

| Increasing Temp.

FviFm

0 25 50 75 100 125
sHsp Expression (%PC)

Fig. 3 Relationship between small heat shock protein (sHsp) ex-
pression and F,/F,, for the temperature treatments (28°-46°C; see fig.
2) for Encelia californica (open circles) and Encelia farinosa (filled
circles). (For each species, lines connect adjacent temperature treat-
ments starting at 28°C at the upper left corner, moving to the right to
42°C [peak sHsp accumulation temperature for both species], then
down to the bottom left at 45° and 46°C.) Both species accumulate
significant levels of sHsps before significant reductions in photosystem
II (PSII) electron transport efficiency (F,/F,). Levels of sHsps are a
percentage of a positive control. Refer to fig. 2 for standard errors of
these data.
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Fig. 4 A, Time course (min) of small heat shock protein (sHsp)
accumulation at 22°C after 15-min, 42°C temperature treatments for
Encelia californica (open circles) and Encelia farinosa (closed circles).
Levels of sHsps are a percentage of a positive control. B, Recovery of
F,/F,, for the same time points. Measurements before the heat stress
are also indicated. The gray bar represents the 15-min heat shock.
Time 0 is immediately after the heat shock. Data are means + 1
standard error.

observation may support the protective role of sHsps, but we
cannot rule out the possibility that PS II is thermally stable to
these temperatures independent of sHsp synthesis. Above peak
accumulation, temperatures for sHsp synthesis, sHsp expres-
sion, and F,/F,, declined in parallel to zero. The sHsps may
serve a protective role at these temperatures; however, the ob-
served pattern may also represent correlated symptomatic re-
sponses to the heat stress.

After the 15-min, 42°C heat shock, the mesophilic E. cali-
fornica accumulated much greater levels of sHsps than the
thermophylic E. farinosa but still had lower F /F, (fig. 4A,
4B). These results indicate that correlations between sHsp ex-
pression and photosynthetic or whole-plant thermotolerance
among genotypes may depend critically on the measurement
temperature; linear correlations for photosynthetic thermo-
tolerance and sHsp accumulation after a single temperature
treatment may be an oversimplification. In addition, because
leaf temperatures are highly variable in natural environments,
responses to short-duration high temperature stress may have

cumulative effects, especially if costly plastic acclimatory ad-
justments are induced.

The results for sHsp expression presented here rely on im-
munological staining of Western blots. Because equal micro-
grams of soluble protein were run for all species, optimized
extraction protocols were identical between species, and no
sHsps were detected at lower temperatures, we feel that our
results reflect intrinsic differences for inducible sHsp synthesis.
There remains the possibility that differences in antigenicity
contributed to experimental error and could lead to misleading
results. However, antigenicity variation should be minimal be-
cause of the conserved nature of the sHsp domain in plants
(Waters 1995; Waters et al. 1996). Also, because the sHsp
antibody that we used cross-reacts with several sHsps, the
integrated response may be more representative than for im-
munological studies that focus on just one epitope; some epi-
topes may be more or less antigenic for the sHsp antibody,
but here we assume that antigenicity differences between sHsp
epitopes are random.

According to current models, as the pool of denatured pro-
teins increases, levels of Hsps expression also increase. These
signal transduction pathways have been described in most de-
tail for Hsp70 and Hsp90; however, the induction of sHsps
may involve similar mechanisms and perhaps the same heat
shock transcription factors (HSFs; Hubel et al. 1995). In the
absence of protein-denaturing stresses, it is thought that HSFs
are bound to Hsps, while in the presence of denatured proteins,
Hsps are recruited to hydrophobic regions of denatured pro-
teins and in the process release HSFs (Wu 1995; Morimoto
1998). HSFs then bind to the promoting elements of Hsp genes
(often after forming trimers with other HSFs), leading to in-
creased heat shock protein (Hsp) expression. If this model is
correct, our observations indicate that the thermophilic E. far-
inosa may have had quantitatively less denatured protein after
our lower temperature heat shocks, as well as after the 15-
min, 42°C heat shock. The evolution of thermotolerance may
thus involve increased individual protein thermostability,
which would be reflected in the temperature-dependent ac-
cumulation of sHsps. There are several proposed mechanisms
to achieve increased individual protein thermal stability, in-
cluding increased hydrogen bonds or salt bridges, optimized
hydrophobic interactions, the replacement of amino acids with
energetically unfavorable or thermally labile conformations,
the shortening and stabilization of solvent exposed loops, an
increase in the content and stability of a-helices, and reduced
protein masses (Sterner and Liebl 2001 for a recent review).

Variation among species and among artificially selected crop
genotypes for sHsp accumulation has been found to be posi-
tively correlated with photosynthetic or whole-plant thermo-
tolerance (Ougham and Stoddart 1986; Krishman et al. 1989;
Colombo et al. 1992; Weng and Nguyen 1992; Frova and
Gorla 1993; Park et al. 1996, 1997; Joshi et al. 1997; Ristic
et al. 1998; Heckathorn et al. 1999; Preczewski et al. 2000;
Knight and Ackerly 2001). However, it should be noted that
several studies have found no relationship (Fender and
O’Connell 1989; Frova and Gorla 1993; O’Connell 1994). In
all cases, these studies have almost exclusively relied on levels
of sHsp accumulation following a single temperature treat-
ment. Here we demonstrate that correlations between pho-
tosynthetic thermal tolerance and sHsp expression may be
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positive, negative, or not significant, depending on the mea-
surement temperature or the recovery time following heat
stress.

Other studies have examined variation in Hsp accumulation
in relation to the native thermal environment of species. Downs
et al. (1998) sampled a broad taxonomic group and found that
most species synthesized the chloroplast sHsp following a 40°C
temperature treatment and that species from warmer climates
accumulated greater concentrations of the chloroplast sHsp
than species from cooler climates. However, Knight and Ack-
erly (2001) found no correlation between expression levels of
the chloroplast Hsp following a 45°C temperature treatment
and the mean environmental conditions within the geographic
ranges of eight Ceanothus species. The results presented here
from the Encelia congeners indicate that mesophilic species
may accumulate more sHsps at low temperatures, while ther-
mophilic species may have higher induction temperatures and
greater sHsp accumulation at high temperatures, a pattern
which has been previously observed for closely related marine
snails from contrasting thermal environments (Tomanek and
Somero 1999).

Considering the high energetic costs of protein synthesis, the
maintenance of proteins in their native configuration, or in
folding-competent states, is favorable to new synthesis (Sterner
and Liebl 2001). In general, it is thought that sHsps, like many
higher-molecular-mass Hsps, prevent irreversible aggregation
of denatured proteins, thereby facilitating protein refolding
following denaturing stresses (Jakob et al. 1993; Merck et al.
1993; Jinn et al. 1995; Lee et al. 1995, 1997; Ehrnsperger et
al. 1999). While the specific functions of most sHsps remain
elusive, accumulating evidence indicates that both the chlo-
roplast and mitochondrial sHsps are important for the main-
tenance of photosynthetic and respiratory electron transport
during and after high temperature stress (Heckathorn et al.
1998, 1999; Downs et al. 19995; Hamilton and Heckathorn
2001), perhaps by preferential binding and stabilization of
proteins involved in oxygen evolution and electron transport.

The proliferation of sHsps in plants is intriguing. Some stud-

ies suggest smaller proteins are more thermally stable (Thomp-
son and Eisenberg 1999; Chakravarty and Varadarajan 2000),
probably in part from a reduced entropy gain of unfolding
(Ganesh et al. 1999). This fact may contribute to the dupli-
cation and diversification of sHsps as a thermal protective
mechanism in plants; sHsps themselves must be able to func-
tion at high temperatures, requiring mechanisms for their own
thermal stability.

As in any organism, whole-plant thermotolerance is the re-
sult of the functional integration of many traits, including short
time scale reversible plastic traits (such as Hsp expression or
rapid changes in leaf angle) and traits that are either plastic
but less reversible (such as leaf size) or genetically fixed or
canalized traits that are not plastic (such as cuticle thickness).
For example, E. farinosa has very low leaf absorptance because
of a thick pubescent trichome layer on the upper leaf surface
that positively affects leaf energy balance (Ehleringer and Moo-
ney 1978; Ehleringer 1988; Ehleringer and Cook 1990; Sand-
quist and Ehleringer 1997, 1998). These adaptations in leaf
morphology and pubescence may play a significant role for
the evolution of increased thermal tolerance in Encelia. Here
we show that biochemical evolution of the sHsp response may
also contribute to the adaptive radiation of Encelia species
across thermal gradients.
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