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Summary Effects of moderate heat on growth and photosyn-
thesis were investigated in two clonal genotypes of Acer rub-
rum L., originally collected from the thermally contrasting
habitats of Florida and Minnesota, USA, and known in the hor-
ticultural trade for sensitivity and insensitivity to heat, respec-
tively. Under both common garden and warm greenhouse con-
ditions (day/night temperature of 33/25 °C), the Florida geno-
type exhibited more growth than the Minnesota genotype. To
determine the physiological parameters associated with this re-
sponse, plants were acclimated to ambient (27/25 °C) or mod-
erately elevated (33/25 °C) temperatures for 21 days before
measurement of net photosynthesis at temperatures ranging
from 25 to 48 °C. In vivo measurements of gas exchange and
chlorophyll a fluorescence of ambient-acclimated plants re-
vealed that, compared with the Minnesota genotype, the
Florida genotype maintained a higher photosynthetic rate,
higher stomatal conductance, more open PSII reaction centers,
a greater PSII quantum yield and a lower quantum requirement
for photosystem II (¢pgy) per mole of CO, fixed (¢c,)
throughout the measurement temperature range. When both
genotypes were acclimated at 33/25 °C and measured at 33 °C,
analysis of the response of net photosynthesis to calculated
intercellular CO, concentration indicated that the maximal rate
of Rubisco carboxylation (V) decreased more in the Minne-
sota genotype than in the Florida genotype in response to ele-
vated temperature. Additionally, ¢ g /9 at 33 °C was mark-
edly higher for Minnesota plants under photorespiratory con-
ditions, but similar to Florida plants under non-photorespir-
atory conditions. The results indicate that the higher net
photosynthetic rate at 33/25 °C of the Florida genotype com-
pared with the Minnesota genotype could be a result of several
mechanisms, including the maintenance of a higher V., and a
more efficient quantum requirement of PSII per mole of CO,
fixed, which is likely the result of lower photorespiration.

Keywords: drummondii, genotypic variation, temperature in-
hibition.

Introduction

The increase in Acer rubrum L. (red maple) dominance among
softwood and hardwood stands marks one of the most dra-
matic changes in post-colonized eastern North American for-
ests (Abrams 1998). Currently, the range of red maple is bound
to the north by Newfoundland, the south by Florida and the
west by Minnesota and eastern Texas (Burns and Honkala
1990). Included in this range are habitats differing dramati-
cally in light, nutrition, water status and temperature. As a re-
sult, red maple has segregated into specific ecotypes or races
adapted to a wide range of local endemic environments
(Abrams and Kubiske 1990, Bauerle et al. 2003). However,
ecotypic differences in leaf physiological characteristics (e.g.,
gas exchange, osmotic adjustment and N concentration) of red
maple are relatively modest and fail to explain its newfound
prominence among such diverse habitats. Therefore, the spe-
cies’ range expansion is unexplained by variation in leaf physi-
ology and has been termed “the red maple paradox” (Abrams
1998).

Understanding the physiological constraints on a species’
ability to adapt to environmental change, particularly change
due to the elevation of temperature, is of interest in the context
of climate warming. Temperature trends in the United States
show an overall increase (Houghton et al. 2001). Forest eco-
systems are thus being subjected to distributional and pheno-
logical changes, and species’ range shifts (Easterling et al.
2000). Thomas et al. (2004) investigated the responses of di-
verse terrestrial ecosystems to predicted climate change and
concluded that estimates of species “committed to extinction”
will range from 18 to 32% by 2100. Such studies, while in-
sightful, have failed to consider the physiological traits that
allow plants to acclimate to warmer habitats.

One possibility whereby plants could moderate otherwise
negative effects of local environment is through the response
of photosynthesis to temperature. It is known that even moder-
ately elevated temperatures (< 35 °C) inhibit photosynthesis,
and this relationship is considered a major ecological driving
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force in plant distributions (Berry and Bjorkman 1980). De-
spite decades of investigation into heat-limiting photosyn-
thetic processes, the traits selected for high-temperature habi-
tats remain elusive. Traditionally, photosystem II (PSII) has
been considered the most heat-labile component of photosyn-
thesis (Berry and Bjorkman 1980), but PSII damage is usually
restricted to temperatures above 40 °C (Berry and Bjorkman
1980). More recently, it has been suggested that moderate heat
affects thylakoid membrane permeability, and leaky mem-
branes have an indirect effect on electron transport, reducing
ATP and NADPH availability (Bukov et al. 1999). Support for
this hypothesis was obtained by Wise et al. (2004), who ob-
tained evidence that the functional photosynthetic limitation to
moderate leaf temperatures could be explained by ribulose-
1,5-bisphosphate (RuBP) regeneration via electron transport
limitation. In a follow-up study, Schrader et al. (2004) reported
that moderate heat stress affected thylakoid membrane perme-
ability, resulting in stimulated cyclic photosystem I activity at
the expense of stromal reductants. Subsequently, Rubisco was
deactivated, thereby reducing photorespiratory metabolite ac-
cumulation.

One enzyme responsible for Rubisco’s catalytic activity,
Rubisco activase, is heat labile (Robinson and Portis 1989,
Eckardt and Portis 1997, Salvucci et al. 2001) and may be a
primary cause of reduced photosynthetic performance at mod-
erately elevated temperatures (Salvucci and Crafts-Brandner
2004a). Support for this hypothesis was recently provided by a
study comparing transgenic Arabidopsis with improved mem-
brane integrity (lower membrane lipid saturation) and various
isoforms of Rubisco activase (Kim and Portis 2005). In that
study, plants subjected to heat (including a moderate heat of
38 °C) were measured for photosynthetic characteristics that
included metabolites, gas exchange and fluorescence parame-
ters. The results led the authors to conclude that inhibition of
photosynthesis by moderate heat was a result of Rubisco deac-
tivation, which concomitantly lowers electron transport. These
results, considered in conjuction with those of studies of ther-
mally contrasting species (Salvucci and Crafts-Brander
2004c¢), suggest that the physiochemical properties of Rubisco
activase may underlie the geographic distribution of higher
plants.

To investigate the photosynthetic traits that may infer adap-
tation to elevated temperatures in a long-lived forest species,
in vivo gas exchange and chlorophyll a fluorescence were
measured to determine mechanisms of heat-induced reduc-
tions of photosynthesis in two red maple genotypes known in
the horticultural trade, one for its sensitivity, the other for its
insensitivity to heat (Sibley et al. 1995a, 1995b, J. Ruter, Uni-
versity of Georgia, pers. comm.). We tested the hypothesis that
the heat-insensitive Florida genotype has higher rates of net
photosynthesis than the heat-sensitive Minnesota genotype at
moderately elevated temperatures.

Materials and methods

Plant material and treatments

Dormant rooted cuttings of red maple were transplanted to 3-1

pots containing a 1:2:1 (v/v) mix of sand:peat:silt loam and
fertilized twice weekly with soluble fertilizer (20,10,20 N,P,K
plus micronutrients) at the Clemson University Biosystems
Research Complex (Clemson, SC). The study was conducted
from June to early November 2002 and replicated during the
same period in 2003. We used two genotypes of red maple,
known in the horticultural trade as ‘Northwood’ and ‘Florida
Flame’, which were originally collected from indigenous pop-
ulations in Minnesota (46°55’44” N, 92°55’10” W) and
Florida (30°33"34” N, 84°19"33” W), respectively.

To control temperature, four Mylar chambers (4 m x 1 m x
1.5 m) were constructed within a Biosystems Research Com-
plex greenhouse. A Campbell 21X data logger (Campbell Sci-
entific, Logan, UT) equipped with type T thermocouples mon-
itored and controlled chamber temperature by a heat exchange
pump (Model YSOO9, Friedrich Inc., San Antonio, TX). Pho-
toperiod and light quantity were similar to natural local condi-
tions (34°41°0” N, 82°50"15” W) for the duration of the mea-
surement period (June—September). To minimize potential
chamber effects, plants were alternated among chambers on a
weekly basis. After three weeks at a day/night temperature of
27/25 °C, plants were randomly assigned to treatment
(33/25 °C) or control (27/25 °C) temperatures, with ambient
humidity and light.

Gas exchange

Net assimilation (A, ) versus intercellular CO, (C;) response
curves were constructed between June 14 and September 24.
Calculations of gas exchange parameters were performed ac-
cording to Farquhar et al. (1980), and derivation of net photo-
synthetic parameters was as described by Bauerle et al. (2003).
To ensure steady-state activation of Rubisco before measure-
ment with a Ciras-1 gas analyzer (PP systems, Haverhill,
MA), the leaf in the cuvette was acclimated to a CO, concen-
tration of 360 umol mol " and a saturating net photosynthetic
photon flux (PPF; 1200 umol m~? s~") for 10—15 minutes. To
determine maximal rate of Rubisco carboxylation (V,.x) and
the CO, compensation point (I'*), the CO, limiting linear
phase of the response curve was constructed by lowering the
cuvette atmospheric CO, concentration (C,) from 200 pmol
mol ! in four steps to 150, 100, 75, and 50 umol mol~". At the
end of the measurements, C, was stabilized at 360 umol mol ™!
and A, recorded. This procedure allowed us to compare post-
and pre- A, values at 360 umol mol ™" to ensure open stomata
and verify the stability of the photosynthetic apparatus. Lastly,
the light source was turned off and the cuvette shrouded by a
black cloth, and leaf dark respiration (R,;) measured. Response
curves were obtained in 21 and 2% O, at a vapor pressure defi-
cit (VPD) of 1.2—1.7 kPa.

With a parallel Ciras-1 gas analyzer, light response curves
were generated on the leaf opposite to that measured for the
A, versus C response curves. Cuvette CO, concentration was
held at 360 umol mol~' and VPD and O, concentrations were
the same as in the A, versus C; experiment. Light response
curves were used to estimate quantum yield of CO; (¢(,),
which can be easy to underestimate (Singsaas et al. 2001).
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Therefore, several precautions were taken, including the use of
21% (photorespiratory conditions) and 2% (non-photorespira-
tory conditions) O, concentrations (see Singsass et al. 2001).
With 21% O,, C, was adjusted to maintain a C; of 23 to 25 Pato
compensate for errors incurred by photorespiration, and at
least three data points were collected below 100 pmol m~2s~"
PPF to avoid the respiratory incorporation of nonlinear data
points (Singsaas et al. 2001).

Chlorophyll fluorescence

Chlorophyll a fluorescence parameters were measured with an
0S-500 pulse amplitude modulated fluorometer (Opti-Sci-
ence, Westand, MA). The fiber optic cable from the fluoro-
meter was coupled to the Ciras-1 gas exchange system by a
specially constructed light source, PLC 5(B). Actinic light
was provided by the integrated Ciras-1 leaf chamber. To esti-
mate F,” (minimal fluorescence) under fully oxidized condi-
tions (Q,), the actinic light was terminated and a far-red pulse
was generated from the fluorometer for 5 s to fully oxidize Q.
Steady-state fluorescence (F;) was measured after excitation
by a weak modulated red light and maximum fluorescence
(Fy") was determined after a saturating pulse (8000 umol m~>
s~ for 1 s) of white light. To ensure a fully reduced Q,, maxi-
mal photosynthetic efficiency was determined at predawn and
directly before the response curve by using dark adaptation
clips. Results indicated that 20 min of dark adaptation pro-
duced readings comparable with predawn measurements.

Light absorbtance

Leaf light absorbtance (o) was estimated as described by
Bauerle et al. (2004), where readings from a Minolta SPAD
502 meter (Spectrum Technologies, Plainfield, IL) were non-
linearly correlated to red maple light absorbtance, reflectance
and transmittance.

Statistics

A randomized complete block design with sampling was used
to test temperature effects on net photosynthesis. Specifically,
10 plants of each genotype were randomly selected and placed
in Mylar chambers set at 27/25 °C or 33/25 °C. Two chambers
were set at 27/25 °C and an additional two chambers were set
at 33/25 °C. Each week throughout the study, plants were
transferred within chambers to minimize chamber effects. The
actual number of plants sampled varied according to the pa-
rameter tested and is indicated in the relevant figure caption.
For each photosynthetic parameter reported in Table 2, a
2-way ANOVA was performed with genotype and temperature
as independent variables. Error terms were pooled and re-
ported as standard error of the difference of the means.

Results

Growth characteristics

After 42 days in a greenhouse at a day/night temperature of
33/25 °C, the Minnesota genotype failed to show measurable
increases in stem height or leaf or branch number (Table 1),
whereas the Florida genotype showed increases in all mea-

sured parameters. Under common garden conditions (at
Clemson University, South Carolina, USA), both genotypes
showed increased stem height from May until September;
however, the increase was 46% greater in the Florida genotype
than in the Minnesota genotype (Table 1).

Temperature response in 21% oxygen and 27/25°C

The intrinsic photosynthetic response of the Minnesota and
Florida genotypes of red maple to elevated temperature was
assessed by simultaneous measurements of gas exchange and
chlorophyll a fluorescence. Leaf net photosynthetic character-
istics differed between genotypes and in response to tempera-
ture. In the 27/25 °C treatment, Florida plants exhibited higher
net CO, assimilation rates than Minnesota plants (Figure 1a).
Stomatal conductance was higher for Florida plants and dis-
played a small increase in response to increasing measurement
temperature up to 30 °C, before declining as temperature in-
creased further. Unlike the Florida plants, the Minnesota
plants did not show an initial rise in stomatal conductance with
increasing temperature, but rather maintained a declining
trend across the range of measurement temperatures (Fig-
ure 1b). Mean intercellular CO, partial pressure was higher in
Florida plants than in Minnesota plants at temperatures below
42 °C. Above this temperature, intercellular CO, partial pres-
sure rose sharply in both genotypes subsequent to reduced net
photosynthesis, with the magnitude of the response being
greatest in Minnesota plants (Figure 1c).

Quantum yield of PSII (¢g,) provided an estimate of the
proportion of electrons passing though PSII per quantum ab-
sorbed and was higher for the Florida genotype than for the
Minnesota genotype at all measurement temperatures (Fig-
ure 2a). The temperature optimum was broader for ¢, than
for net CO, assimilation, with declining rates not apparent un-
til ~37 °C. The proportion of open and undamaged PSII reac-
tion centers, as measured by photochemical quenching (qP),
was higher for Florida plants than for Minnesota plants at tem-
peratures above 25 °C (Figure 2b). Non-photochemical
quenching (qN), which is an indication of the amount of ab-
sorbed energy dissipated as heat, was similar between geno-

Table 1. Growth characteristics of Acer rubrum genotypes Florida
(FL) and Minnesota (MN). Plants were grown at a day/night temper-
ature of 33/25 °C for 42 days in growth chambers or in a common gar-
den at Clemson University, Clemson, SC, USA from May until
September. Plants under both environmental conditions were well-
watered and provided with supplemental nutrition. Abbreviation:
ND = not detectable. Values are means (+ standard errors) of the
growth increase per genotype for the common garden and growth
chamber study (n = 8 per genotype per environment).

Increase Growth chamber Common garden
FL MN FL MN
Stem height (mm) 20.0 (5.0) ND 180 (18.0) 100 (21.0)
Branch no. 0.5(0.2) ND
Leaf no. 1.5(0.3) ND
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Figure 1. Temperature responses of net CO, assimilation rate (A),
stomatal conductance (B), and intercellular CO, partial pressure (C)
in Florida (®) and Minnesota (l) genotypes of Acer rubrum. Photo-
synthesis was measured at a photosynthetic photon flux of 500 pmol
m~2s~!, 360 ppm CO, and 21% O,. Each value represents a mean (
SE) where n = 5.

types regardless of temperature (Figure 2c¢).

The ratio of ¢ gy t0 O provides an estimate of the moles of
electrons passing though PSII needed to reduce one mole of
CO,. When measured under photorespiratory conditions (21%
0,), this estimate also includes electrons contributing to the
photorespiratory pathway. We used this parameter as a proxy
to estimate changes in carboxylation efficiency in response to
temperature (Figure 3). Under photorespiratory conditions,
the quantum requirement of PSII per mole of CO, (¢ pg;;) Was
higher for the Minnesota genotype than for the Florida geno-
type at all measurement temperatures (Figure 3). The rate of
increase in Qg / O as a function of temperature was 51%
higher for the Minnesota genotype, as measured by difference

in slope, than for the Florida genotype (Figure 3).

Temperature response of warm-acclimated plants in 21%
and 2% oxygen

The photosynthetic response of red maple to prolonged expo-
sure to elevated temperature was investigated by acclimating
plants to moderately elevated (33/25 °C, day/night) and ambi-
ent (27/25 °C) temperatures for 21 days. Under photores-
piratory conditions (21% O,), maximum net photosynthesis
(Amax219) decreased significantly for both genotypes when ac-
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Figure 2. Temperature responses of the quantum yield of PSII (A),
photochemical quenching (B), and non-photochemical quenching (C)
in Florida (®) and Minnesota () genotypes of Acer rubrum. Mea-
surements were made at a photosynthetic photon flux of 500 umol
m~2 57!, 360 ppm CO, and 21% O,. Each value represents a mean
(£ SE) where n = 5.
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Figure 3. Temperature response of the quantum requirement of PSII
per mole COy (§pg; /9o, ) fixed in Florida (®) and Minnesota (M) ge-
notypes of Acer rubrum. Measurements were made at a photosyn-
thetic photon flux of 500 umol m~2 57!, 360 ppm CO5 and 21% O,.
Each value represents the mean (+ SE), where n = 5.

climated at 33/25 °C and measured at 33 °C (Table 2). Speciti-
cally, the mean difference in A,x19 from ambient to warm
temperatures decreased by 11 and 25% in the Florida and Min-
nesota genotypes, respectively. However, when warm-accli-
mated plants were analyzed under non-photorespiratory con-
ditions (An.x2%), net photosynthesis again decreased, but the
magnitude of the decline was less severe at 9 and 18% in the
Florida and Minnesota genotypes, respectively.

Under photorespiratory conditions, V.. decreased in
Florida and Minnesota plants acclimated at 33/25 °C and mea-
sured at 33 °C by 26 and 34%, respectively (Table 2, Figure 4).
The percent decrease was significant for both genotype and
temperature (Table 2). To investigate the intrinsic response of
Vemax to heat, plants acclimated to both ambient and warm con-
ditions were measured at 33 °C and compared with plants ac-
climated and measured at ambient temperature. As depicted in
Figure 4, the decline in A, as representative of a change in

Table 2. Means (+ standard errors) for gas exchange and fluorescence parameters of leaves of Acer rubrum genotypes Florida and Minnesota
(n = 6 plants per genotype). Symbols: A,x, maximum CO, assimilation; Vy,ax, maximal rate of Rubisco carboxylation; Ry, leaf dark respiration;
0o, »quantum yield of CO2; §pgy; /O, » quantum yield of photosystem IT per mol of CO»; T*, CO, compensation point; a,, leaf light absorptance;
21%, 21% oxygen; 2%, 2% oxygen; G, genotype; T, temperature; and ns, not significant. Plants were acclimated to day/night temperatures of
27/25 °C or 33/25 °C for 21 days and measured at the acclimation day temperature. The P values are for the 2-way ANOVA with genotype and

temperature as independent variables.

Parameter Florida genotype Minnesota genotype P value
27125 °C 33/25°C 27/25 °C 33/25°C

Amax21% 10.6 (0.4) 9.5(0.4) 8.7 (0.4) 6.5(0.4) Genotype, P < 0.0001

(umol CO, m~2s71h) Temperature, P = 0.0005
G x T, ns

Vemax 79.8 (3.2) 58.7 (3.2) 72.5(3.2) 479 (3.2) Genotype, P < 0.0227

(umol CO, m~? s7h Temperature, P = 0.0001
G x T, ns

Amax2% 16.3 (0.6) 14.9 (0.6) 14.7 (0.6) 12.1 (0.6) Genotype, P < 0.0029

(umol CO, m-2s7h Temperature, P = 0.0061
G x T, ns

Ry 0.3 (0.1) 0.5 (0.1) 0.4 (0.1) 0.6 (0.1) Genotype, P < 0.0001

(umol CO, m~2s71h) Temperature, P = 0.043
G x T, ns

dco, 29 0.10 (0.01) 0.07 (0.01) 0.08 (0.01) 0.06 (0.01) Genotype, ns
Temperature, P = 0.0002
GxT,P=0.033

Opsii/Pco, 219 6.5 (0.25) 7.7 (0.25) 6.6 (0.25) 8.8 (0.25) Genotype, P =0.0312
Temperature, P < 0.0001
G x T, ns

Dpsit/Pco, 29 4.8 (0.15) 5.1(0.15) 4.5 (0.15) 5.3(0.15) Genotype, ns
Temperature, P = 0.0025
G x T, ns

I* 60.5 (1.8) 79.1 (1.8) 64.5 (1.8) 82.4 (1.8) Genotype, ns

(umol mol ") Temperature, P = 0.0001
G x T, ns

o 84.0 (0.47) 82.0 (0.47) 84.4 (0.47) 83.3(0.47) Genotype, na

Temperature, P = 0.0058
G x T, ns
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Figure 4. Net carbon dioxide assimilation rate as a function of inter-
cellular CO, concentration for leaves of Florida (A) and Minnesota
(B) genotypes of Acer rubrum acclimated and measured at day/night
temperatures of 27/25 °C (#) or 33/25 °C (A), or acclimated to
27/25 °C and measured at 33/25 °C (H). Measurements were made at
a photosynthetic photon flux of 1100 umol m~2s~!, 360 ppm CO, and
21% O,. Each value represents a mean (+ SE) where n = 7-10.

Vemax» Was similar for both ambient- and warm-acclimated
plants when measured at 33 °C.

The quantum yield of CO, measured in 2% O, did not differ
significantly between genotypes, and was similar to values
previously reported for unstressed C; plants (Long et al. 1993,
Table 2). Photosynthetic efficiency was investigated by com-
paring the quantum yield of PSII with that of CO, in ambient-
and warm-acclimated plants under both photorespiratory and
non-photorespiratory conditions (Table 2). In 2% O,, only a
slight increase in ¢y / 0o, Was noted and was significant for
temperature only, indicating minor partitioning of electrons to
alternative electron sinks such as the Mehler and nitrogen
pathway. By measuring and comparing photosynthetic effi-
ciency (Opgy/ 0o, ) under both photorespiratory and non-pho-
torespiratory conditions, the proportion of electrons contribut-
ing to alternative sinks and that of photorespiration can be esti-
mated (Long and Bernacchi 2003). Using this approach,

Opsi/ §co, measured in 21% O, revealed significant increases
of 25 and 16% for Minnesota and Florida plants, respectively
(Table 2). Taken together, these results indicate considerable
partitioning of electrons to the photorespiratory pathway, par-
ticularly for the Minnesota genotype.

Effects of a transient heat stress on net photosynthesis and
fluorescence parameters of warm-acclimated plants

To further investigate the mechanistic properties of the photo-
synthetic apparatus, Florida and Minnesota genotypes accli-
mated to moderately elevated temperatures were subjected to a
10 min heat stress of 42 °C and allowed to recover. Net photo-
synthesis and fluorescence parameters were measured before,
during and after the transient heat treatment (Figure 5). To
compensate for genotypic differences in intercellular CO, par-
tial pressure (C;), at high temperature (cf. Figure 1c), the ex-
periment was conducted at a high CO, concentration
(1000 ppm) and 2% oxygen. Net photosynthesis declined for
both genotypes immediately following heat stress induction
(Figure 5D). However, the magnitude of inhibition was greater
in Minnesota plants than in Florida plants. Photosynthetic re-
covery approached pre-heat treatment values for both geno-
types. There was a reduction in the quanta passing through
PSII (¢pg;;) as a consequence of the heat treatment, which was
followed by a recovery to near pre-treatment values, similar to
the recovery in net photosynthesis (Figure 5C). In contrast to
the photosynthetic response, the decline in ¢ gy, in the Minne-
sota genotype was comparable with that observed in the
Florida plants. Non-photochemical quenching (qN) increased
in both genotypes following heat induction (Figure 5A); how-
ever, N of Minnesota plants drifted up markedly during the
heat treatment, which was seen in all three replicate curves (n
= 3). Minimal fluorescence measured in the light, F,’, in-
creased in plants of both genotypes following heat induction
and the increase was greater in Minnesota plants than in
Florida plants (Figure 5b).

Discussion

The inability of leaf-level physiology to explain the range ex-
pansion of red maple to diverse habitats has puzzled biologists
and has led to the term “red maple paradox” (Abrams 1998).
Understanding the mechanisms underlying this range expan-
sion has relevance beyond that of forest management, and may
even reveal key heritable traits for warm habitats. We found
several within-species characteristics at the leaf level that dif-
fered between a heat-sensitive and a heat-insensitive genotype.
Notably, the higher growth rate observed for the heat insensi-
tive Florida genotype was associated with greater net photo-
synthesis, a higher V,,.x and a more efficient quantum require-
ment of PSII per mole of CO,,

Although shifts in temperature optimum in relation to
growth condition were not measured in this study, the failure
of either genotype to maintain maximal rates of net photosyn-
thesis under warm acclimation and measurement conditions
indicates that complete photosynthetic acclimation did not oc-
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>E 104 M . 10 1000 ppm CO, and 2% O». Re-
% g 2 4 R : sults from three replicate experi-
o = 4 L] ] L, ments (n = 3) are plotted.
Py ¢ L2 Abbreviations: gN, non-photo-
0 . . : . - - - " . -0 chemical quenching; F,,, minimal
0 10 20 30 40 -50 o 10 20 30 40 50 fluorescence; and (pg;, quantum
Time (min) yield of photosystem II.

cur in our study. In addition, the nearly identical decline in
Vemax for both ambient- and warm-acclimated plants measured
at a moderately elevated temperature suggests that thermal ac-
climation of photosynthesis was incomplete, and may even be
of minor importance for the performance of these genotypes
under moderately elevated temperatures. As reviewed by
Berry and Bjorkman (1980), the potential for physiological ac-
climation of photosynthesis to temperature is highly variable,
ranging from marked shifts in temperature optimum to no
change, or even negative adjustments. Our data are similar to
those reported for populations of Eucalyptus pauciflora, Sieb.
ex Spreng., where peak assimilation rates correlated with en-
demic habitat and were possibly reflective of past ecotypic ad-
aptation (Slatyer 1977a, 1977b, Ferrar et al. 1989). These data
contrast with findings in Acer saccharum Marsh. (sugar ma-
ple), Eucalyptus globulus Labill., Eucalyptus camaldulensis
Dehn. and Eucalyptus nitens (Deane and Maiden) Maiden,
where populations exhibited more evidence of physiological
adjustments than of ecotypic adaptation (Ferrar et al. 1989,
Battaglia et al. 1996, Gunderson et al. 2000).

We found inherent differences between the genotypes

grown under ambient temperature conditions. Specifically,
Anax Was substantially higher in the Florida genotype than in
the Minnesota genotype across the range of measurement tem-
peratures and was accompanied by higher stomatal conduc-
tance, more open PSII reaction centers, a greater PSII quantum
yield and a lower quantum requirement of PSII per mole of
CO,. When plants were acclimated to and measured at a mod-
erately elevated temperature, A,.x declined for both geno-
types; however, the decline was more severe for the Minnesota
genotype (Table 2). Taken together, these results indicate that,
compared with the Minnesota genotype, the Florida genotype
has an enhanced intrinsic ability for higher CO, assimilation as
well as higher growth temperature tolerance.

To investigate the decline in A, in response to heat in more
detail, we partitioned electron flow between photorespiration
and alternative sinks, such as Mehler, nitrogen and the ascor-
bate-malate shuttle. Under non-photorespiratory conditions, a
theoretical minimum of four electrons and eight photons are
needed to fix one molecule of CO,. Therefore, at 2% oxygen
(non-photorespiratory conditions), electrons in excess of four
are assumed to contribute to alternative electron sinks. We

TREE PHYSIOLOGY ONLINE at http://heronpublishing.com



1090 WESTON AND BAUERLE

found that the ¢pgy; / ¢, for both genotypes under non-photo-
respiratory conditions increased minutely in response to heat,
which is in accordance with other studies reporting that < 10%
of electrons participate in alternative sinks (Ruuska et al.
2000), even at high-temperatures (Laisk et al. 1998). By per-
forming the same measurements under photorespiratory con-
ditions (21% oxygen), contributions to photorespiration and
alternative sinks can be determined. Thus, photorespiration
can be estimated by comparing the difference between
Opsi/ O o, at photorespiratory and non-photorespiratory con-
ditions (Long and Bernacchi 2003). In this way, we found that
the Minnesota genotype partitioned two extra photons per
mole of CO, fixed compared with the Florida genotype at ele-
vated acclimation and measurement temperatures, which is
most likely the result of increased photorespiration rather than
increased respiration (Table 2). A similar response has been
reported previously for C; plants that was also attributed to
photorespiration (Oberhuber and Edwards 1993). Because we
did not measure liquid phase diffusive resistance, it is unclear
if the increase in photorespiration is in response to decreased
internal CO, concentrations (C;) alone or to a combination of
decreased C; and increased temperature.

The Minnesota genotype had markedly lower stomatal con-
ductance compared with the Florida genotype. This was re-
flected in a small but noticeable difference in internal CO,
concentration, which would promote photorespiration. How-
ever, the heat-induced decline in A, that we observed was not
completely alleviated when measured at 2% oxygen. Thus,
there appear to be additional limitations to photosynthesis at
moderately high temperatures.

Another possible contributing factor to the heat-induced re-
duction in net photosynthesis is V., Which decreased in
heat-acclimated plants of both genotypes, with greater reduc-
tions observed in the Minnesota genotype. In addition, F,’ in-
creased in response to transient heat stress more in the Minne-
sota genotype than in the Florida genotype. This parameter has
been used previously to separate the effects of heat between
electron transport and stromal-based processes for Rubisco-
activase-deficient mutants (Sharkey et al. 2001). The marked
rise in F,” in the Minnesota genotype is strikingly similar to
that reported for Rubisco-activase-deficient tobacco mutants
(Sharkey et al. 2001). A decrease in Rubisco activation in re-
sponse to moderate heat has been widely reported (Feller et al.
1998, Laisk et al. 1998, Crafts-Brandner and Law 2000,
Crafts-Brandner and Salvucci 2000, Salvucci et al. 2001,
Salvucci and Crafts-Brandner 20045, 2004¢), and has been at-
tributed to the heat sensitivity of the protein responsible for
Rubisco activation, Rubisco activase (see reviews by Portis
2002, Salvucci and Crafts-Brandner 2004b).

The difference in growth between genotypes under warm
acclimation conditions ( Table 1) was dramatic and could com-
plicate interpretation of the data because photosynthesis is
highly regulated and can be influenced by internal factors
(e.g., sink demand; Thomas and Strain 1991, Maier and
Teskey 1992) as well as temperature. The general consensus is
that an increase in sink demand is positively correlated with an
increase in photosynthesis (e.g., Myers et al. 1999, Lavigne et

al. 2001, Vaast et al. 2005). Thus, it is possible that some of the
photosynthetic processes that we observed are not direct re-
sponses to heat, but are indirect consequences of the effects of
heat on internal factors. However, data from the transient heat
stress experiment (Figure 5)—which likely reflect direct re-
sponses to heat and not indirect responses mediated by internal
factors—indicate that the Florida genotype is more thermo-
tolerant than the Minnesota genotype. For example, the
marked rise in F, is an indication of PSII acceptor side limita-
tion and is known to decrease upon nonphotochemical
quenching. However, Minnesota plants were unable to quench
F,’ to the values observed in Florida plants, even with higher
relative nonphotochemical quenching. This response was sub-
sequently followed by lower net photosynthesis and PSII
quantum yield compared with the Florida genotype. These re-
sults demonstrate a greater thermotolerance of the photo-
synthetic apparatus in the Florida genotype compared with the
Minnesota genotype, and suggest that growth differences were
not a critical factor in the transient heat stress experiment.

Several mechanisms have been proposed to explain the ex-
pansion in the range and dominance of red maple in North
America over the last 100 years, including adjustments to vari-
able soil water conditions (Bauerle et al. 2003), dark respira-
tion rates (Turnbull et al. 2001), shoot damage recovery (Sipe
and Bazzaz 2001), seedling recruitment (Lambers and Clark
2005), herbivore tolerance (e.g., gypsy moths, Jedlicka et al.
2004) and low resource requirement for leaf biomass (Nagel et
al. 2002). However, gas exchange measurements from north-
eastern forest canopies revealed that red maple has a relatively
low maximum photosynthetic rate (Jurik et al. 1988, Kloeppel
et al. 1993, Kubiske and Pregitzer 1996, Turnbull et al. 2002).
Our data, particularly the findings for the heat-sensitive Min-
nesota genotype, support these previous observations of a low
maximum photosynthetic rate in this species. However, in
contrast to previous studies, we found that the heat-insensitive
Florida genotype had a relatively high photosynthetic rate.
This may be a reflection of the high genetic diversity of red
maple that has resulted in various taxonomic varieties or sub-
species including A. rubrum, A. rubrum var. trilobum Torr. and
Gray ex K. Koch, and A. rubrum var. drummondii (Hook. and
Arn. ex Nutt.) Sarg. (Flora of North America Project,
http://hua.huh.harvard.edu/FNA/index.html). The Florida ge-
notype we studied has the morphological characteristics of
A. rubrum var. drummondii, which is endemic to the south-
eastern USA, perhaps explaining its greater growth and photo-
synthetic capacity in moderately elevated temperatures. Al-
though our study of two genoptypes precludes generalizations
to subspecies, future research should consider comparisons
between and among taxonomic varieties and populations of
widespread species, such as red maple, in response to tempera-
ture. Such studies are necessary to reveal intraspecific varia-
tion in response to a changing climate, the consequences of
which could affect predictions of climate-carbon feedbacks
(King et al. 2006), species range models (Helman et al., un-
published data) and the microevolutionary consequences of
climate change (Rice and Emery 2003).

In conclusion, we demonstrated intraspecific variation in
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red maple photosynthetic response to heat at the leaf level
which may, in part, explain the success of this species in ther-
mally contrasting habitats. Most notably, the heat-insensitive
genotype has an enhanced intrinsic ability to maintain high net
photosynthetic rates in response to elevated temperature. Our
results suggest that the maintenance of higher net photosyn-
thesis was the result of multiple factors including a higher
Vemax @and a more efficient quantum requirement of PSII per
mole of CO,, which is likely a subsequent response to lower
photorespiration.
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