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Abstract

The optimum temperature for photosynthetic CO, assimilation of 4. mangium phyllodes was 30-32 °C. Photosystem 2
(PS 2) exhibited high tolerance to high temperature. Gas exchange and the function of PS2 of 4. mangium were adapted
to the temperature regime of the tropical environment and this might be the contributing factor to their fast growth under

tropical conditions.
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The response of plant growth to temperature is directly
related to the photosynthetic response to temperature
(Pastenes and Horton 1999). In order to predict carbon
sequestration by vegetation with the future rise in atmo-
spheric temperature, the effects of high temperatures on
the photosynthetic responses of plants need to be eluci-
dated. However, the response of photosynthetic capacity
of trees to temperature has seldom been studied (Dreyer
et al. 2001).

Acacia mangium Willd. is a tropical pioneer tree spe-
cies that is widely used in reforestation and pulp wood
plantations (Sim 1986, Mok et al. 2000). Its photosyn-
thetic parameters strongly depend on growth irradiance
(Yu 2002). A. mangium develops two distinctive leaf
types during its life history. During the juvenile phase
(eight weeks after sowing), it produces true compound
leaves, which are later replaced by phyllodes (expanded
petioles that form simple, photosynthesising laminae in
older plants; see Atkins et al. 1998). The aim of the pres-
ent paper was the study of the effects of high temperature
on photosynthesis of 4. mangium plants and the under-
lying ecophysiological mechanisms that contribute to its
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fast growth in high temperature tropical environments.
Three to four 4. mangium seedlings were grown in a
plastic pot (diameter 33 cm, height 26 cm) filled with
vermiculite, in an open-sunny site, under natural condi-
tions, in the teaching garden of National University of
Singapore. Experiments on the changes in gas exchange
characteristics and Chl fluorescence parameters of
A. mangium phyllodes in response to different phyllode
temperatures were conducted with 250-d-old plants. De-
terminations of photon-saturated net photosynthetic rate
(Pn) in attached mature phyllodes were conducted using a
CIRAS-1 portable differential CO,/H,0 infrared gas ana-
lyser (PP Systems, Hitchin, UK), which has a temperature
controlled leaf chamber. A phyllode area of 2.5 cm® was
enclosed in the leaf chamber at temperature gradients
from 20 to 40 °C, 75 % relative humidity, PPFD 0-1 200
pmol m? s, an ambient CO, concentration, and an air-
flow rate of 3.33 cm®s™. For studying PS2, each detached
phyllode was put in a 50 cm’ clear plastic test tube filled
with distilled water. This test tube was then submerged in
a temperature-controlled water bath (model 9505,
Polyscience, USA) whose temperature was adjusted to
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Abbreviations: Chl — chlorophyll; E — transpiration rate; F,, — maximum fluorescence yield; F, — variable fluorescence; AF/F’,, — ef-
fective PS2 efficiency under irradiance-adapted conditions; NPQ — non-photochemical quenching via xanthophyll cycle; PPFD —
photosynthetic photon flux density; Py — photon-saturated rate of photosynthetic CO, fixation; PS2 — photosystem 2; gp — photo-
chemical quenching; qy — non-photochemical quenching; g; — stomatal conductance; Rp, — dark respiration rate.
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20, 25, 30, 35, and 40 °C, respectively, for 45 min. De-
terminations of Chl fluorescence parameters were con-
ducted according to Yu and Ong (2000). All experiments
were repeated three times with a total of six plants.
Multiple analysis of variance was done using Tukey test
(» £0.05, n=6).

Py increased from 10.22 umol(CO,) m?s?at 20 °C to
22.00 pmol(CO,) m? s™" at 30 °C, and then decreased to
18.20 umol(CO,) m™ s when the temperature was in-
creased to 37 °C (Fig. 14). The quantum yield of photo-
synthesis increased from 0.0472 mol(CO,) mol™(quan-
tum) at 20 °C to 0.0656 mol(CO,) mol'(quantum) at
30 °C, which remained constant as the temperature was
in-creased further to 37 °C (Fig. 1B). The rate of dark re-
spiration (Rp) increased from 1.04 pumol(CO,) m™ s at
20 °C to 3.05 umol(CO,) m? s™" at 37 °C (Fig. 1C). The
transpiration rate (F) increased from 1.50 mmol(H,0)
m™ s™ at 20 °C to 2.92 mmol(H,0) m? s at 25 °C, and a
great increase to 9.90 mmol(H,0) m™ s at 37 °C fol-
lowed (Fig. 1D). The stomatal conductance (g;) increased
from 158.31 mmol(H,0) m? s™ at 20 °C to 565.29 mmol

(H,0) m? s at 32 °C; it then decreased to 330.35 mmol
(H,0) m? s when the temperature was increased to
37 °C (Fig. 1E).

No significant changes in photochemical efficiency of
PS2 (F\/Fy, see Genty et al. 1989, Van Kooten and Snel
1990) in the temperature range of 20-40 °C were obser-
ved (Fig. 1F). Quantum yield of non-cyclic electron
transport (AF/F’,,, see Genty et al. 1989, Van Kooten and
Snel 1990) generally declined as temperature increased
(Fig. 1G). The value of non-photochemical quenching
(NPQ, see Havaux et al. 1991) via the xanthophyll cycle
increased significantly with increasing temperature from
20 to 40 °C (Fig. 1H). Photochemical quenching (qgp, see
Havaux et al. 1991) of the phyllodes remained stable
between 20 and 30 °C, but declined slightly between 30
and 40 °C (Fig. 1/). Similar to NPQ, non-photochemical
quenching (qn, see Havaux et al. 1991) increased with
increasing temperature from 20 to 40 °C, but the magni-
tude of increase was smaller than that of NPQ.

Our results showed that Py of A. mangium phyllodes
had an optimum temperature range of 30-32 °C. Rp, g,
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Fig. 1. The changes in photon-saturated net photosynthetic rate, Py (4), quantum yield of photosynthesis (B), dark respiration rate, Rp
(C), transpiration rate, E (D), stomatal conductance, g, (E), photochemical efficiency of photosystem 2, F,/F,, (F), quantum yield of
non-cyclic electron transport, AF/F’;, (G), non-photochemical quenching via xanthophylls cycle, NPQ (H), and photochemical
quenching (qp) and non-photochemical quenching (qu) (/) of A. mangium phyllodes in response to temperature increase. Means + S.E.
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and E of A. mangium phyllodes were also low at 20 °C.
However, F/F, and AF/F’, at 20 °C were similar, or
slightly higher, than those observed at the optimum tem-
perature (32 °C). Thus the 50 % reduction in Py at 20 °C
was not the result of the down-regulation of photochemi-
cal efficiency of PS2. Such reductions might partially be
caused by the reduction in g, as g; at 20 °C was only
28 % of the maximum value observed at 32 °C. However,
the inhibition of Py in the A. mangium phyllodes at the
lower temperature (20 °C) could not be fully accounted
for by stomatal limitations. As in the low temperature-
exposed (5-20 °C) whole plants of Lycopersicon escu-
lentum (Martin and Ort 1985), Olea europaea (Bongi and
Long 1987), Triticum aestivum (Hurry and Huner 1991),
and Zea mays (Nie et al. 1992), the decreased g, played
only a minor role in the temperature limitation of photo-
synthesis. Short-term exposures of whole plants to low
temperature usually result in significant reductions of Py
(Hurry et al. 1998). This is principally due to the accu-
mulation of soluble saccharides, which suppresses photo-
synthesis by reducing orthophosphate cycling from the
cytosol back to the chloroplasts, thus limiting the synthe-
sis of ATP needed in the regeneration of ribulose-1,5-
bisphosphate (Hurry et al. 1998). Long-term exposure of
Pinus sylvestris, an evergreen woody perennial, to low
growth temperatures also resulted in a depression of Py
(Oquist and Martin 1986). This was associated with
lower photon-saturated rates of non-cyclic photosynthetic
electron transport and reductions in the size of the func-
tional plastoquinone pool (Oquist and Martin 1986).

PN was photon-saturated at phyllode temperatures of
30-32 °C, similarly as observed in some tropical man-
grove species (Ball et al. 1988). The maximum Py of
A. mangium phyllodes was 22.00+1.06 pumol(CO,)
m? s, a relatively high value compared to other tropi-
cal tree species. For example, Py ranged from 13 to
16 umol(CO,) m? s™' in some secondary tropical trees
(Koyama 1981). Hall (2001) also pointed out that, in
general, plant species with higher optimal temperature for
photosynthesis showed higher Py. Moreover, in the
temperature range of 27-37 °C, Py of A. mangium
phyllodes was > 82 % of the maximum Py observed at
30-32 °C. This temperature range was identical to the
daily temperature variation of the experimental site,
where the A. mangium plants were grown. As the climate
in Singapore is not seasonal, our results reflected the
degree to which the 4. mangium plants must adjust its
photosynthetic processes to daily temperature variations
throughout the day.

The highest quantum yield of photosynthesis of
A. mangium phyllodes was observed at 30 °C, the same
as that for Py. This result indicated that the photosyn-
thetic photon utilisation efficiency was high at this high
temperature. Moreover, the quantum yield of photosyn-
thesis and Py of A. mangium phyllodes exhibited only
a small decrease (8-17 %) when the phyllode temperature
was increased to 37 °C, indicating that 4. mangium was

well-adapted to the high temperature of tropical climate,
in terms of photosynthetic carbon gain and photon use
efficiency. However, this adaptation occurred at the cost
of higher respiratory losses. This was evident from the
observation that Rp of phyllodes increased by 56 % at
37 °C, compared with that at 30 °C. The increased Rp at
high temperatures could be interpreted as an increase in
mitochondrial consumption of reducing equivalents gene-
rated by the chloroplast electron transport chain, and as
an indication of increased metabolic activity with in-
creasing phyllode temperature (Hurry et al. 1996). Re-
establishment of the balance between photosynthesis and
carbon metabolism is a key element in high temperature
and high irradiance acclimation response of plants (Hurry
et al. 1996). The ability of A. mangium phyllodes to up-
regulate respiratory metabolism at high temperatures
might play an important role not only in preventing pho-
toinhibition of PS2 and avoiding oxidative injury associ-
ated with high temperatures, but also in increasing cyto-
solic CO, by 56 % and thereby increasing the non-cyclic
photosynthetic electron transport rate. For example, the
mitochondrial electron transport was important in pre-
venting photoinhibition in Pisum sativum protoplasts
(Saradadevi and Raghavendra 1992).

At 37 °C, A. mangium phyllodes exhibited a 17 %
decrease in Py as compared with that of the maximal Py
at 30 °C. This decrease in Py was partially due to the in-
hibition of PS2 activity as well as the decline in g
AF/F’, showed an 8 % decrease. At the same time, g, of
phyllodes decreased by 42 % at 37 °C, compared with
that at 32 °C. High temperature induced decreases in g
were also observed in two other tropical tree species,
Maranthes corymbosa and Eucalyptus tetrodonta
(Berryman et al. 1994). The quantum yield of phyllodes
of A. mangium decreased by 8 % at 37 °C, as compared to
the maximal value at 30 °C. This was, probably, caused
by the decreased photochemical quenching and increased
photorespiration at high temperatures.

Temperature induced changes in Chl fluorescence pa-.
rameters were recorded in many crop plants, such as Zea
mays (Oquist and Wass 1988) and Phaseolus vulgaris
(Pastenes and Horton 1999), and tree species (Roden and
Ball 1996, Dreyer et al. 2001, Ishida et al. 2001). Al-
though the photochemical events of photon absorption,
energy transfer, and charge separation associated with
PS2 and PS1 are insensitive to temperature in the bio-
logically relevant temperature range of 0 to 50 °C (Mathis
and Rutherford 1987), the response of photochemical
efficiency of PS2 to temperature change is species spe-
cific. In the present study, F,/F,, of A. mangium phyllodes
was maintained at 0.81-0.82 within the phyllode tem-
perature range of 20-40 °C, indicating that the PS2 ex-
hibited high tolerance to high temperatures. Such high
PS2 efficiency allowed the plants to grow well in
Singapore, in a temperature range of 26-33 °C (Hew and
Yong 1994). In addition, the high F,/F, value in phyllo-
des of A. mangium suggested no photoinhibition. In an-
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other study, whole plants of Alocasia macrorrhiza,
exposed to 42-46 °C for 3 h at a PPFD of 1 650 pmol m™
s”, did not exhibit any change in F/F,, (Koniger et al.
1998). In contrast, F,/F,, of seedlings of seven temperate
tree species (4Acer pseudoplatanus, Betula pendula, Fagus
sylvatica, Fraxinus excelsio, Juglans regia, Quercus
petraea, and Quercus robur) decreased when the plants
were treated at a temperature close to 38 °C (Dreyer et al.
2001). A rapid photo-inactivation of PS2 was observed at
high temperature (40 °C) in Spinacia oleracea (Yamane
et al. 1998). A lower F,/F,, with increasing leaf tem-
perature up to 38 °C was observed in Cucumis sativus
(Taub et al. 2000).

The high tolerance of 4. mangium phyllodes to high
temperature was closely related to its effective thermal
dissipation of excess absorbed photon energy, i.e. non-
photochemical quenching via the xanthophyll cycle
(NPQ). NPQ is a measure of thermal dissipation of ex-
cess absorbed photons (Bilger and Bjérkman 1990). We
found that NPQ of A. mangium phyllodes increased
steadily with increasing phyllode temperature, indicating
NPQ played a crucial role in protecting the PS2 of the
phyllodes from the damages associated with high tem-
perature and high PPFD in the tropics. As the high NPQ
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