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Acclimation to irradiance was measured in terms of light-saturated photosynthetic carbon assimilation rates (P,,,,), Rubisco,
and pigment content in mature field-grown rice (Oryza sativa) plants in tropical conditions. Measurements were made at
different positions within the canopy alongside irradiance and daylight spectra. These data were compared with a second
experiment in which acclimation to irradiance was assessed in uppermost leaves within whole-plant shading regimes (10%
low light [LL], 40% medium light [ML], and 100% high light [HL] of full natural sunlight). Two varieties, japonica (tropical;
new plant type [NPT]) and indica (IR72) were compared. Values for Rubisco amount, chlorophyll a/b, and P,,,, all declined
from the top to the base of the canopy. In the artificial shading experiment, acclimation of P, (measured at 350 uL. L™ CO,)
occurred between LL and ML for IR72 with no difference observed between ML and HL. The Rubisco amount increased
between ML and HL in IR72. A different pattern was seen for NPT with higher P . (measured at 350 uL L™' CO,) at LL
than IR72 and some acclimation of this parameter between ML and HL. Rubisco levels were higher in NPT than IR72
contrasting with P ... Comparison of data from both experiments suggests a leaf aging effect between the uppermost two
leaf positions, which was not a result of irradiance acclimation. Results are discussed in terms of: (a) acclimation of
photosynthesis and radiation use efficiency at high irradiance in rice, and (b) factors controlling photosynthetic rates of

leaves within the canopy.

A plant’s light environment will commonly exhibit
large changes in both intensity and spectral quality.
In response, there are alterations in the composition
of chloroplasts that adjust photosynthesis to the pre-
vailing conditions. This is termed photosynthetic
acclimation (Anderson et al., 1995) and results in
optimization of light utilization and protects against
the potential stress from excess light (Anderson and
Osmond, 1987). Differences in anatomy can also be
observed between high light- and low light-grown
leaves (Weston et al., 2000). A correlation has been
shown between the capacity of a plant species for
acclimation and the range of habitats in which it is
found (Murchie and Horton, 1997), and species in-
habiting extreme environments may express particu-
lar aspects of acclimation to an exaggerated extent
(Maxwell et al., 1999).

On a chloroplast level, most plant species acclimate
to irradiance over the long term by altering relative
amounts of photosynthetic enzymes and pigment-
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protein complexes. Growth or long-term presence in
high irradiance results in a progressive loss of light-
harvesting pigment proteins and a synthesis of elec-
tron transport and carbon assimilation components,
compared with leaves exposed to low light (Ander-
son and Osmond, 1987; Anderson et al., 1995). As a
result, the photosynthetic capacity (P.,,) of high
light-acclimated leaves is often consistently higher
than low light leaves. Acclimation maintains ambient
photosynthesis at a point below low light saturation,
so enhancing photosynthetic quantum efficiency.
However, as growth irradiance increases, the in-
crease in P, approaches an acclimation ceiling, and
exposure to light beyond this increasingly results in
saturation of photosynthesis. When the acclimation
of P .., is at or close to the ceiling, the response of the
plant is to increase its protection against excess light.
Such responses can include an increase in the xan-
thophyll cycle pool size (Thayer and Bjérkman, 1990;
Bilger et al., 1995), and a regulated loss of chlorophyll
(Chl) and pigment proteins per chloroplast (Ander-
son, 1986). The latter processes may be induced at
lower irradiances in studies in which the acclimation
ceiling is lowered by withholding another resource,
such as N (Verhoeven et al., 1997) or water (Maxwell
et al., 1999). The range of irradiance over which
acclimation occurs, therefore, is dependent not only
on species but on other growth conditions. Further-
more, the irradiance response is exceedingly com-
plex, with the contents of different proteins changing
over particular ranges of irradiance, making it possi-
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ble to suggest that it includes both a low-light and a
high-light response (Bailey et al., 2001).

There is little understanding of acclimation of pho-
tosynthesis to irradiance under field conditions. For a
cereal crop species such as rice (Oryza sativa), accli-
mation will depend upon the intensity of incident
sunlight and the attenuation of sunlight by the can-
opy. For the former, the extent of acclimation will
depend on whether the acclimation ceiling has been
reached. For the latter, the extent of acclimation will
also be determined by the position of the leaf in the
canopy, the canopy structure, and leaf age. Acclima-
tion of photosynthetic components to low irradiance
within canopies is known to occur in rice (Okada and
Katoh, 1998; Yamazaki et al., 1999) and other species
such as alfalfa (Medicago sativa; Evans, 1993). How-
ever, P ., in rice grown under high irradiance is also
dependent on the age of the leaf (Makino et al., 1985;
Hidema et al., 1991, 1992). In laboratory experiments,
after full leaf expansion of preflag leaves, light-
saturated rates of photosynthesis (P,,,) can begin to
decline after a short period: Under high irradiance,
this is accelerated further (Makino et al.,, 1985;
Hidema et al., 1991). Such a response has been ob-
served in other species, e.g. Lolium temulentum (Mae
et al.,, 1993). This is associated with a decline in
amounts of photosynthetic components and total leaf
N and is probably related to remobilization of nutri-
ents to rapidly developing parts of the plant (Mae
and Ohira, 1981). The influence of decreased irradi-
ance on the P, ., of lower leaves in rice has not been
proven. Gradients of N content and photosynthetic
rate within plant canopies have been well studied,
however, and in plants such as vine (Ipomea tricolor
Cav.; Ackerly, 1992; Hikosaka et al., 1994; Hikosaka,
1996), irradiance was shown to be a primary factor
rather than any specific effects of leaf age. However,
the irradiance-independent decline of P, such as
that which occurs in rice leaves shortly after full leaf
expansion (above) was not shown for vine, suggest-
ing these species respond in largely different ways.

Recently, we determined levels of photosynthetic
efficiency in irrigated field-grown rice (Murchie et
al., 1999a). Photosynthesis at the top of the canopy
was saturated during full sunlight, and there was
extensive reduction of the electron transport chain
and the engagement of photoprotective energy dissi-
pation. This suggested that the acclimation ceiling
had been reached. Little is known about the process
of acclimation of photosynthesis to irradiances as
high as those used in this field study. Therefore, the
current paper describes an extension to this in which
a detailed examination of acclimation was under-
taken, examining factors that determine P, both
within and at the top of the canopy. Two sets of
experiments were carried out: (a) We measured
irradiance transmission and alterations in daylight
spectra within a rice canopy in the field, utilizing
cultivars with contrasting canopy structure for com-
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parison followed by measurement of photosynthetic
parameters. (b) We manipulated the irradiance level
in the field at two points during leaf development.
From these data, we were able to establish that accli-
mation of photosynthesis to irradiance in the field
does occur in rice leaves. Furthermore, by identifica-
tion of the upper limit to the irradiance acclimation
process with regard to P..., we could provide a
“physiologically relevant” measurement of the pro-
portion of photons that are in excess of that required
in photosynthesis. By comparing data from the two
sets of experiments, we could establish whether alter-
ations in P, ,, throughout the canopy are consistent
with those arising from acclimation of photosynthesis.

RESULTS
Acclimation to Canopy Depth

New plant type (NPT) rice plants possess fewer,
larger, upright leaves (per plant) which permit a high
degree of penetration of irradiance to lower leaves in
the canopy (Peng et al., 1994). Although this results
in a lower leaf area index, grain yields are equivalent
or higher than traditional cultivars (International
Rice Research Institute [IRRI], 2000). Figure 1, A, C,
and E, show the effect of leaf position on radiation
within the rice canopy, showing both an attenuation
of total radiation and a distortion of the spectral
composition caused by canopy-dependent reflection
and shading. Measurements were made at the FL,
and the next three leaves 2L, 3L, and 4L. At the
spectral maximum (around 500 nm), there was a
50-fold reduction at leaf 3L (Fig. 1E) compared with
leaf 1L (Fig. 1A). There was also a decrease in the
ratio of R (taken as 660 nm) relative to FR (taken as
730 nm) in the lower points in the canopy. These
wavelengths are close to the action spectrum maxima
for activation and inactivation of phytochrome,
which is involved in a number of shade-type re-
sponses (Fankhauser and Chory, 1997). Exposed
leaves had an R:FR approaching 1.76 and this de-
clined to near 1.44 for leaf 2L (Fig. 1C) and 0.55 for
leaf 3L (Fig. 1E). The change in R to FR ratio at the
lowest position was greater for the canopy arrange-
ment of NPT compared with that of IR72 (0.55 and
0.40, respectively; data not shown for latter).

Figure 1(B, D, and F) shows the attenuation of
irradiance (here measured as PPFD) through mature
canopies of NPT and IR72 rice. Figure 1, B and D,
show actual values of irradiance, whereas Figure 1F
gives values as a proportion of that at the top of the
canopy. At midday, the reduction in irradiance was
significantly greater in the IR72 compared with all
the NPT varieties at 2L and two of the NPT varieties
at 3L (Fig. 1, B and F). In both types, the irradiance
was reduced by 80% to 90% at the base of the canopy.
Measurements made at 3 pm (Fig. 1D) demonstrated
a marked reduction in irradiance both at the top of
the canopy and lower leaves. The attenuation of light
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Figure 1. Spectra and photosynthetic photon

flux density (PPFD) according to canopy posi-

wavelength (nm)

was greater than at midday, dropping to approxi-
mately 30% at position 2L for IR72, and being re-
duced by over 90% at the base of the canopy, W1th
irradiance values of less than 100 wmol m 2 s~
Attenuation at this time was greater for IR72 than
NPT at 2L and 3L.

Figure 2 shows the light-saturated rates of photo-
synthesis (P,,,,) for NPT and IR72, measured using
an integrated light-emitting diode (LED) as a light
source. Murchie et al. (1999a) showed that 1,800 wumol
m 25 !and 350 uL L' CO, was sufficient to com-
pletely saturate photosynthesis in NPT and 93% of
photosynthesis in IR72 and rates taken at this PPFD
will be referred to here as being light saturated
(Ppnay)- It is clear that P, declined steadily from the
exposed FL to the leaves lower in the canopy, a trend
consistent with acclimation to the different irradi-
ances shown in Figure 1. This was observed for both
varieties. A lower P, for the NPT has been noted
previously (E.H. Murchie, unpublished data), and
this was observed in the top two leaf positions, al-
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though the proportional difference between the two
varieties was less in 2L than FL. In fact, at the 3L leaf
position, P, per unit leaf area in the NPT was
actually higher than that of IR72. It was apparent that
the P, in NPT was generally less responsive to
canopy position than IR72. The decline in P, of
IR72 was dramatic, with no photosynthetic activity
being detectable in the senescent 4L of IR72. In con-
trast, the 4L leaf position of NPT still showed approx-
imately 30% of the photosynthetic capacity of the FL.

Two key indicators of acclimation to the light en-
vironment, the Rubisco content and pigment compo-
sition, were measured for NPT (Fig. 3). The values for
Rubisco in upper leaves (and HL-grown plants in
experiment 2) are within the range seen in the liter-
ature for r1ce Makino et al. (1994) showed values up
to 6 g m~? in fully expanded leaves using a similar
method for Rubisco determination. A value of ap-
proximately 4.4 g m™* was found in the FL, this
declining steachly through the canopy to approxi-
mately 1.5 g m ™2 at 4L. When expressed on a unit Chl
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Figure 2. Light-saturated rates of photosynthesis (P,,,.,) expressed per
unit leaf area (A) and per unit Chl (B) according to canopy position
measured at ambient CO, levels (350 ulL L") for IR72 (white bars)
and NPT variety IR65598-112-2 (black bars). Measurements were
made at the FL, and the next three leaves (2L, 3L, and 4L). Means *+
se, n =5 to 10 (individual plants).

basis, the difference between 3L and 4L is reduced
because of the decline in Chl in the latter leaf. The
total Chl content was maintained at a high level in all
the leaves, with a decline only in 4L. The Chl a/b
declined from near 4.00 in FL to 3.2 in 4L, indicating
significant alteration in thylakoid composition as
found for a juvenile rice canopy (Yamazaki et al.,
1999). Specifically, this data is consistent with a
change in the content of peripheral LHCIIL, a key
attribute of acclimation. This strongly resembles the
pattern of changes in Rubisco content.

It is important to assess the operational photosyn-
thetic characteristics of the leaves. Chl fluorescence
was used to measure the efficiency of PSII electron
transport and the redox state of PSII during periods
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of full sunlight (Table I). Actinic levels of irradiance
for these measurements are those given in Figure 1B.
®pgr was low for the upper two leaf levels (0.2-0.3),
indicating a large degree of saturation of photosyn-
thesis. This was also reflected in qP, a parameter that
measures the proportion of PSII reaction centers that
are in a closed or reduced state. A decrease in qP
monitors the increase in “excitation pressure” and a
value of below 0.6 has been suggested to indicate a
potential for “chronic photo-inhibition” (Oquist et
al., 1992). A gP of below 0.5 was found for the FL and
2L leaves, indicating significant saturation of photo-
synthetic electron transport and potential for photo-
inhibition. In contrast, leaf 3L had values around 0.9.
Dark-adapted values of F,/F,, were measured. Ten
minutes of dark-adaptation is sufficient to remove
the rapidly relaxing type of non-photochemical
quenching of Chl fluorescence, qE. Most of the re-
maining quenching is designated as being photo-
inhibitory, and may be caused by either damage to
PSII reaction centers or an as-yet-unidentified
quenching process. Previous work using rice leaves
grown at the same site in the dry season showed
complete recovery of F,/F overnight (Murchie et
al., 1999a) and the same was observed in these ex-
periments (data not shown). Therefore, photo-
inhibition in these experiments was dynamic rather
than chronic (Osmond, 1994). The FL was clearly the
most susceptible to a sustained decline in F,/F,,
with recorded values approaching 0.7. This is gener-
ally in agreement with previous studies of photo-
inhibition in rice (Huang et al., 1989; Murchie et al.,
1999a). In contrast, leaves 2L and 3L had values close
to the observed maximum of 0.83.

Figure 4 shows end of day Suc and starch content
for leaves at different positions in the canopy. These
are the major nonstructural leaf carbohydrates in rice
leaves and Suc levels were greater than starch levels
as has been reported previously for rice leaves (Vu et
al., 1998). Amounts of both Suc and starch progres-
sively declined from the top to the base of the can-
opy, suggesting that the rate of daily photosynthesis
was lower at the base of the canopy (Conocono et al.,
1998). Other work showed that in rice leaves under
these conditions, Suc and starch were mostly ex-
ported or respired overnight.

Acclimation to Irradiance

In the second experiment, we directly determined
the capacity for acclimation by imposing changes in
irradiance on the rice canopy. Significant acclimation
of photosynthetic capacity in uppermost leaves was
found between LL and medium light (ML) for both
varieties (Fig. 5). In leaves of IR72, there was no
significant difference in P, ., between leaves grown
at ML and those at 100% sunlight when measured at
ambient CO, concentrations (350 uL L™'). For leaves
of NPT grown at HL, P, ,, was 14% higher than those
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Figure 3. Rubisco content expressed per unit leaf area (A) and per
unit Chl (B). C, Ratio of Chl a to b. D, Chl content per unit leaf area
of leaves according to canopy position for NPT variety IR65598-
112-2. Measurements were made at the FL, and the next three leaves
(2L, 3L, and 4L). Means = sg, n = 5 to 8 (individual plants).

at ML. There are some other striking differences be-
tween the characteristics of IR72 and NPT: in partic-
ular, the P, ,, at intermediate and LL intensities. At
LL, P, in NPT was twice that of IR72 (Fig. 5, A and
B). At ML, IR72 had a higher P,,,, than NPT. At 900
pL L™ CO,, a similar pattern was seen for NPT,
although at higher rates of CO, assimilation. For IR72
measured at 900 L. L%, P, was higher in HL
compared with ML. For IR72, intercellular [CO,] (C;)
was similar at all growth irradiances when measured
at ambient chamber [CO,] (Fig. 5, C and D), although
values at HL were slightly higher (by approximately
7 L L™") than ML and LL. In NPT, the highest C,

was seen at ML. However, in general, changes in C;
were small (<15 uL L™!). When measured at a cham-
ber [CO,] of 900 uL L™, small increases in C; were
seen between LL and ML for NPT and progressively

from LL to ML to HL in IR72.

Table I. In situ fluorescence characteristics of leaves of IR72 plants

Measurements were made at the FL, 2L, and 3L and taken during
mid-morning and mid-afternoon when incident irradiance was great-
est (as dictated by the upright leaf posture). Maximum photochemical
efficiency of PSIl in the dark-adapted state (F,/F,,) was measured
following a 10-min dark adaptation period. Photochemical quench-
ing (qP) and quantum yield of PSII reaction centers (®PSIl) were
calculated as described in the text. Values represent means of mea-
surements taken over a 2- to 3-d period = sg, N > 20.

IR72 FJ/F., qP PPSII

FL 0.717 = 0.010 0.443 += 0.039 0.217 = 0.025
2L 0.785 = 0.011 0.514 = 0.032 0.292 = 0.026
3L 0.817 = 0.002 0.901 = 0.031 0.630 = 0.022
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Both varieties showed an increase in Rubisco con-
tent per unit leaf area with increasing irradiance (Fig.
6). Significant differences were obtained between HL
and ML, as well as between LL and ML. Rubisco per
unit Chl showed a similar trend to that of Rubisco
per unit leaf area. The Rubisco contents of NPT were
markedly higher than that of IR72, on a leaf area or
leaf Chl basis at all irradiances, despite being mea-
sured at the same number of days after full leaf
expansion. The Chl content of HL plants was approx-
imately 20% lower than that of LL plants. A large
increase in Chl a to b ratio was found at full sunlight
compared with either LL or ML, clearly demonstrat-
ing the loss of peripheral LHCII characteristic of
growth under HL intensities. The loss in LHCII may
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Figure 4. Nonstructural carbohydrate content of rice leaves accord-
ing to canopy position for NPT variety IR65598-112-2. A, Suc. B,
Starch. Measurements were made at the FL, and the next three leaves
(2L, 3L, and 4L). Samples were frozen for measurement at the same
time (5 pm) on the same day (sunset took place at 6 Pm). Means = s,
n =5 (individual plants).
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Figure 5. P_ .. (A and B) and intercellular [CO,] (C;; C and D) for
IR72 (white bars) and NPT (IR65600-42-5-2; black bars) grown under
LL, ML, and HL (10%, 40%, and 100% of full sunlight, respectively).
Pmax and C; were measured at: ambient (350 uL L~'; A and C) and
high (900 uL L™'; B and D) CO, levels. Means = s;, n =20 to 30
(individual plants).

have contributed to the reduction in Chl content per
unit leaf area.

Table II shows the carotenoid composition of
leaves acclimated to different irradiances. Significant
shifts in the ratio of lutein to B-carotene were ob-
served, changing from 1.1 in HL (IR72 and NPT) to
1.5in LL (IR72) and 1.3 (NPT), indicating differences
in the composition of the pigment protein complexes
of the thylakoid membrane. An increase in the
amounts of xanthophyll cycle carotenoids (zeaxan-
thin, violaxanthin, and antheraxanthin) is observed
in HL-acclimated leaves (Thayer and Bjérkman, 1990;
Logan et al., 1998) and indicative of photoprotective
acclimation to excess irradiance. In IR72, there were
increases in the Car to Chl ratio in HL plants com-
pared with LL, which were because of the decreases
in Chl content. In NPT, the changes in Car to Chl
were smaller, indicating that the carotenoid content
also fell in HL plants. The composition of carotenoids
differed markedly in both varieties. For IR72, the
content of xanthophyll cycle carotenoids increased
from below 18% in LL to nearly 30% in HL plants,
with most of the difference being between ML and
HL. The changes were smaller in the case of NPT
leaves; hence, the xanthophyll cycle pool size was
higher in LL and lower in HL compared with IR72.

Chl fluorescence was again used to assess the effi-
ciency of PSII electron transport and the redox state
of PSII in situ (Table III). Dark-adapted F,/F, mea-
surements were taken at midday. Again, complete
recovery of F/F,, overnight was observed (data not
shown). There was little difference in levels of photo-
inhibition between the two varieties. No photo-
inhibition was observed in the LL plants. Levels of
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photo-inhibition were not substantially greater in HL
plants compared with those at ML. However larger
differences were seen in other fluorescence parame-
ters: qP was lowest in exposed plants with values
equivalent to those observed previously (approxi-
mately 0.4; Murchie et al., 1999a). Values for the ML
plants were above 0.6. ®pg;; showed a similar re-
sponse with extremely low values in the exposed
plants and increasing as the growth irradiance was
reduced.

Figure 7A shows the diurnal course of in situ pho-
tosynthesis in the HL, ML, and LL conditions for
IR72 plants. Measurements took into account the nat-
ural upright angle of the rice leaves so irradiance was
highest during the hours of the morning, approxi-
mately 8 to 11 aM (Murchie et al., 1999a) and between
4 and 6 Pm as shown in Figure 7B. In the case of these
measurements peak PPFD was just over 1,600 wmol
m~? s~ (mid-morning). Although this is lower than
that shown for midday (Fig. 1), it must be pointed out
that this irradiance is: (a) still saturating or nearly
saturating for photosynthesis (Murchie et al., 1999a),
and (b) takes into account the reduction in incident
irradiance at midday that occurs as a result of the
upright leaf posture. Although no change was ob-
served in P, (350 uL L™ ') between ML and HL (Fig.
5A), there was a distinct increase in the daily level of
photosynthesis: Integration of the area under the
data in Figure 7 reveals that daily photosynthesis
was 33% higher in HL. The reason for this probably
lies in the convexity of light saturation curves for
leaves: Murchie et al. (1999a) showed data for rice
leaves in which photosynthesis measured at 800
umol m~? s~ 2 was less than that measured at 1,800
umol m™? s™2, sufficient to explain the difference in
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Figure 6. Rubisco content expressed per unit leaf area (A) and per
unit Chl (B) for NPT (IR65600-42-5-2; black bars) and IR72 (white
bars). Plants were grown under LL, ML, and HL (10%, 40%, and
100% of full sunlight, respectively). C, Chl a to b ratio. D, Chl content
per unit leaf area. Means = sg, n = 5 (individual plants).
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Table Il. Carotenoid content of leaves of varieties IR72 and IR65600-42-5-2 (NPT) in LL, ML, and HL conditions (10%, 40%, and 100% of

full sunlight, respectively)

Lutein, neoxanthin, and B -carotene levels are expressed as percentage of total carotenoid. Xanthophyll cycle (XC) content is expressed as

percentage of total carotenoid content. Means * sg, n = 5.

Variety and Ratio of Total
Growth Lutein Neoxanthin B -Carotene XC Carotenoid to
Condition Total Chlorophyll
IR72
HL 32.4 +0.37 12.58 £ 0.15 29.15 £ 0.42 28.81 £1.94 0.512 = 0.012
ML 37.91 £ 0.32 14.17 £ 0.15 28.56 £ 0.27 18.41 £ 0.78 0.443 = 0.008
LL 40.41 £ 0.90 15.07 £ 0.15 26.91 £ 0.42 17.61 £ 0.01 0.395 = 0.005
NPT
HL 32.03 = 0.41 12.58 £ 0.15 28.75 £ 0.45 26.23 £ 1.25 0.474 = 0.015
ML 33.49 £ 1.95 13.91 £ 0.56 30.12 £ 1.13 22.98 £ 0.95 0.481 = 0.020
LL 36.08 = 1.10 14.67 £ 0.52 28.03 £0.79 19.93 £ 0.77 0.437 = 0.014

daily photosynthesis seen in Figure 7. Therefore, al-
though the upper limit for P, had been reached in
both HL and ML, photosynthesis was operating at a
lower level in situ in ML conditions.

The level of major nonstructural carbohydrates in
rice leaves, Suc and starch, did not show a significant
difference between ML and HL (Fig. 8). Given the
differences in daily rate of photosynthesis, this im-
plies that export rates of carbon from leaves were
higher in HL compared with ML.

DISCUSSION

Irradiance, Acclimation, and
Position within the Canopy

As expected, irradiance decreased dramatically
from the top to the bottom of the rice canopy. The
decline was steeper in the canopy of IR72 than in
NPT. At midday, irradiance values at the lowest
leaves of the canopy may be less than 100 umol m ™2
s~!, whereas the upper leaves are exposed to over

2,000 pmol m~* s '. These changes had major effects

Table Ill. In situ fluorescence characteristics of varieties IR72 and
IR65600-42-5-2 (NPT) plants in LL, ML, and HL conditions (10%,
40%, and 100% of full sunlight, respectively)

Measurements were taken during mid-morning and midafternoon
when incident irradiance was greatest (as dictated by the upright leaf
posture). F/F, was measured following a 10-min dark adaptation
period. P and quantum yield of PSII reaction centers (®PSII) were
calculated as described in the text. Values represent means of mea-
surements taken over a 2- to 3-d period = sg, n > 20.

Variety and
Growth F/Fo, qP @ PsSlI
Condition
IR72
LL 0.805 £ 0.002 0.884 = 0.016  0.707 = 0.013
ML 0.765 £ 0.003  0.607 = 0.047 0.424 = 0.024
HL 0.752 £0.005 0.461 = 0.025 0.255 = 0.013
NPT
LL 0.803 = 0.002 0.923 = 0.022 0.711 = 0.025
ML 0.773 £0.002 0.714 =£0.025 0.468 = 0.013
HL 0.736 £0.003 0.519 = 0.015 0.268 = 0.015
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on the degree of saturation of photosynthesis and the
extent of photo-inhibition. The large changes in pen-
etration of irradiance were accompanied by changes
in leaf composition: Declines in P, ,,, Rubisco, and
Chl a/b were observed with increasing depth
through the canopy. Such differences are indicative
of strong photosynthetic acclimation to irradiance.
Similar changes were found when the level of sun-
light reaching the exposed leaves was manipulated
by imposed shading. The magnitude of the changes
was smaller in NPT than IR72 in both cases. How-
ever, it is important to consider whether all of these
observed changes are attributable to acclimation to
the light environment. The data suggest that acclima-
tion of P, ,, in IR72 at ambient [CO,] above 800 wmol
m % s was limited. It was unlikely that this was
caused by stomatal limitations (C;, Fig. 5). Despite
this, there was a large drop in P,,,, between FL and
2L, which, therefore, would not be predicted from
the difference in irradiance between these positions
(2,200 and 950 umol m ™2 s, respectively). For NPT,
when irradiance in the artificial shading experiment
increased from 800 to over 2,000 umol m % s~ ! (a
2.5-fold increase), P ,,, increased by only 14%. How-
ever, in NPT, when comparing leaves at the position
of 2L with those at the top of the canopy (1,250-2,200
umol m 2 s™!, a 1.8-fold increase), an increase in
P Of 25% and an increase in Rubisco content of
45% was observed (Figs. 2A and 3A).

Previous work with other species suggested that
light is a dominant factor in determining both the N
profile and photosynthetic characteristics of leaves in
mature canopies (Hikosaka, 1996). However, leaf age
(i.e. changes in photosynthetic characteristics of a
seemingly endogenous origin after full leaf expan-
sion) becomes more important with increasing N
deficiency (Hikosaka et al., 1994). In this study using
N-sufficient plants, we have seen that toward the top
of the rice canopy, the reduction in P, at 2L in IR72
was too great to be accounted for by acclimation to
irradiance levels. We suggest that a leaf aging effect
was involved. At lower points in the canopy, the
photosynthetic characteristics were consistent with
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Figure 7. A, Diurnal changes in photosynthesis for leaves of IR72
grown under LL, ML, and HL (10%, 40%, and 100% of full sunlight,
respectively). Photosynthesis was measured as in “Materials and
Methods” except that natural sunlight was used as the light source.
This was achieved by replacing the LED source in the leaf chamber
with a clear-topped unit (“sun and sky,” LI-COR, Lincoln, NE).
Attention was paid to the natural upright leaf posture of rice leaves
such that at midday the incident light was lowered (Murchie et al.,
1999a). B, Incident sunlight for this diurnal course, measured using
the external light sensor on the LI-COR 6400. Values are means = Sk,
n = 5. Each value is the mean of measurements taken over a
consecutive 3-d period.

having resulted from acclimation alone, although leaf
age will have determined P, at earlier stages in leaf
development. The data also suggest that leaf age
effects were less prevalent in the determination of
levels of photosynthetic enzymes and P, ., in NPT
compared with IR72.

A decline in rice P, with leaf age has been ob-
served that also coincided with changes in the
Rubisco content (Makino et al., 1985; Hidema et al.,

max
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1991). The age at which this occurs depends upon the
irradiance during development: At a high irradiance,
the decline in P, can begin 3 to 4 d after the
maximum is attained (Hidema et al.,, 1991, E.H.
Murchie, S. Hubbart, and P. Horton, unpublished
data). Therefore, the period of time in which photo-
synthesis can operate at highest P ., can be a small
proportion of the entire life span of the leaf. This
decline has been attributed specifically to senescence
(Hidema et al., 1991, 1992) and possesses appropriate
characteristics, with a decline in Rubisco content and
a decline in P ... An important question is whether
this represents reallocation of minerals and/or re-
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Figure 8. Diurnal changes in nonstructural carbohydrate levels for
leaves of IR72 grown at ML (40% of full sunlight, white bars) or HL
(100% of natural sunlight, black bars). A, Suc. B, Starch. Samples
were taken at 6 AM, 9 AM, 11 AM, and 5:30 Pm. Values are means +
st of means, n = 4 (individual plants).
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duced carbon to rapidly growing tissue, as has been
shown for flag leaves during the grain-filling period
(Mae and Ohira, 1981).

Acclimation of Photosynthesis Saturates at a Relatively
Low Irradiance

Acclimation of photosynthesis to irradiance is a
dramatic example of the functional plasticity of
plants. We have found large changes in the photo-
synthetic capacity of rice that result from the re-
sponse to the intensity of solar radiation. In a sepa-
rate field experiment (data not shown), similar
differences in P, were seen when rice leaves had
emerged within a light regime. Developmental con-
straint (i.e. the dominance of leaf aging after full leaf
expansion) over the process of photosynthetic accli-
mation in this field experiment was not as great as
previous work may suggest (Hidema et al., 1991;
Mae, 1997). Levels of light-harvesting pigment pro-
teins, cytochrome f, and the CF1 unit of chloroplast
ATPase are responsive to a reduction in irradiance
imposed after full leaf expansion in rice (Hidema et
al., 1991, 1992). In these studies, the effect of shading
seemed to be a slowing of the rate of aging of the rice
leaf; hence, a retardation of the decline in Rubisco.
Makino et al. (1997a) found only minimal differences
in P, between rice leaves grown under 350 com-
pared with 1,000 umol m 2 s~ ' and concluded that
acclimation to irradiance in rice was based on a mor-
phological alteration of leaf area ratio rather than of
photosynthetic components per se. Mae (1997) sug-
gested that the level of N might be more important
than irradiance in determining leaf Rubisco amounts
in rice. The different results observed may reflect
variation between genotypes and different condi-
tions of cultivation.

We have shown clear differences between geno-
types that indicate an ability to acclimate over differ-
ent ranges of irradiances in the field. IR72 showed
strong acclimation of photosynthesis over low to in-
termediate ranges, whereas the NPT studied ap-
peared to show less acclimation than IR72 over low
irradiances but increased P, ,, by about 14% between
the two higher irradiance levels. Irrespective of these
differences, we conclude that in IR72 at an irradiance
of 2,000 umol m 2 s~ (full sunlight) a large propor-
tion (often approaching 50%) of incident photons can
be considered excess and represents a significant de-
crease in the light use efficiency of rice plants during
the tropical dry season. In addition, even though
acclimation of Rubisco and P,,,, occurred for NPT
between ML and HL, this was not proportional to the
difference in irradiance (800, ML; and 2,000, HL),
which implies that NPT had also reached, or was
reaching, its upper point of acclimation at a level well
below that of full sunlight. This has relevance to a
recent survey that concluded that radiation use effi-
ciency (aboveground dry mass/M] intercepted pho-
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tosynthetically active radiation) is low in rice com-
pared with other C3 crops (Mitchell et al., 1998). In
the case of NPT, the increment in P, ,, between ML
and HL (at ambient CO, levels) was much smaller
than the increase in irradiance levels. This effect (seen
in both genotypes) is a result of the inability of the
photosynthetic system to acclimate to the highest
irradiances in terms of carbon assimilation rates. Ac-
climation of P ,,, to irradiance would normally result
in an optimization of the proportion of absorbed
versus utilized photons so that light saturation is
avoided. The failure of P,,,, to acclimate is reflected
in the fact that the increase in daily photosynthesis
between ML and HL was only 33% despite a greater
than 2-fold difference in daily radiation. Similarly,
the HL leaves showed increased reduction states of
PSII, decreased PSII efficiency, and more photo-
inhibition than the ML or LL leaves.

The differences in acclimation characteristics seen
in the two varieties may be important: Light levels in
the tropical dry season are typically much higher
than those in the wet season. This is reflected in the
generally lower yields in the latter (IRRI, 1998). How-
ever, NPT yields are consistently and significantly
higher than IR72 in the wet season. We suggest that
this is at least partially because of the higher P, .. of
the NPT when acclimated to LL: These leaves would
be able to exploit temporary periods of high irradi-
ance to better effect than the IR72.

Data for the artificial shading experiment in IR72
showed that acclimation of the thylakoid membrane
and Rubisco occurred at irradiance levels where no
changes in P, (measured at ambient CO,) were
seen. For the thylakoid, this may indicate that these
responses were specifically to the excess irradiance:
The large change in Chl a/b indicates a selective
degradation of light-harvesting complexes, which
would increase the quantum efficiency of photosyn-
thesis at HL. Total Chl also decreased in HL. Simi-
larly, in IR72, the shift in carotenoid composition in
favor of the operation of the xanthophyll cycle, re-
sponsible for high-energy state quenching of Chl flu-
orescence, is indicative of photoprotection. Interest-
ingly, the shift in xanthophyll cycle content in NPT
was more consistent with P, .., unlike IR72. Species
differences between these two parameters are known
(Bilger et al., 1995). Previous work would predict that
at900 uL L1 CO, and saturating irradiance, Rubisco
activity exerts minimal control over the rate of pho-
tosynthesis. The increase in P, measured at high
CO, between ML and HL conditions indicates that
acclimation of some component(s) other than
Rubisco was occurring such as electron transport
capacity or end product biosynthesis capacity. Under
similar measurement conditions using N-replete rice
plants, Makino et al. (1994) provided evidence that
Suc synthesis rather than electron transport limited
carbon assimilation rates.
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Irradiance-Dependent Changes in Rubisco Level

Measurements of Rubisco amount presented here
pose a number of questions concerning the regula-
tion of its accumulation within rice leaves. First, as
growth irradiance increases from ML to HL condi-
tions, why did leaves of IR72 continue to accumulate
Rubisco? The extra protein was not needed to main-
tain a higher P, at ambient CO, levels. In this
experiment, Rubisco amount and P, were not
strongly linked, at least at all stages of leaf develop-
ment. One possibility is that the accumulation of
Rubisco protein serves another purpose, such as stor-
age. We speculate that the mechanism by which this
occurs may be related to the higher daily rates of
photosynthesis (Fig. 7) or the higher degree of satu-
ration of the electron transport chain in HL compared
with ML (table III). Whatever the mechanism, it is
unclear whether this secondary role would result in
accumulation to “excess” as has been shown for to-
bacco (Nicotiana tabacum; Lauerer et al., 1993; see also
Makino et al., 1994, 1997b). An accumulation of this
type would have some physiological basis in rice.
High leaf N content is needed in this species to attain
maximum grain yields not only by optimization of
photosynthesis, but also by the reallocation of N: It is
known that a large proportion of rice leaf protein is
broken down and transported to the grain (Mae and
Ohira, 1981), where it makes up a significant propor-
tion of total grain N content. It would need to be
determined whether any “excess” Rubisco is present
in leaves of NPT in the active or inactive form.

The levels of Rubisco in leaves of NPT in compar-
ison with IR72 are notable because this was not re-
flected in P ,,,. When comparing the two genotypes,
the relationship between P, (ambient CO,) and
Rubisco content was very different (Fig. 9, A and B).
C; values for NPT were slightly lower in HL com-
pared with ML, suggesting a possible stomatal limi-
tation at high irradiances, as noted for similar tropi-
cal japonica cultivars by Peng et al. (1998). Also
shown in Figure 9 are the relationships between Chl
a/b and Rubisco content, which demonstrate that the
relationship between light harvesting and carboxyla-
tion capacity was not conserved between the variet-
ies. The high content of Rubisco in NPT when com-
pared with IR72 can be explained by the high leaf
thickness of the former, a characteristic considered
desirable in the NPT breeding program (Peng et al.,
1994). In this case, it is concluded that the resulting
leaf Rubisco content did not coincide with higher
photosynthesis.

Recently, a theory was proposed that the function
of the high leaf area index in rice is primarily to
provide a large enough leaf area so that N can be
stored before retranslocation to the grain (Sinclair
and Sheehy, 1999). This being the case, the upright
posture of the NPT varieties would permit greater
light penetration to lower parts of the canopy, in-
creasing the efficiency of this area to act as an N
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Figure 9. The relationship between P, .. at ambient (350 uL L")
CO, levels and Rubisco content (A and B) and between Rubisco
content and Chl a to b ratio (C and D) for NPT (M) and IR72 (O); for
LL, ML, and HL (A and C) as in Figures 5 and 6; and for leaves at
different canopy positions (B and D) as in Figures 2 and 3.

store. Clearly, there is a complex and poorly under-
stood interplay between the irradiance, leaf age,
plant morphology, and canopy structure in deter-
mining the Rubisco content of a rice leaf.

SUMMARY

Previous work has shown that acclimation of pho-
tosynthesis and Rubisco content to irradiance in rice
leaves is limited. By shading plants in field condi-
tions, we have demonstrated that this type of accli-
mation does exist in rice. We have also shown that
the acclimation process was less responsive at higher
irradiances, showing that acclimation of photosyn-
thesis to full tropical irradiance in rice plants was
restricted. This has implications for improvement of
radiation use efficiency. In an IR72 variety, this was
associated with the induction of photoprotective pro-
cesses. We also examined photosynthetic acclimation
as a factor controlling photosynthetic activity of
lower leaves in a field canopy and conclude that leaf
age was dominant in determining P, in upper
leaves, whereas acclimation to irradiance levels was
of greater importance in the lower leaves.

MATERIALS AND METHODS
Growth of Plant Material

Experiments were carried out in the dry season of 1998 and 1999 at the
IRRI farm (Los Bafios, Philippines). Tropical rice (Oryza sativa) Japonica
(NPT) varieties were used that possessed an “open” canopy structure and
compared with IR72, which possessed a more “closed” canopy structure.
NPT varieties used were IR65598-112-2, IR65600-42-5-2, IR65600-129-1-1-2,
and IR68544-29-2-1-3-1-2. Experiment 1 measurements were made during
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the first week after flowering to ensure that the canopy was fully closed.
Nutrients were supplied throughout the growing period. This plot was
transplanted on December 22, 1998 at 10- X 15-cm spacing. Total N appli-
cation was 120 kg ha™ . The following nomenclature for numbering leaves
is used: FL, and next three leaves in order of increasing age: 2L, 3L, and 4L.
In the case of IR72, 4L was senesced and not used for any measurement.
Experiment 2 was conducted on a field that had been divided into plots of
4 X 6 m. These were transplanted on February 4, 1998 at 20 X 15 cm with
four seedlings per hill. We applied 60 kg ha ' N, 30 kg ha ' P, 40 kg ha™*
K, and 5 kg ha™! Zn 1 d before transplanting. We applied 45 kg ha~! N at
mid-tillering, 60 kg ha~! N at panicle initiation, and 45 kg ha™* N at
flowering. To reduce positional effects, data were combined from three plots
per variety, each plot at a different position within the field. To manipulate
the level of irradiance during growth, cloches were constructed (1.5 X 1.5 X
1.5 m) consisting of a wooden frame covered with a neutral density netting
(pore size 2 X 2 mm). This provided shading to the level of the base of the
plant and a space of 0.5 to 0.75 m above the plant. One or two layers of
netting provided daily PPFDs of 24.84 + 0.42 and 3.86 + 0.21 mol m ™2 (ML
and LL), respectively. Exposed plants (HL) received 58.66 = 2.2 mol m™ 2
d~! and were measured in plots next to, but not shaded by, the cloches.
Midday (peak) PPFDs were typically 1,600 to 1,900 umol m 2 s~ * (HL), 600
to 800 umol m~2 s~ (ML), and 50 to 200 wmol m~2 s~ ! (LL). Midday leaf
temperatures in these conditions were 32.97°C *+ 0.38°C (LL), 32.52°C *
0.17°C (ML), and 32.86°C * 0.31°C (HL) for IR72 and 32.34°C * 0.16°C (LL),
32.73°C = 0.21°C (ML), and 33.67°C *+ 0.36°C (HL) for NPT (n = 7, means +
SE) Measurements of leaf temperature were made with the thermocouple
attached to the PAM-2000 fluorometer leaf clip 2030B (Walz, Effeltrich,
Germany), which was positioned on the underside of the leaf. Cloches were
placed in the field 15 d before measurements began. At this time, the
penultimate leaf to the FL was fully developed and the emerging FL was
one-half the length of the penultimate leaf. The penultimate leaf to the FL is
referred to as the first leaf, on which all measurements were made.

In both experiments, “irradiance” was measured as PPFD. Experiment 1
utilized a Sunfleck Ceptometer (Decagon Devices, Inc., Pullman, WA). This
device consisted of 80 individual light sensors arranged on a rod of dimen-
sions 1 X 0.02 m so that measurements could be integrated across a large
surface area to accommodate spatial variation. The sensors were maintained
in a horizontal position at all times: A spirit level was incorporated into the
sensor to level the device for accurate readings. Approximately 20 measure-
ments were made at each position in the canopy and results averaged.
Measurements were taken at midday when solar penetration of the canopy
would be greatest and also at 3 Pm when the solar angle is reduced. The
midpoint of each leaf measured (i.e. halfway along the leaf length) was the
position at which both measurements of PPFD and photosynthesis were
taken. The distances of these points from the top of the canopy taken as a
proportion of the total height of the canopy were found to be similar for all
varieties. Daylight spectra within and at the top of the canopy were mea-
sured in two of the varieties (IR65598-112-2, IR72) using a handheld portable
spectroradiometer (Analytical Spectral Devices Inc., Boulder, CO). In Ex-
periment 2, “irradiance” was measured using the external light sensor
mounted on the leaf chamber of the LI-COR 6400 infrared gas analyzer.

Gas Exchange

Leaf gas exchange measurements were made using a LI-COR 6400 infra-
red gas analyzer (LI-COR) as described by Murchie et al. (1999a). The light
source used was a red LED (Li64002, LI-COR). Temperature of the leaf
chamber was maintained at 30°C.

Chl Fluorescence

Chl fluorescence was carried out using a portable PAM 2000 fluorometer
(Walz) as described by Murchie et al. (1999a).

Assays for Pigment, Rubisco, and Carbohydrates

Assays for Chl and carotenoids were as described by Murchie et al.
(1999a). Rubisco was assayed by SDS-PAGE essentially as described by
Makino et al. (1994), except that densitometry was used for analysis of the
gels rather than formamide extraction. Leaf discs were ground to powder in
liquid N, and 1 mL of a buffer was added that contained 100 mm HEPES/
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HCI (pH 7.6), 1 mm EDTA, 5 mm MgCl,, 5 mm dithiothreitol, 1 mm phenyl
methyl sulfanilamide, 0.1% (v/v) Triton X-100, and 20 mg mL ™' polyvinyl-
polypyrrolidone. These were centrifuged at 13,000g for 15 min at 4°C and
the supernatant removed. Leaf protein content was assayed by the binding
of Coomassie Blue and measurement of Asys (Bradford, 1976). For this,
Bio-Rad protein assay dye reagent was used (Bio-Rad Laboratories, Mu-
nich): 70 pL of undiluted dye reagent was added to 30 uL of sample and
total volume made up to 1 mL with purified water. This was left for 15 min
and Asqs was measured. For calibration of this assay, purified Rubisco was
used (wheat Rubisco, kindly provided by Martin Parry, Institute of Arable
Crops Research, Rothamstead, UK). Portions of the extract to be assayed
were denatured completely by incubation for 3 min at 100°C after diluting
1:1 (v/v) with a solution containing 0.0625 m Tris/HCI (pH 6.8), 10% (w/v)
glycerol, 5% (w/v) SDS, 5% (v/v) B-mercaptoethanol, and 0.1% (w/v)
bromophenol blue. Rubisco amount was assayed by SDS-PAGE on a Bio-
Rad Mini-Protean II apparatus. Gel dimension was 100 X 80 X 1 mm. The
order of samples loaded on to the gels was randomized. A sample volume
corresponding to 7 ug of total protein was resolved on a 10% (w/v)
polyacrylamide gel alongside 5.6 ug of purified Rubisco. Gels were stained
with Coomassie Brilliant Blue R-250, dried, and scanned on a flatbed scan-
ner (Scanjet 4c, Hewlett-Packard, Palo Alto, CA), and images analyzed using
the software package Optimas (version 5.2) with the profile 1 gel densitom-
eter application (version 1.1, Optimas Corporation, Silver Spring, MD).
Gaussian transformations were performed for the peaks in each gel lane,
and the area under each peak compared with that of the purified standards.
When tests were carried out using varying amounts of either purified
Rubisco or crude extract, a linear relationship was seen between amount per
lane and area under each Rubisco peak for the range 0.5 to 10 ug of total
protein applied to gel. A sample of pellets after the initial centrifugation was
tested for the presence of membrane-bound Rubisco: Pellets were washed in
extraction buffer and then incubated in the presence of 0.1% (v/v) Triton
X-100 for 5 min, recentrifuged, and the supernatant analyzed for the pres-
ence of Rubisco. Contamination of the insoluble fraction was negligible
(data not shown). Nonstructural carbohydrates were assayed as in Murchie
et al. (1999b).
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