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ABSTRACT

The consequences of light adaptation and acclimation of pho-
tosynthesis on photosynthetic nitrogen use efficiency (NUE), par-
ticularly as it relates to the efficiency of ribulose-1,5-bisphosphate
carboxylase (Rubisco) use in photosynthetic CO. assimilation,
was studied in the sun species Glycine max and the shade
species Alocasia macrorrhiza. Both G. max and A. macrorrhiza
were found to possess the capacity for light acclimation of CO,
assimilation, but over distinctly different ranges of photon flux
density (PFD). For each species, light acclimation of photosyn-
thesis had little effect on the rate of photosynthesis per unit
Rubisco protein or the light response of Rubisco carbamylation
and CA1P metabolism. In contrast, photosynthesis per unit Rub-
isco protein was significantly higher in G. max than in A. macror-
rhiza, due in part to a lower total (fully carbamylated) molar activity
(activity per unit enzyme) of A. macrorrhiza Rubisco than that of
G. max. Comparison of the light response of Rubisco regulatory
mechanisms between G. max and A. macrorrhiza indicated some
degree of adaptation, such that carbamylation was higher and
CA1P levels lower at lower PFDs in the shade species than the
sun species. However, this adjustment was not sufficient for
Rubisco in low light grown A. macrorrhiza to be fully active at the
growth PFD. Photosynthesis in A. macrorrhiza appeared to be-
come RuBP regeneration-limited at lower PFDs than G. max, and
this was probably the determinant of the light saturated rate of
photosynthesis in the shade species. The low efficiency of Rub-
isco use in A. macrorrhiza was a major contributing factor to its
five- to sixfold lower photosynthetic NUE than G. max. Shade
species such as A. macrorrhiza appear to make far from maximal
use of Rubisco protein N.

Plant species are typically genetically predisposed (adapted)
for growth over a specific range of PFD.? These so-called sun
or shade plants may also possess the capacity to respond to
differences in PFD within the PFD range which they are
adapted to grow (acclimation). Both adaptation and accli-
mation to different PFDs involve numerous changes in the
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morphology, physiology, and biochemistry of the plant, in-
cluding photosynthesis (for review, see ref. 2). Adaptation/
acclimation of the photosynthetic apparatus involves changes
in the levels of carbon reduction cycle enzymes, electron
transport components, and proteins and pigments associated
with light harvesting. This adaptation/acclimation is often
characterized by a redistribution of resources among these
components of the photosynthetic apparatus, and is domi-
nated by the capacity of the plant to change the proportion
of leaf N dedicated to Rubisco protein (for review, see ref. 6).
Since as much as 20 to 25% of total N in a leaf may be
contained in Rubisco (5), changes in the activity and/or
regulation of this enzyme associated with light adaptation/
acclimation could have a considerable impact on photosyn-
thetic NUE.

Rubisco activity is light-dependent, both because produc-
tion of the substrate RuBP is dependent upon ATP and
NADPH production, and because mechanisms for the control
of this enzyme’s activity are linked to PFD (for review, see
refs. 9 and 11). These mechanisms, carbamylation-decarba-
mylation, Rubisco activase, and CA 1P metabolism, affect the
efficiency of Rubisco use. At low PFDs, where the capacity
for RuBP regeneration typically limits photosynthesis, the
efficiency of Rubisco use is potentially low, as evidenced by
the fact that the activity of the enzyme is generally reduced
by these regulatory mechanisms to match the reduced capac-
ity for RuBP regeneration (3, 8). Plants which grow at low
PFD might be expected to produce less Rubisco per unit area
than plants growing at high PFD, and regulate its activity in
such a way that it was fully active at lower PFDs than plants
growing at high PFDs. In this paper, a hypothesis is proposed
concerning how plants which grow at different PFDs might
adjust the regulatory characteristics of Rubisco in order to
maximize photosynthetic NUE. To test this hypothesis, the
photosynthetic characteristics and Rubisco regulatory prop-
erties of two species which are adapted to grow at substantially
different PFDs were examined. Glycine max (soybean) is
adapted for growth at relatively high PFDs. Alocasia macror-
rhiza (an Australian tropical understory species) is generally
considered to be adapted for growth at low PFDs. The results
reported in this paper demonstrate that each species possesses
a significant capacity for acclimation of photosynthesis to
different PFDs within the bounds of the PFD ranges to which
they are adapted. Photosynthetic NUE of both species was
conserved during light acclimation, primarily through adjust-
ments in the level of Rubisco protein. However, photosyn-
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thetic NUE was significantly lower in 4. macrorrhiza than in
G. max, primarily due to a reduction in the efficiency of
Rubisco use for photosynthesis, despite the fact that appar-
ently adaptive differences in the light response of Rubisco
regulation were observed. This lower efficiency (lower whole
leaf CO, assimilation per unit Rubisco protein) in A. macror-
rhiza was the result of both a failure of Rubisco regulatory
mechanisms to produce full enzyme activity at the lowest
growth PFDs, and an apparently lower specific activity of the
enzyme than that of G. max. Measurement of the RuBP pool
size in both species indicated that RuBP regeneration capacity
may limit the full potential activity of Rubisco from being
expressed in A. macrorrhiza, even at PFDs which can produce
full activity of this enzyme in vivo.

MATERIALS AND METHODS
Plant Growth

Glycine max var Williams was grown from seed in a natu-
rally illuminated greenhouse at 27/18°C and 60% RH. Plants
received either 1000 to 1500 pmol quanta m~2 s~! or 250 to
500 umol quanta m~2 s~!, the latter PFD range provided by
growing plants within enclosures surrounded by plastic screen.
Alocasia macrorrhiza (L.) G. Don was grown from seed
originally collected in a rain forest area near Atherton,
Queensland, Australia, by Dr. Robert Pearcy (University of
California, Davis). Plants were maintained in either a growth
room, where they received 20 to 50 umol quanta m~2s™! from
fluorescent growth lamps, or in the greenhouse, where they
received natural illumination of 250 to 500 umol quanta m™2
s~! under plastic screens. All plants received modified Hoag-
land solution containing 10 mM NO™; daily (12).

Photosynthesis and Rubisco Measurements

Measurements of CO, assimilation rates of attached, intact
leaves were made using a gas exchange system described by
Kobza and Seemann (8). Leaf temperature was maintained
at approximately 25°C and the leaf to air vapor pressure
difference at 10 mbar. Light was provided by a fiber optic
illuminator (Schott KL 1500), and PFD was determined with
a LiCor quantum sensor (model LI185B). Calculations of
evaporation, conductance to gas exchange, CO, assimilation
rate, and C; were made according to Caemmerer and Farquhar
(4). Leaves were allowed to equilibrate in the gas exchange
cuvette at a particular PFD for approximately 30 min before
the photosynthetic rate was determined. A photosynthesis
cuvette was used in which an 8 cm? leaf disc could be rapidly
frozen to stop metabolism (<250 ms to 0°C) and split in half,
allowing measurements of photosynthesis, Rubisco content,
Rubisco carbamylation state, Rubisco molar activity, RuBP
pool size, and Chl content to be made on the same leaf.
Samples were stored in liquid nitrogen until processing. Each
data point in Figures 2 through 5 represent the mean + SE of
three to six samples.

Measurement of Rubisco carbamylation, molar activity,
and content were made using half of the frozen leaf sample,
as described by Kobza and Seemann (8). The carbamylation
percentage (activation state) of Rubisco is the initial activity
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(substrate-saturated activity of rapidly extracted enzyme) di-
vided by the fully carbamylated activity (total activity) (X 100).
It should be noted that the carbamylation percentage does
not include any catalytic sites bound with a tight binding
inhibitor such as CA1P, since those sites have no activity in
either the initial or total assays.

The total molar activity (activity per unit enzyme) of Rub-
isco was obtained by determining the enzyme content in the
extract by '“C-labeled 2-carboxyarabinitol 1,5-bisphosphate
binding, as described by Kobza and Seemann (8). The molar
activity of Rubisco (mol CO,-mol™~' Rubisco-s™') was calcu-
lated by dividing the total activity (fully carbamylated activity)
by the Rubisco content. This value is dependent on the
concentration of tight-binding inhibitors (e.g. CA1P) in the
leaf and not on the carbamylation state (8).

RuBP assays were carried out with HCIO, acid extracts of
the other half of the leaf disc, as described by Kobza and
Seemann (8). Chl concentration was determined according to
Arnon (1) on an aliquot of the initial leaf Rubisco extract
taken prior to centrifugation.

RESULTS AND DISCUSSION
Model for Sun/Shade Adaptation/Acclimation

This section presents a model for sun/shade (high light/low
light) adaptation/acclimation of photosynthesis and Rubisco
regulation. The data presented in Figure 1 are hypothetical,
but reflect what is already known about light adaptation/
acclimation of photosynthesis and the effects of changing
PFD on Rubisco activity. Figure 1A illustrates the light re-
sponse of photosynthetic CO, assimilation for hypothetical
sun and shade species (or sun and shade leaves of one species).
The sun plant/leaf (adapted or acclimated for growth at high
PFD) is postulated to have a light-saturated photosynthetic
rate (on a leaf area basis) that is twice that of the shade plant/
leaf (adapted or acclimated for growth at low PFD). The PFD
at which photosynthesis is light saturated in the sun plant/
leaf is also twice that of the shade plant/leaf. The sun plant/
leaf would then be expected to contain twice the amount of
Rubisco protein per unit leaf area as the shade plant/leaf in
order to support the twofold higher rate of photosynthesis.
These relative levels of Rubisco protein assume that Rubisco
activity per unit enzyme is equal between the sun and shade
species/leaves, that there is no light regulation of Rubisco
activity, and that the rate of photosynthesis is limited by
Rubisco activity. The rates of photosynthesis on a leaf area
basis (Fig. 1A) can then be expressed on the basis of the
Rubisco content (mol CO, fixed -mol~' Rubisco-s™') (Fig.
1B). Maximal rates of photosynthesis per unit Rubisco would
then be equal in the two plants/leaves, but the shade plant/
leaf would achieve that maximal rate at half the PFD as the
sun plant/leaf.

Light regulation of Rubisco activity can now be imposed
upon these hypothetical sun and shade plants/leaves. Evi-
dence indicates that the extent of Rubisco carbamylation and
CA1P metabolism parallel the rate of photosynthesis in sun
plants such as Phaseolus vulgaris, Beta vulgaris, and Spinacea
oleracea (8). A hypothetical relationship between PFD and
Rubisco carbamylation for a sun plant/leaf is illustrated by
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Figure 1. Hypothetical responses of sun (solid lines) and shade
(dashed lines) plants/leaves to PFD (umol quanta m= s~"). A, Pho-
tosynthesis per unit leaf area; B, photosynthesis per unit Rubisco
protein, assuming the sun plant/leaf has twice as much Rubisco per
unit leaf area (2 units) as the shade plant/leaf (1 unit); C, the percent
carbamylation of Rubisco in these plants; D, the total (fully carbamy-
lated) molar activity of Rubisco (mo! CO.-mol~' Rubisco-s™") in these
plants. In panels C and D, the solid circles indicate the percent
carbamylation and molar activity of Rubisco in the shade plant/leaf if
the regulatory characteristics of its Rubisco were the same as in the
sun plant/leaf. The consequences of such regulation on whole leaf
photosynthesis for the shade plant/leaf are shown by the solid circles
in panels A and B.

the solid line in Figure 1C. At a PFD which is light-saturating
for photosynthesis, Rubisco is fully carbamylated. The hypo-
thetical relationship between PFD and the total molar activity
of Rubisco, which is a quantitative measure of the CA 1P pool
size (lower total activity corresponds to greater CA1P pool
size; see ref. 8), is illustrated for a sun plant/leaf by the solid
line in Figure 1D. The total activity of Rubisco also reaches
its maximal level at the same PFD where the rate of photo-
synthesis saturates. If the assumption is made that Rubisco is
used with equal effectiveness in photosynthesis (constant pho-
tosynthesis/unit Rubisco) in both sun and shade plants/
leaves, then there should be a quantitative change in the light
response of regulation of Rubisco activity by these two regu-
latory mechanisms in the shade plant/leaf. This change is
necessary in order that Rubisco be fully active in the shade

plant/leaf at a lower PFD then it would be in the sun plant/
leaf. In other words, both the carbamylation state and total
activity of Rubisco should be maximal at the PFD at which
photosynthesis is light saturated (or vice versa). Such a light
response of Rubisco regulation is illustrated by the dashed
lines in Figure 1, C and D. In this hypothetical example,
Rubisco in the shade plant/leaf is fully active at one-half the
PFD at which both full carbamylation and the maximum
molar activity (all CA 1P metabolized) is achieved in the sun
plant/leaf. This adjustment of Rubisco regulation would allow
the shade plant/leaf to use half as much Rubisco to achieve
half the photosynthetic rate of the sun plant/leaf. Alterna-
tively, if the Rubisco in the shade plant/leaf retained the
regulatory characteristics of the Rubisco in the sun plant/leaf,
the carbamylation state and total activity of Rubisco at the
light saturation point for photosynthesis would be those in-
dicated by the solid circles on the sun plant/leaf Rubisco
responses in Figure 1, C and D. The resultant 50% lower
Rubisco activity (25% reduction associated with each of the
two regulatory mechanisms) of the same amount of Rubisco
would cause the shade plant/leaf to achieve only half the
photosynthetic rate per unit area and per unit Rubisco (solid
circles in Fig. 1, A and B) as it would with the adjusted
Rubisco regulatory characteristics.

The effect of each of these two regulatory options on
photosynthetic NUE can then be approximated. The assump-
tion is made that 10% of the N in the hypothetical shade
plant/leaf is Rubisco protein (similar to A. macrorrhiza; 12),
and that this plant/leaf exists in a habitat with a maximum
incident PFD of 250 umol quanta m~2 s™'. In the hypothetical
plant that can acclimate (or has adapted) Rubisco regulatory
characteristic to lower PFDs, all 10% of that protein N would
be in active Rubisco at 250 umol quanta m~2 s™'. In contrast,
the hypothetical plant/leaf which cannot acclimate Rubisco
regulation would have 5% of its total leaf N (one-half of its
Rubisco) inactive at 250 umol quanta m~2 s™!. At greater
Rubisco N/Total N ratios, the reduction in NUE would be
proportionately greater. A shade plant/leaf growing at less
than 250 umol quanta m~2 s~! with no further adjustment of
Rubisco regulatory characteristics would also suffer a reduc-
tion in photosynthetic NUE.

This model for light acclimation of photosynthesis is com-
pared in the following sections to data for the sun species
Glycine max and the shade species Alocasia macrorrhiza,
each grown at two different PFDs.

Photosynthesis per Unit Leaf Area

The response of photosynthetic CO, assimilation per unit
leaf area by G. max grown at either high (1000-1500 umol
quanta m~2 s™') or low (250-500 umol quanta m~ s™') PFD
is shown in Figure 2A. In both the low light and high light
grown plants, photosynthesis was light saturated at approxi-
mately 500 umol quanta m~2 s™!. The light saturated rate of
photosynthesis was approximately 40% higher in the high
light than low light grown G. max (Table I). C; was similar in
plants from the two growth treatments (Table II).

In A. macrorrhiza, the pattern of photosynthetic acclima-
tion was qualitatively similar to that in G. max, although rates
of CO; assimilation and the PFD required for saturation of
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20 reported for these species by Seemann et al. (12) and Sims
§ A and Pearcy (14). C; was similar between high and low light
° 45| grown A. macrorrhiza, but about 10 to 18% lower than the
‘S C; in high and low light grown G. max (Table II). Light
2 saturated photosynthetic rates of high and low light grown G.
= 10+ max were approximately 70% greater than those of high and
i‘ low light grown A. macrorrhiza, respectively (Table I).
g | o
o Photosynthesis per Unit Rubisco
(o] For each species, high light grown plants had more Rubisco
8 B per unit leaf area than low light grown plants (45% more in
.g 151 G. max, 25% more in A. macrorrhiza; see Table II). High and
S low light grown A. macrorrhiza had approximately 5 to 15%
,'f more Rubisco protein per unit leaf area then high and low
'g 10+ light grown G. max, respectively. If rates of photosynthesis
T per unit leaf area for G. max and A. macrorrhiza are divided
g s by the Rubisco content per unit area for that same leaf (Fig.
Ky 2B), the efficiency of photosynthesis per unit Rubisco can
0 . . \ then be assessed. Light acclimation of photosynthesis in both
(o] 500 1000 1500 2000 the sun plant G. max and the shade plant 4. macrorrhiza

PFD, umol quanta - m—2.s-1

Figure 2. A, Photosynthesis per unit leaf area (umol CO,-m2.s™)
as a function of PFD for G. max and A. macrorrhiza grown at either
high or low PFD. Leaves were equilibrated at the indicated PFD for
approximately 30 min before the rate of photosynthesis was recorded
and the leaf freeze clamped. B, Photosynthesis per unit Rubisco
protein in the same leaf area (mol CO.-mol~' Rubisco-s™'). Open
symbols, high light grown plants; closed symbols, low light plants;
solid lines, G. max; dashed lines, A. macrorrhiza. See “Materials and
Methods” section for details of growth conditions.

photosynthesis were substantially lower (Fig. 2A). Photosyn-
thesis was light saturated at approximately 50 to 150 umol
quanta m~2 s~! in plants grown at low PFD (20-50 xmol
quanta m~2 s7!), and approximately 200 to 300 umol quanta
m~2s™! in individuals of this species grown at high light (250—
500 umol quanta m~2 s™'). At light saturation the rate of CO,
assimilation was approximately 50% greater in high light than
low light grown A. macrorrhiza. This capacity for photosyn-
thetic light acclimation in 4. macrorrhiza is similar to that

resulted in relatively similar rates of CO, assimilation per unit
Rubisco protein between high and low light grown individuals
of each species and close to the same efficiency of Rubisco
use. This result is consistent with the original hypothesis, and
is to be expected if Rubisco activity limits photosynthetic
capacity under both growth PFDs.

Photosynthesis per unit Rubisco was substantially different
between the two species, however, not consistent with the
original hypothesis. At light saturation G. max had rates of
photosynthesis per unit of Rubisco protein approximately
80% higher than A. macrorrhiza (Table I). The approximately
30 pbar difference in C; between these species (Table II) would
only account for a small part of this difference (14). This
difference between sun and shade species in Rubisco efficiency
in photosynthesis is similar to that reported by Seemann et
al. (12), who compared CO,-saturated rates of photosynthesis
to the Rubisco content in Phaseolus vulgaris and A. macror-
rhiza, both grown at a range of PFDs and nitrogen availabil-
ities. They found an approximate two-fold difference in CO,
saturated photosynthesis per unit Rubisco protein between
those two species. The greater difference reported here may

Table I. Light Saturated Photosynthetic Rates, Rubisco Contents, and Photosynthetic NUE of High

and Low Light-Grown G. max and A. macrorrhiza

Photosynthetic rates and Rubisco contents are from plants measured and freeze-clamped at light
saturation (1600 umol quanta m=2 s~' for G. max and 1000 umol quanta m™2 s~ for A. macrorrhiza).
Data in this table thus represents a subset of that in Table Il. Leaf nitrogen contents were calculated
from the linear regressions for Rubisco versus leaf nitrogen in Figure 3 of Seemann et al. (12). N data
for P. vulgaris was used for G. max. The ratio of Rubisco nitrogen to total nitrogen was calculated

assuming 6.25 g N/g Rubisco and 14 g N/mol.

Ps/N

Species GrowthPFD  CO,uptake  Rubisco  Ps/Rub N x RT“b N/
10-2 ot N
wmol[m?/s’ pmolfm? s mmoljm?*  s™ %
G. max 1000n=7) 173+12 1.26+0.15 137 51 0.34 155
250(n=6) 9.8+10 0.69+0.11 14.2 39 025 111
A. macrorrhiza 250(n=4) 51+x04 1.73+0.15 3.0 100 0.05 109
50(n=3) 27+02 1.29+0.02 2.1 83 0.03 9.8




LIGHT ACCLIMATION OF PHOTOSYNTHESIS AND RUBISCO REGULATION

Table ll. Growth Conditions, Rubisco and Chl Contents, and Intercellular CO, Partial Pressures (C;)

for G. max and A. macrorrhiza Grown at High or Low PFDs

Values are the mean + se
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Species Growth PFD C Rubisco Chiorophyll  Rubisco/Chl ChlA/B
umol/m?/s’ ubar umol/m? ngjem? a/g
G. max High 236+4 131007 18808 383  3.91+006
(1000) n=231 n=30 n=21 n=21
Low 233+4 096007 205+1.0 2.58 3.48 + 0.05
(250) n=29 n=27 n=19 n=19
A. macrorrhiza  High 212+8 153+007 326+25 258  3.55+005
(250) n=23 n=23 n=16 n=16
Low 192+11 1.02+0.06 553+25 1.01 3.20 £ 0.05
(50) n=19 n=19 n=17 n=17
be the result of not only the difference in C;, but also the 100} Al
somewhat lower rates of photosynthesis for A. macrorrhiza N.
than have been observed in some other studies (12, 14), S 8o
although not all (13). *_'3 0
>
Rubisco Carbamylation § 40
The steady state values of Rubisco carbamylation in leaves g 20
of both high and low light grown G. max and A. macrorrhiza
(associated with the photosynthetic rates shown in Fig. 2) are B
shown in Figure 3A. The relationship between carbamylation T
and PFD was similar for both high and low light grown plants "
of each species. In G. max Rubisco carbamylation increased %’
in a curvilinear fashion from 40 to 50% at low PFDs to 85 to 5
95% at 1000 umol quanta m~2 s~', with a PFD for light o
saturation of approximately 500 umol quanta m~2s™!, similar ..g
to that for photosynthesis (Fig. 2A). In this instance, accli- =
mation of photosynthesis did not involve changes in the light
response of Rubisco carbamylation, as originally hypothe- T ¢
sized. Whether growth of G. max at PFDs lower than 250 to ]
500 umol quanta m™ s™' would have resulted in such a 3
response is not known. =
In contrast, in A. macrorrhiza there is an indication that s
carbamylation saturated at a somewhat lower PFD (150-200 ]
pmol quanta m™2 s™!) than in G. max, as hypothesized. This T
apparent reduction in the PFD required for full carbamylation - ,
of Rubisco in 4. macrorrhiza could allow individuals of this ] 500 1000 1500 2000

species growing at 250 umol quanta m~2 s~! to make more
efficient use of their Rubisco by having less enzyme which is
more active. However, it is clear that 4. macrorrhiza growing
at 20 to 50 umol quanta m~2 s~' would have contained
Rubisco that was only approximately 60% carbamylated at
this PFD, indicating that A. macrorrhiza could not adjust the
light response of Rubisco carbamylation to make the most
efficient use of Rubisco at these very low PFDs. This result
may reflect the capacity of Rubisco activase. The fact that
steady state photosynthesis did not increase above 150 to 200
umol quanta m~2 s™! in low light grown A. macrorrhiza, even
though Rubisco carbamylation increased, indicates that pho-
tosynthesis was rate limited by some other factor than the
carboxylation capacity of Rubisco (see below). A step increase
in PFD (e.g. a sunfleck) sufficient to promote full carbamy-
lation of Rubisco might cause a transient increase in photo-
synthesis until RuBP regeneration capacity became rate
limiting.

Figure 3. A, Carbamylation state of Rubisco (percent) as a function
of PFD in leaves of G. max and A. macrorrhiza used for the determi-
nation of photosynthetic rate in Figure 2. See “Materials and Methods”
section for details concermning the measurement of carbamylation
state. B, The total (fully carbamylated) molar activity of Rubisco (mol
CO.-mol™' Rubisco-s™") as a function of PFD in leaves used for the
determination of photosynthesis in Figure 2. C, The initial activity of
Rubisco as a function of PFD. Symbols and lines are as in Figure 2.

Rubisco Total Activity

Changes in the total (fully carbamylated) molar activity of
Rubisco (activity per unit Rubisco protein) have been related
to changes in the leaf content of the naturally occurring tight
binding inhibitor of Rubisco catalysis, CAIP (11). CAIP
binds stoichiometrically to Rubisco catalytic sites such that,
for example, a 50% reduction in the fully carbamylated molar
activity of Rubisco is the result of a CA1P pool size of 0.5
mol CA1P-mol™' Rubisco catalytic sites (illustrated in Fig.
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1D). This compound is produced by both G. max (15) and
A. macrorrhiza (10).

In both G. max and A. macrorrhiza, Rubisco total activity
was low at low PFD (Fig. 3B), and increased as PFD increased.
In G. max the total activity reached its maximum (approxi-
mately 17.5 s™') at approximately 500 umol quanta m=2s™!,
similar to the PFD at which full carbamylation occurred (Fig.
3A) and photosynthesis became light saturated (Fig. 2A).
There were no significant differences in the light response of
the total molar activity of Rubisco (CA1P metabolism) be-
tween high and low light grown individuals of this species. In
A. macrorrhiza the light response of Rubisco total activity
was also similar between high and low light grown individuals
of this species, but both qualitatively and quantitatively dif-
ferent than G. max. Rubisco total activity in A. macrorrhiza
saturated at a lower PFD than G. max, about 200 umol
quanta m~2 s™'. Thus, 4. macrorrhiza growing at 250 gmol
quanta m~2 s~! would have degraded all CAIP bound to
Rubisco, and the total activity of the enzyme would be
maximal. This difference between G. max and A. macrorrhiza
in the light response of Rubisco regulation is consistent with
the original hypothesis. However, A. macrorrhiza growing at
20 to 50 gmol quanta m~2 s~! would contain inactive Rubisco
resulting from CA1P bound to the enzyme at this PFD.
Again, a step increase in PFD (e.g. a sunfleck) could tran-
siently increase photosynthesis by promoting rapid CAIP
degradation.

At high PFD, the total molar activity of Rubisco should
reflect the maximum specific activity of the enzyme, since all
CAI1P should be degraded above approximately 500 pmol
quanta m~2 s™' (8, 10). The maximum molar activity of
Rubisco from A. macrorrhiza (approximately 11.5 s™') was
significantly lower than that of G. max (approximately 17.5
s7') (Fig. 3B), when leaves of both species were extracted and
assayed under identical conditions. Seemann et al. (10) re-
ported somewhat higher values for the maximum total activity
of Rubisco from A. macrorrhiza, but values for G. max were
not obtained at the same time for direct comparison. The
lower maximum total activity of 4. macrorrhiza Rubisco as
compared to Rubisco from G. max suggests that there exist
intrinsic differences in the catalytic activity per unit protein
of this enzyme between these species. Differences in the
specific activity of Rubisco between species have been ob-
served previously and have been related to differences in
whole leaf photosynthetic CO, assimilation (for review, see
ref. 5). The approximately 35% lower total activity of Rubisco
in A. macrorrhiza as compared to G. max indicates that the
shade species would have to produce 35% more Rubisco per
unit leaf area than the sun species in order to have an equal
rate of photosynthesis, all else remaining the same. Whether
this characteristic of Rubisco is a general phenomenon among
plant species genetically adapted to growth at low light re-
mains to be determined.

Rubisco Initial Activity

The initial activity of Rubisco is the result of both carba-
mylation and CAI1P effects on its activity, and the light
response of this activity is shown in Figure 3C. The light
response of Rubisco initial activity was similar for high and
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low light grown individuals of each species, but substantially
different between G. max and A. macrorrhiza. This activity
was light saturated at a substantially lower PFD in 4. macror-
rhiza (approximately 200 umol quanta m~2 s™') than in G.
max (approximately 500 umol quanta m™2 s™'). This result
suggests a genetically based difference in the light regulation
of Rubisco between these two species, and is in agreement
with the hypothesis concerning efficient use of Rubisco for
photosynthesis.

These differences between G. max and A. macrorrhiza in
Rubisco regulation and activity result in significant differences
in the relationship between photosynthesis per unit Rubisco
protein (from Fig. 2B) and the initial activity of Rubisco (Fig.
4). There was a significant linear relationship between these
two parameters for each species, as has been demonstrated
for a number of other species (3, 8). However, the slope of
the relationship for G. max (1.12) was approximately three-
fold higher than that for A. macrorrhiza (0.35).

RuBP Pool Sizes

Measurement of the RuBP pool size in high and low light
grown G. max and A. macrorrhiza indicated little difference
in the amount of this compound per unit leaf area between
light treatments of a single species (Fig. 5). The shape of the
response of the RuBP pool size to PFD was similar in both
species. However, the RuBP pool size in A. macrorrhiza was
significantly lower than in G. max at all PFDs. Since Rubisco
levels per unit leaf area were somewhat higher in A. macror-
rhiza than G. max (Tables I and II), the RuBP content
expressed on a Rubisco catalytic site basis was approximately
twofold higher in G. max than A. macrorrhiza. This lower
capacity for RuBP production relative to the Rubisco content
in A. macrorrhiza indicates that the photosynthetic capacity
of A. macrorrhiza may have been limited by RuBP regener-
ation capacity at higher PFDs, particularly in the low light
grown plants. This apparent limitation was likely responsible
for determining the light saturation point of photosynthesis
for low light grown A. macrorrhiza, since higher PFDs
which increased Rubisco initial activity did not increase
photosynthesis.
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Figure 4. Relationship between photosynthesis per unit Rubisco
protein (from Fig. 2B) and the initial activity of Rubisco in the same
leaf (from Fig. 3C) for G. max and A. macrorrhiza. Symbols and lines
are as in Figure 2. The linear regressions are: G. max, y = 1.121 x
—4.011,r = 0.97; A. macrorrhiza, y = 0.349 x —0.314, r = 0.85.
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Figure 5. RuBP pool size as a function of PFD for G. max and A.
macrorrhiza, in the same leaves used for Figures 2, 3, and 4. Symbols
and lines are as in Figure 2.

Nitrogen Allocation and Photosynthetic NUE

Approximately 50% of leaf nitrogen is associated with
proteins involved in photosynthesis (6). This protein nitrogen
is found in one of two major pools, either thylakoid mem-
brane-bound proteins involved in the light reactions for pho-
tosynthesis, or soluble proteins associated with the photosyn-
thetic carbon reduction cycle. Leaf Chl and Rubisco content
can serve as indicators of protein nitrogen content in the
membrane bound and soluble protein pools, respectively (5).
Chl content of leaves of G. max was relatively unaffected by
growth at different PFDs (Table II), similar to Phaseolus
vulgaris (12). In A. macrorrhiza, Chl content was approxi-
mately 40% higher in high light grown than low light grown
plants, and from 40 to 60% higher than in G. max (Table II).
The Rubisco/Chl ratio, an indicator of the relative investment
in stromal versus thylakoid proteins, was significantly lower
in A. macrorrhiza than G. max, and lower in low light grown
than in high light grown individuals of both species (Table
II). This result indicates a greater relative investment of leaf
N at low light into light harvesting components of the pho-
tosynthetic apparatus than into Rubisco protein, which de-
clined from 15 to 10% of total leaf N between high light
grown G. max and low light grown 4. macrorrhiza (Table I).
Such reductions in the partitioning of leaf total N to Rubisco
are characteristic of adaptation and acclimation to low light
(2, 6). Chl A/B ratios were lower in 4. macrorrhiza than G.
max, and lower in low light grown individuals of each species
than in high light grown individuals (Table II), consistent
with adaptation and acclimation to growth at low light,
respectively.

Comparison of photosynthetic NUE (photosynthesis at
light saturation per unit leaf N) between G. max and A.
macrorrhiza (Table I) indicates that NUE was slightly higher
in high light than low light grown plants of the same species,
but approximately six- to sevenfold higher in G. max than in
A. macrorrhiza. Seemann et al. (12) found a two- to threefold
difference between P. vulgaris and A. macrorrhiza calculated
using CO,-saturated rates of photosynthesis. The lower effi-
ciency of Rubisco use in photosynthesis in A. macrorrhiza
than G. max was a major contributor to the shade species’
significantly lower photosynthetic NUE than the sun species.

CONCLUSIONS

Species such as G. max and A. macrorrhiza appear to be
genetically adapted for growth in a particular range of PFDs
(high and low, respectively). Within this range, each possesses
the capacity to acclimate the photosynthetic apparatus for
growth at different PFDs. This adaptation/acclimation proc-
ess appears to involve some change in the light response of
Rubisco regulatory mechanisms between these two species,
consistent with the original hypothesis for sun and shade
plants. Rubisco in the shade species (4. macrorrhiza) can
reach full activity at lower PFDs than the enzyme in the sun
species (G. max), and thus 4. macrorrhiza requires less en-
zyme than if its Rubisco were regulated as it is in G. max.
However, this apparently adaptive response of A. macrorrhiza
was not sufficient for this species to make the most efficient
use of Rubisco protein when growing at very low PFDs, since
a portion of it remained inactive due to decarbamylation and
the presence of CA1P. This unused Rubisco capacity in 4.
macrorrhiza growing at very low PFDs may be important
during transient sunflecks which promote full carbamylation
and complete CA1P degradation. The lower apparent total
activity (specific activity ) of 4. macrorrhiza Rubisco than
that of G. max contributes to the significantly lower photo-
synthetic NUE in A. macrorrhiza relative to G. max, which
is typical of shade species in general (5). This apparent inef-
ficiency of N use in shade plants seems to support the sugges-
tion by Evans (5) that nitrogen may not be the limiting factor
for growth in low light environments, as it often is in high
light ones (7).
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