Plant, Cell and Environment (1998) 21, 945-952

Comparison of photosynthetic acclimation to elevated CO

limited nitrogen supply in soybean

D.A. SIMS»?Y. LUO' & J. R. SEEMANN

> and

IDesert Research Institute, Reno, NV, USA,Zzhhdversity of Nevada, Reno, NV, USA

ABSTRACT

Plants grown at elevated CQ often acclimate such that
their photosynthetic capacities are reduced relative to
ambient CO,-grown plants. Reductions in synthesis of
photosynthetic enzymes could result either from reduced
photosynthetic gene expression or from reduced availabil-
ity of nitrogen-containing substrates for enzyme synthesis.
Increased carbohydrate concentrations resulting from
increased photosynthetic carbon fixation at elevated CO
concentrations have been suggested to reduce the expres-
sion of photosynthetic genes. However, recent studies have
also suggested that nitrogen uptake may be depressed by
elevated CQ, or at least that it is not increased enough to
keep pace with increased carbohydrate production. This
response could induce a nitrogen limitation in elevated-
CO, plants that might account for the reduction in photo-
synthetic enzyme synthesis. If C® acclimation were a
response to limited nitrogen uptake, the effects of elevated
CO, and limiting nitrogen supply on photosynthesis and
nitrogen allocation should be similar. To test this hypothe-
sis we grew non-nodulating soybeans at two levels each of
nitrogen and CO, concentration and measured leaf nitro-
gen contents, photosynthetic capacities and Rubisco con-
tents. Both low nitrogen and elevated CQ reduced
nitrogen as a percentage of total leaf dry mass but only low
nitrogen supply produced significant decreases in nitrogen
as a percentage of leaf structural dry mass. The primary
effect of elevated CQ was to increase non-structural car-
bohydrate storage rather than to decrease nitrogen con-
tent. Both low nitrogen supply and elevated CQ also
decreased carboxylation capacity (;ma) @nd Rubisco
content per unit leaf area. However, whenV ., and
Rubisco content were expressed per unit nitrogen, low
nitrogen supply generally caused them to increase whereas
elevated CQ generally caused them to decrease. Finally,
elevated CQ significantly increased the ratio of RuBP
regeneration capacity toV.,ax Whereas neither nitrogen
supply nor plant age had a significant effect on this param-
eter. We conclude that reductions in photosynthetic
enzyme synthesis in elevated CQOappear not to result
from limited nitrogen supply but instead may result from
feedback inhibition by increased carbohydrate contents.
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INTRODUCTION

In the short term (hours to days), elevated @@reases the

rate of photosynthesis inz(plants. However, over the
longer term (days to weeks), growth in elevated, 6ften
decreases photosynthetic capacity because of reductions in
the content of photosynthetic enzymes (Griffin & Seemann
1996). Reductions in the synthesis of photosynthetic
enzymes has been proposed to result from sugar repression
of photosynthetic gene transcription (Stittal. 1990; Jang

& Sheen 1994). However, it is also possible that elevated
CO; restricts the uptake of nitrogen from the soil and thus
results in a limited supply of nitrogen for enzyme synthesis.
Recent studies have suggested that nitrogen uptake is
depressed by elevated EOr at least that it is not increased
sufficiently to match the increases in carbohydrate produc-
tion (Conroy & Hocking 1993; Jackson & Reynolds 1996).
However, studies reporting GQCeffects on root uptake
capacities and soil nitrogen availability are not entirely con-
sistent. Jackson & Reynolds (1996) found that the nitrate
uptake capacity of excised roots was decreased by high CO
but BassiriRaet al. (1997) found that nitrate uptake capac-
ity of loblolly and ponderosa pine roots was increased by
elevated CQ while ammonium uptake capacity declined.
Diazet al. (1993) found that increased root exudation from
high CO, plants resulted in microbial immobilization of
nutrients that limited plant uptake. However, Zatkal.
(1993) reported the opposite response, namely that elevated
CO, increased soil nitrogen availability.

Instead of attempting directly to measure soil nitrogen
availability and root uptake rates, another approach to this
guestion is to compare plant responses to elevated CO
with plant responses to low nitrogen supply. One of the
superficial similarities between acclimation to high £LO
and acclimation to low nitrogen is a decrease in leaf nitro-
gen concentration per unit dry mass. However, decreases in
nitrogen concentration in elevated £grown plants often
result from increases in total non-structural carbohydrate
contents rather than a decrease in nitrogen per unit leaf
structural mass (Kuehngt al. 1991; Wong 1979, 1990;
Rogerset al. 1996a, &b). In contrast, limiting nitrogen
nutrition almost always reduces leaf nitrogen on a structural
dry mass basis. Elevated g@lso has distinctive effects
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on photosynthesis. Carbon fixation by Rubisco is more Fe-EDTA, plus micronutrients) and the other half received
efficient at elevated CQ and consequently less enzyme a modified 1/2 strength Hoagland solution with 1/10 of the
may be required (Sage 1990; Masfeal. 1993). Since normal nitrogen concentration (0-75 moiiNO;, 0-5 mol
Rubisco is the most abundant enzyme in plants, accountingn™ PQ,, 3 mol m2 K, 2-5 mol m* Ca, 1 mol m> Mg,
for 15—-30% of total leaf nitrogen (Evans 1989; Evans & 2-1 mol m* SO,, 4-5 mol m* Cl, 0-067 mol m® Fe-
Seemann 1989), reduced investment in Rubisco could haveEDTA, plus micronutrients).
substantial effects on nitrogen allocation. In addition to the nitrogen and GQreatments, the

If CO, acclimation were a response to limited nitrogen plants were measured at two different ages, after two trifo-
uptake it would be expected to affect photosynthesis andliate leaves had expanded and just prior to flowering. The
nitrogen allocation in the same way as observed for a limit- experiment was repeated three times over the course of the
ing nitrogen treatment. To test this hypothesis, we com- summer but each age group was measured only twice.
pared CQ and nitrogen acclimation by growing Plants were measured at both ages in the second replication
non-nodulating soybeans at two levels each of nitrogen andbut only the older plants were measured in the first replica-
CO, concentration and measuring leaf nitrogen contents, tion and only young plants were measured in the third
photosynthetic capacities and Rubisco contents. Thereplication. Consequently, for each nitrogen,,@ad age
results suggest that G@cclimation is distinct from the  combination there were six replicates.
response to nitrogen limitation.

Gas exchange measurements

MATERIALS AND METHODS Photosynthesis of one leaf on each of six plants per treat-
ment was measured after 4-5 weeks (young plants) or 6-8
weeks (older plants) of growth. On the young plants, mea-
Seeds of a non-nodulating variety of soybe@iycine surements were made on the first trifoliate leaf when the
max Lee (Hartwig 1994), were planted in 8 L pots in a second trifoliate had mostly expanded. On the older
50/50 (by volume) mixture of fine sand and sandy loam plants, measurements were made on fully expanded leaves
topsoil. The pots were placed in 6 naturally lit growth two leaves down from the youngest expanding leaf greater
chambers inside a greenhouse at the Desert Researcthan 1 cm long. This leaf was found to have the highest
Institute in Reno, NV, USA. Temperatures were controlled photosynthetic rates in preliminary measurements of all
to 28 £ 2 °C in the daytime and 22 + 1 °C at night. Relative leaves on three high- and three low-Egown plants
humidity at midday was 66 + 7%. The experimental design (data not shown). The older plants had 8-14 nodes and
was a randomized split block with three blocks and one began to flower within 1-2 weeks following the gas
replicate per block. Each block contained two plots exchange measurements.
(growth chambers) at either 35& 10 p.p.m. or Photosynthesis was measured in open flow gas exchange
700 + 10 p.p.m. CQ. The CQ concentration in each  systems (model 6400, LICOR Inc., Lincoln, NE, USA and
chamber was measured once every 6 min by an infrareda modified system similar to the MPH-1000, Campbell
gas analyser (model 6262, LICOR Inc, Lincoln, NE, Scientific Inc., Logan, UT, USA). The MPH-1000 system
USA). A datalogger (model CR10, Campbell Scientific, used a nickel-plated chamber with a glass window, CO
Logan, UT, USA) collected the data and controlled the and G concentrations in the air entering the chamber were
duration of CQinjection into the chambers on a 30 s cycle controlled by mixing pure @and N, with CO, in N, using
to maintain the C@set-point. Because the ambient £O mass flow controllers (model 825, Edwards High Vacuum
concentration within the greenhouse was quite variable, International, Wilmington, MA, USA). The dew point of
CO, scrubbers were used in the 350 p.p.m. chambers tothe air was controlled by a dew-point humidifier (model
maintain a constant COconcentration. The scrubber DPHO02, Armstrong Enterprises, Palo Alto, CA, USA).
boxes measured 14 45 x 56 cm, and were constructed When the LICOR 6400 was used, the air supply was first
from Plexiglas with two fans in the top and an open grill mixed by the MPH-1000 system. The light source for all
covered by screening in the bottom. @the air flowing measurements was a tungsten halogen projector lamp
through the boxes was absorbed by cooler pads (‘Coolpad’(model ENH, 120 V-250 W, Radiac Inc, Japan), light from
brand, Research Products Corp., Avondale, AZ, USA) which was reflected off a 45° cold mirror.
dipped in a slurry of hydrated lime (Chemical Lime Co., = The response of assimilation to intercellular,@@ncen-
Scottsdale, AZ, USA) and water. These boxes were placedration was measured at light saturation, 1400-4600I
inside the chambers and the fans were operated continum2s™. Leaf temperature was 28 °C and water vapour con-
ously. Control to the 350 p.p.m. set-point was achieved centration was 30 = 2 mmol mdl Leaves were initially
through additions of CO allowed to equilibrate for 30 min at 350 p.p.m. £then the
Nutrient treatments were randomly arranged within the CO, concentration was reduced #80 p.p.m. and subse-
CO, treatments. After seedling emergence, half of the quently increased in eight steps#@000 p.p.m. allowing
plants were watered with 1/2 strength Hoagland solution 6—10 min for equilibration at each G€oncentration.
(7-5 mol m3NO,, 0-5 mol m*PQ,, 3 mol 3K, 2-5 mol Carboxylation capacitya,) and electron transport rate
m2 Ca, 1 mol m® Mg, 1 mol m> SQ,, 0-067 mol m* (J) were calculated according to Farquhar, von Caemmerer

Plant material and growth conditions
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& Berry (1980). The kinetic constants used wdtg:for for 1-2 d and then disks were collected in mid-afternoon.
carboxylation = 327K, for oxygenation = 457 600, true  Collection at a consistent time of day reduced variation due
CO, compensation point = 50 p.p.m. Since actual electron to diurnal changes in carbohydrate contents. Dry mass
transport capacity may be substantially greater than the(after drying for 48 h at 60 °C), total non-structural carbo-
CO,- and light-saturated rate of photosynthesis hydrates (using the technique of Hendrix 1993), and total
(Kirschbaum & Pearcy 1988; Laigk al. 1992; Evans & nitrogen content (model 2400 CHN analyser, Perkin
von Caemmerer 1996) we calculated RuBP regenerationElmer, Norwalk, CT, USA) were measured for all samples
capacity agl/4 (since four electrons are utilized to regen- (six replicates per treatment). For half of the plants (three
erate one RuBP) and report the results as RuBP regenreplicates per treatment) additional leaf samples, collected
eration capacity. at the same time as those above, were frozen in liquid nitro-
gen and stored in a —80 °C freezer. These samples were
used for measurements of total Rubisco content (as
described by Evans & Seemann 1984).

Leaf disks were collected from the same leaves as used in

the gas exchange measurements. Prior to collection of th
leaf disks, the plants were returned to the growth chamber

Leaf characteristics

;Statistical analysis

Analysis of variance of the effects of nitrogen, £Lahd
plant age on leaf parameters was carried out with the gen-

8 eral linear models routine in SAS (SAS Institute Inc. Cary,
S 7 | [@ niogen supply NC, USA) following log transformation of the data.
~ 0O O CO, concentration o
3 E - RESULTS
550 L u
£8 4/ itrogen as a perc_entage of leaf structural dry nrgps/és
2~ reduced by low nitrogen but not by elevated,(Elg. 1).
®» O 3 @ ﬁ Elevated CQ did significantly reduce nitrogen as a per-
X z 5, centage of total leaf dry mass (Tables 1 & 2) but this was
) 5 1 ‘ entirely due to the increase in total non-structural carbohy-
< . drates in the elevated G@eaves. Nitrogen limitation, as
0 L R B N measured by the difference in nitrogen as a percentage of
0123 45 6 78 structural mass between the high- and low-nitrogen treat-
ng (% structural DM) ments, did not change significantly with plant age (i.e. no
at high N or 350 ppm CO, significant nitrogen by age interaction effectrgnrable 1).

In contrast, photosynthetic capacities increased with

Figure 1. Comparison of leaf nitrogen as a percentage of leaf plant age in high nitrogen but decreased with plant age in

structural dry massx) for plants grown at high or low N (filled

symbols) or C@concentrations of 350 or 700 p.p.m. (open low nitrogen, so that the differt_ence between the nitr_ogen
symbols). The dotted line marks the point of no difference between treatments was much greater in the older plants (Fig. 2).
the treatments. Error bars are + 1 SE. This resulted both from a greater increase in structural dry

Table 1. Significance levels for the effect of plant age, nitrogen angdt@@tments on nitrogen expressed as a percentage of total dry mass
(ny), as a percentage of TNC free dry magh Or per unit leaf areany), total non-structural carbohydrates as a percentage of leaf dry mass
(TNC), photosynthetic rate measured at 350 p.p.m» (B&) or 700 p.p.m. CO(A;q0 and expressed per unit leaf area (area) or per unit leaf
nitrogen (N), carboxylation capacity (..., and RuBP regeneration capacity calculated from the measurediAvdes (using the equations of
Farquhar, von Caemmerer & Berry 1980) and expressed per unit leaf area (area) or per unit leaf nitrogen (N), e, satoRaBP

regeneration capacitiR(V), and Rubisco protein content expressed per unit leaf area (area) or per unit leaf nitrogen (N). Significance levels:
** P<0-001, *P<0-01, *P<0-05

Agso Asoo Vemax RuBP regen Rubisco
Nm Ns Na TNC area N area N area N area N RV area N
Age *kk *kk *% * *% * *kk *kk *%
Nltrogen (N) *%k% *%% *%% *% *%k% *%% *%% *%% *%k%k *k% *%k% *% *%k%k
COZ (C) *k%k *% *% *% *% * *kk *%
N*age *% *kk *kk *kk *kk *kk *kk *kk *kk * *kk *kk
C*age *% *
N*C
N*C*age *% *
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0 young plants old plants regeneration capacity per unit nitrogen. Since elevated
35 CO, decre_asewcmaxbut had no consistent effect on RuBP
" 30 - - regene_ration capacity, there_ was a significant increase in
o,E 25 | = the ratio of RuBP rggeneraiion capacityMg, . for ele-
£ 5 vated CQ plants (Fig. 4). Nitrogen supply and plant age
g 15 5 had no significant effects on this ratio (Table 1).
= 10 @
< * DISCUSSION
35 L These results demonstrate that;@@climation in soybean
"¢ 30 4 L —O— 700 ppm || — is distinct from acclimation to limited nitrogen supply.
WE 25 | J, L g Although both low nitrogen and elevated £€duced
5 20+ L 3. nitrogen as a percentage of total leaf dry mass, only low
£ 15 4 - i é nitrogen supply resulted in significant decreases in nitro-
= 10 - o gen as a percentage of leaf structural dry mass, suggesting
< 51 - M that the primary effect of elevated €@as to increase

0 | T . i i T non-structural carbohydrate storage rather than decrease
0 200 400 600 O 200 400 600 800 nitrogen uptake. Both low nitrogen supply and elevated
c (ppm) ¢, (ppm) CO, decreased/.ax and Rubisco content per unit leaf

_ _ S area, but when these were expressed per unit nitrogen, low
Figure 2. Representative curves of the response of assimilation nitrogen supply generally resulted in an increase whereas
A) to intercellular CQ@concentrationd;) for young and old . -

A Q @) for young elevated CQgenerally resulted in a decrease. Finally, ele-

soybean plants supplied with high (7-5 mdlnitrate in nutrient =9 . .
solution) or low (0-75 mol fmitrate) nitrogen and grown at vated CQ significantly increased the ratio of RuBP regen-

350 p.p.m. CQ(filled symbols) or 700 p.p.m. CQopen eration capacity t&,,.xWhereas neither nitrogen supply
symbols). Measurements were made at light saturation and 28 °C  nor plant age had a significant effect on this parameter.
leaf temperature. Although a limited nitrogen supply for photosynthetic

enzyme synthesis did not appear to account for the CO
acclimation response, nitrogen limitation might have had
mass per unit leaf area with plant age in the high- than inan indirect effect by reducing sink strength and resulting in
the low-nitrogen plants and from an increase in photosyn-increased feedback limitation of photosynthesis (Wong
thesis per unit nitrogen with plant age in the high-nitrogen 1979; Rogergt al. 1996b). However, we did not find any
plants but not in the low-nitrogen plants (Table 2). The simple interactions between the £@nd nitrogen treat-
effect of elevated CO on photosynthetic capacities ments. All the significant interactions included plant age as
depended on the nitrogen supply and plant age. At higha factor, suggesting that plant size and developmental stage
nitrogen, elevated CQOinitially increased photosynthetic ~ were important in these responses. This was not simply a
capacities but then depressed them as the plants aged. In
contrast, elevated GQeduced photosynthetic capacities
to a similar extent in young and old plants in the low-nitro-

gen treatment. 70 .
Although both elevated C{and low nitrogen reduced . o 60 |
carboxylation capacityM..,) per unit leaf area (Table 2), "0 o g
V.max PEr unit nitrogen was increased at low nitrogen sup- S é 50 ;ﬂ :%T@
ply but decreased by elevated {Big. 3) suggesting a dif- o g' 40
ferent allocation of nitrogen in response to nitrogen supply ° R Ko
and CQ concentrationV .« iS @ function of the quantity % 5 30 R’y
and activity of ribulose bisphosphate carboxylase-oxyge- V?éz 20 | :
nase (Rubisco), the primary carboxylating enzyme in 5§23 .
plants. Changes in Rubisco content were qualitatively simi- >2 10 d g‘gqgci’r‘]j:s@zion
lar to those iV o (Table 2) although the large increase in © 0 — OI ‘2 —
Vemax fOr the high-nitrogen older plants cannot fully be 0 10 20 30 40 50 60 70
explained by changes in Rubisco content. 1
Low nitrogen supply reduced RuBP regeneration capac- Vemax (RMol gN™ s7)
ity per unit leaf area in both young and old plants (Table 2), at high N or 350 ppm CO,

but elevated C®did not have any consistent effect on _ . . )

RUBP regeneration capacity. Low nitrogen supply and Figure 3. Comparison of carboxylation capaci¥.{,.,) on a leaf

. . AR nitrogen basis for plants grown at high or low N (filled symbols) or
increasing plant age significantly increased RUBP regener-co, concentrations of 350 or 700 p.p.m. (open symbols). The
ation capacity per unit nitrogen but these effects were quitedotted line marks the point of no difference between the treatments.
small. Elevated C®Ohad no significant effect on RuBP  Error bars are + 1 SE.

© 1998 Blackwell Science LtdRlant, Cell and Environmen2]1, 945-952
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o 12 remains at ambient CQresults in carbohydrate accumu-
® o 10 lation in the treated leaflet to levels similar to those of
éO a ] high-CG, plants, also suggesting that carbohydrate accu-
§E s ol e mulation is not the result of sink limitation (D. A. Sims,
i o % unpublished results). Moriet al. (1992) found that the
= S 06 o same increase in photosynthetlc-r.ate. of clover h.ad very
[T e different effects on carbon partitioning depending on
g’ > 041 whether it was induced by increased PFD or increased
% g 02 P — CO, concentration. SFarch accumulated only in response
2 O CO, soncentration to elevated C@and this appeared to result from a Pi limi-
T 004 [ ‘ : : tation. Consequently, increased accumulation of non-
00 02 04 06 08 10 12 structural carbohydrates, and decreases in leaf nitrogen
RuBP regen. to V___ ratio concentration, may represe_nt_a limitation in capacities_ fo_r
at high N or 350 ppm CO, carbohydrate processing within leaves rather than a limi-

tation in sink demand.
Figure 4. Comparison of the ratio of RuBP regeneration capacity A number of studies have suggested a linkage between
to carboxylation capacitW{ma,) for plants grown at high or low N carbohydrate contents and the levels of photosynthetic
(filled symbols) or C@concentrations of 350 or 700 p.p.m. (open  enzymes (Krappet al. 1991; Stitt 1991) and mRNAs
symbols). The dotted line marks the point of no difference between (Krapp et al. 1993; Jang & Sheen 1994; Van Oosten &
the treatments. Error bars +1 SE. Besford 1994; Van Oostest al. 1994). Specific sugars in

specific cellular compartments are hypothesized to effect

gene transcription via their interaction with hexokinase
function of increasing nitrogen limitation as the plant size (Jang & Sheen 1994). However, many aspects of the mech-
increased since the difference in nitrogen as a percentag@nisms by which changes in carbohydrate status are trans-
of structural dry mass between the high- and low-nitrogen duced into changes in photosynthetic gene transcription
treatments was similar for the young and old plants. remain unclear. Bulk leaf carbohydrates often do not corre-
Neither does it appear likely that these interactions were alate with photosynthetic response. Jacgtbal (1995)
result of comparing plants of different sizes (Coleman found little effect of growth at elevated GOn photosyn-
et al. 1993) since the ambient- and elevated,@@ants thetic capacity in spite of significant increases in leaf car-
had the same number of nodes (data not shown). The elebohydrates. Xwet al. (1994), using soybean and pea, and
vated-CQ plants did have a greater total dry mass but this Nie et al. (1995), using wheat, both found that the relation-
was largely due to increased carbohydrate storage ratheship between leaf carbohydrate concentrations and reduc-
than an acceleration of development. Changes in the COtions in photosynthetic capacity changed with plant
effect with plant age may have resulted from increased lim- developmental stage. Sugars in leaves are often highly par-
itation of root growth by pot limitations (Thomas & Strain titioned between subcellular compartments and this parti-
1993) or changes in plant response during the vegetative tdioning can change dramatically between day and night
reproductive shift (Niet al. 1995). (Moore et al. 1997). In addition, Rubisco mRNA levels

Our results suggest that reduction in photosynthetic fluctuate on a diurnal cycle and may be more susceptible to

capacity at elevated G@s a direct response to accumula- sugar signals at particular times of day (Pilgrim &
tion of carbohydrates in leaves, rather than a limited sup-McClung 1993; Cheng & Moore Bd Seemann 1998).
ply of nitrogen for enzyme synthesis. Accumulation of Consequently, measurements of bulk leaf carbohydrates at
carbohydrates in leaves at elevated,€Quld result from one time of day may not adequately describe the temporal
a limitation in carbohydrate transport or utilization at and spacial variation in sugars directly responsible for the
many different points. It is possible that the increased photosynthetic response.
downregulation of photosynthesis in the older, high-nitro- Regardless of the mechanisms involved, reductions in
gen, elevated-Cg{plants resulted from a limitation in root  Rubisco content in elevated g@lants are consistent with
growth and thus sink demand as the plants became largeoptimization predictions. Since high Gdcreases the car-
(Thomas & Strain 1991). Sink strength might also be lim- boxylation to oxygenation ratio for Rubisco, the same pho-
ited by other factors such as temperature (Hofstra & tosynthetic rate can be maintained with relatively less
Hesketh 1975) or maximal rates of cell division and Rubisco (Sage 1990). Consequently, predictions based on
expansion (Kinsmast al. 1996). However, some studies optimization of nitrogen use suggest that investment in
suggest that the limitation is not at the sinks. In a study of Rubisco should be reduced relative to other photosynthetic
carbohydrate production and utilization in soybean, Cure components. Experimental tests of this prediction have
et al. (1991) concluded that rates of phloem loading yielded mixed results. Reductions in investment in
and/or sucrose synthesis, rather than sink demand, limitedRubisco in response to growth at elevated, G&ve been
carbohydrate export from source leaves. In studies cur-reported for several species (Sagal 1989; Tissuet al.
rently underway in our laboratory, treatment of single soy- 1993; Ghannounet al. 1997). However, not all studies
bean leaflets with high COwhile the rest of the plant have found this response (Campledlial. 1988) and in a

© 1998 Blackwell Science LtdRlant, Cell and Environmen2]1, 945-952
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survey of the literature Sage (1994) concluded that the dateDiaz S., Grime J.P., Harris J. & McPherson E. (1993) Evidence of
were not consistent with a general effect of high, ©® feedback mechanism limiting plant response to elevated carbon
investment in Rubisco dioxide.Nature364,616—617.

Althouah we found a reduction in Rubisco. the increase Evans J.R. & Seemann J.R. (1984) Differences between wheat
9 ’ genotypes in specific activity of RUBP carboxylase and the rela-

in nitrogen use efficiency was modest. Assuming 16%  (ionship to photosynthesiBlant Physiology74, 759-765.
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