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ABSTRACT

“Effect of CO, enrichment on nitrate reduction in soybean was not clear. This
experiment was undertaken to examine uptake and reduction of nitrate by N tracer
experiment, nitrate reductase assay under the elevated CO, concentration.

CO, enrichment led to an increase in whole i)lant weight when 100 ppm of nitrate-N
was applied, however, it had no significant effect on it under withdrawal of nitrate-N.
The apparent photosynthetic rate (Po) of leaves was increased by. CO,
enrichment in spite of application of nitrate-N at 9 d after treatment initiation and
onward, however, reverse tendéncy was observed for stomatal conductance. Sugar and
starch content in leaves increased by CO, enrichment and the increase was attained
earlier and more prqnounced in starch than in sugar.
Reduced-N content in all the vegetative plant parts increased by nitrate

application while that in leaf blade and stem tended to decrease by CO,. enrichment



despite N application.

While CO; enrichment significantly increased reduced-N amount in whole plant
with nitrate-N application, such effect was not observed a;c 0 ppmN. The N tracer
exp eriment revealed that the amount of reduced-N derived from nitrate-N was increased
by CO, enrichment. The nitrate reductasé activity in leaf significantly increased at}9 d
after imposed to the elevated CO, concentration. These results indicate that response
to elevated CO, concentration is different between dinitrogen fixation and nitrate
reduction: while nitrate reduction is accelerated by CO, enrichment, such resp dnsé of
dinitrogen fixation is less.

PN fed from a terminal leaflet of upper trifoliated leaf translocated more to other
plant parts in the CO, enriched than in the control plant , suggesting thth increasés in
nitrate reduction ;t high CO, concentration is due to either increases in sink activity for
reduced-N or promotion of N circulation in the phloem, or both.

From these results, it is suggested that CO, enn'bhment promotes nitrate reduction,
which leads to higher plant growth, compared to plant dependent ui)on dinifr_ogen

fixation, alone.

Key words: CO; enrichment, nitrate reduction, dinitrogen fixation, soybean , sink

activity



INTRODUCTION

A number of studies have shown that CO, enrichment stimulates net
photosy nthetic CO, fixation rate in C; plant ( Makino, 1994 ) through acceleration of
the carboxylation of ribulose-1,5-bisphosphate ( RuBP ) | catalyzed by RuBP
carb'oxylase/qu genase ( Rubisco ), and consequently leading to mcregse in production
of crops such as soybean ( Cooper and Brun, 1967; Hofstra aﬁd Hesketh, 1975; 'Hax;dy
and Havelka, 1975; Imai and Murata, 1976; Kimball, 1983 ).

The response to CO, enrichment is reported to be closely associated with mirileralv
nutrition status in plants, particularly nitrogen. For instance, it was shown that the
response was poor under suboptimal N nutrition status and increased with increases in
N accumulation in a nodulgting soybean variety ( Masuda et al. 1989 ), in maize and
cotton ( Wong 1979 ) and in loblolly pine seedlings ( Tissue et al. 1993 ). It has been
suggested that CO, enrichment _stimqlat&e accumulation of N derived from combined-N
which is applied into culture media and leads to increases in so&bean growth at the
vegetative stage ( Masuda, et al. 1989 ). However, how CO, enrichment affects N

accumulation through uptake and reduction of nitrate-N is less understood.



Nitrate utilization by crops is a highly regulated process that involves the uptake of
nitrate By root cells, its translocation into the shoot cells, followed by subsequent
" reduction and assimilation into amino acid and amide. It .is well known that the
reduction of nitrate to nitrite by the nitrate reductase enzyme is usually a rate-limiting
factor corhpared with nitrate assimilation. -

It was found that both uptake and reduction of nitrate by the leaf tissues of barley
( Aslam et al 1979, Aslam and Huffaker 1984 ) énd by the shoot and root of méize
seedlings ( Pace et al, 71990) can be regulated by the supply of carbohydrates. Pace et
al. ( 1990 ) examined nitrate reduction activity of niaize under the photosynthesis
limited conditions and indicated that nitrate uptake and reductio'nrwere regulated by the
‘supply of energy and carbon skeletons required to supp ort these processes, rather than
by the potential enzy matic cép acity to catalyze nitrate reduction. However, since Pace
's study was condugted under the CO,-limited conditions, whether their suppésitioﬁ
can be true under fhe CO,-enriched conditions is not known.

It is expected that a number of agents méy take part in nitraté reduction activity
under high CO, conditions where energy and carbon skeletons are adequately supplied.

A number of metabolites such as ADP and ATP ( Eaglesham and Hewitt, 1975 ), Pi



(Oji et al, 1987 ), NADH and amide ( Sauchez and Helcit, 1990 ), amino acids ( Oji et
al, 1987 ) and nitrate concentration ( Franco et al, 1987 ;“Pace et al, 1990) were
reported to affect the nitrate reductase activity. It is also possible that the uptake and
reduction of nitrate is affected by the sink activity ( Deane-Drummond and Clarkson
1979; Crafts-Brandner et al. 1984 ; Pan et al. 1986; Fujita et al. 1597 ). Eor instance, it
was suggested that the rate of nitrate uptake is controlled by the N demand( Imsamde
and Touraiﬁe, 1994 ). Fujita et al. ( 1997 ) obsefved that removal of pods ( .siﬁk )
reduced leaf nitrate reductase activity in a soybean variety.

It has been demonstrated that the ainjtrogen-ﬁ)dng activity of nodules is under the
control of the sink activity of pods for the fixed-N in the determinate type of soybean
cultivars ( Fyjita et al, 1991; Masuda et_ al. 1989 ). When the sink activity for the fixed-
N was reduced by pod removal, the dinitrogen-ﬂ;dngA activity of nodules decreased
mainly due to the accumulation of fixed-N in the nodules through the interrupti:;)n of
translocation of the fixed-N from nodules to host plant ( Fujita et ral; 1991)

This study was undertaken to examine the effegt of CO, enrichment on nitrate
reduction in leaves of a soybean cultivar, in comparison to it's effect on dinitrogen

fixation.



MATERIALS AND METHODS

Experiment 1

Seeds of soybean ( Ghrcine max L. ) cv. Tamahomare were germinated using soil
previously inoculated with commercial inoculant containing Bradyrhizobium japonicum
strain J-10. Fourteen-days-old seedlings were transferred to pots ( diameter 10 cm,
height 30cm ) made of poly vinylchloride pipe which contained vermiculite. The ppis
wéré placed in containers including a well aerated nutrient solution free of combined N
as described by Ogata et al. ( 1986 ). The plants were grown under natural lit
conditions at the day and night temperatures of 30 and 26 °C in the growth cabinet.

Using well-nodulated plants at the 3rd trifoliated-leaf stage, CO, enrichment and
NO3-N concentration treatments We're applied: NO;-N (99.4 atom % ) concentration
in culture solution was maintained at 0 and 100 ppm. One set of these plants were
subjected to elevated CO, concentration ( 10004200 ppm ), while another set was
kept under the ambient air conditions ( about 350 ppm ) Air enriched with CO, waé
streamed into the cab-inet- in wh_ich the plants were grown, for 8.5 h starting from 8:30
AM. everyday and the air was well mixed with fan. The COé concentration in thé
cabinet was conﬁnuously monitored by an infrared gas analyzer ( Hitachi _Horiba
ASSA-110 type, Kyoto, Japan ) to maitain the desired concent-ration.

Sampling was done at 0, 9 and 21 d after treatment initiation ( DAT ). At each

sampling, plants were separated into leaf blades, stem plus petioles, pods and roots,



( nodules if present ), weighing after dryingthe plant parts at 80 °C for morethan 3 d

in a forced draught oven and ground for chemical analysis. On the same day, apparent
photosynthetic rate ( Po ) and nitrate reductaée‘ activity m ieaves, and reduéed—N
content and >N atom % excess of reduced-N in various plant parts such as leaf blades,
stem, pods and roots were measured.

Measurement of phqtosynthetic rate:

Photosy nthetic rates of leavés at the upper position on the ma/in‘stem were -
measured under natural light conditions after the CO, enrichment applied by a portai;le
infrared gas analyzer ( Model SPB-H2, Shimazu Seisakusy 0-Co. Ltd. Kyoto, Japan).
The PAR (-photosynthetic active radiation ) was above 1200 um_ol.m~2 s, The leaf
area was determined by an auto leaf area meter (ModeI AAM-S, Hay ashi Denko Co.
Ltd., Osaka, Japan )

Nitrate reductase activity

The nitrate reductase activity was determined for the 2nd and 3rd trifoliated
soybean leaf from the uppemmost leaf on the main stem according tp' fhe method
described by Nicholas et al.( 1976 ). The leaves were taken from soybean plants under
full sunlight conditions, immediately placed in an ice box, and then brought to the
laboratory for analysis.

Measurement of reduced-N and '*N atom % excess of reduced-N
Nitrate-N concentration in the ground sample in each plant part was

colorimetrically determined by the phenol—disulfonic acid method for the leaf blades,



stem+petioles, pods and roots after drying at 70 °C in an air-forced oven for more
than 3 d and gn'nding. Reduced-N content was determined by the Kjeldahl method.
Using a aliquat of solution distillated for reduced-N _measufériient, 5N atom % was
determined by mass spectrometry ( ANCA-SL, Europa Scientiﬁcf Co. Ltd. ).
Measurement of carbohydrate contents

After ground finely with a vibrating grinder ( Heiko, Co. Ltd, Iwaki, Japan ), the
sugar énd starch contents of leaf blades and stem+petioles were determined
colorirﬂetrically by anthrone after 80% ethanol extraction for the sugars and after 3(.)%‘

HCIlO, extraction from the residue for the starch.

Experiment 2:
Soybean ( Glycine max L. ) cv. Tamahomare were grown in the growth cabinet as

described in Experiment 1. At the pbds filling stage, CO, enrichment ( 1000+200
ppm ) were applied with a control ( about 350 ppm CO, ). Immediately at , 13 d and
20 d after the initiation of CO; enrichment, 15N03-N( 99.4 atom %, 100 ppm ) was

fed to a terminal leaflet of the 3rd trifoliated leaf from the uppermost leaf. Five days
after feeding , plants were harvested with 4 replication and were separated into a

terminal leaflet to which >NO;-N was fed, lateral leaflets in the same trifoliated leaf]
stem plus petioles, pods and roots, weighing after drying the plant parts at 80 °C for

more than 3 d in a forced draught oven and ground for N content and "°N atom %.



>*NO;-N feeding and measurement of 5N atom %

A terminal leaflet was dipped into the‘solution ( ®NO3-N 99.4 atom %, 100
ppm N as KNO; ) for 3 h starting from 10 AM under the. ﬁ;a.tural light conditions.
Immediately after termination of feeding an assimilated leaflet was taken out from
" beaker containing "NO;-N solution, then washed throughly with tap water and plants
were ke;pt in the gro;;vth cabinet. Reduced;N content and °N atom % of reduced—N»ir’l
various plant parts were determined as described in-the Expériment L. |
Statistical analysis

All the experiments were analyzed for the effect of freatments according to thé
expected mean squares given by McIntosh ( 1983 ). For mean separation, treatment.
sum of squares was partitioned by the method of orthogonal contrasts. The coefficients

of variation for all response variables were below 10%.

RESULTS
Experiment 1.

Whole plant weight tended to increase with N application in the culture media and
elevation of CO, concgntration ( Table 1 ) The increase in whole plant weight by CO,
enrichment was not significant at 0 ppm N throughout the experimental period. At 100
ppmN, the whole plant weight was not significantly affected by CO, enrichment at 9
DAT, however, at 21 DAT, it increased to. about 157% of that of the control plant.

This enhancement was mainly due to increases in leaf blade and roots weights.



Po was significantly increased by CO; enrichment at 9 DAT and onwards,
however, it was not affected by N application under ambient air conditions (Table2).
Under high CO, concentration, Po was slightly higher at 100 ppmN than at 0 ppmN.

In contrast to changes in Po, stomatal conductance was reversely affected by CO,

enrichment.
The nitrate reductase activity of leaf increased more remarkably at 9 DAT and

was about 2.7 times higher in leaves of CO,-enriched plants than in non-treated plant

(Table 3).

Sugar content was not affected at 9 DAT by both CO, enrichment and N
application, while at 21 DAT, it significantly increased by CO, enrichment but was not

affected by N application ( Table 4 ). On the other hand, starch content was increased

by CO; enrichment from 9 till 21 DAT, however, it was not significantly changed by N
application under ambient air conditions. Despite the CO, concentration, starch

content tended to decrease by N application.
Reduced-N content of all the plant parts was significantly increased by N

application, hovs;evef that of leaf blades and steni was decreased by CO, enrichment
( Table 5 ). Whole plant N amouer was.increased by N application despite CO,
enrichment . While the whole plant N amount was not affected by CO, enrichment
under the N-free conditions, it significantly increased by CO, enrichment at 100 ppmN.

Under the presence of combined-N in the culture media, N derived .from combined-N

accounted for most parts of whole plant N. N amount of both fixed-N and combined-N

~-10-



was significantly increased by CO2 enrichment and the increase in the former was more

pronounced.
Experiment 2

The effect of CO, enrichment on nitrate reduction in leaves in: relation to

translocation of reduced-N was examined. The aniount of N in the whole plant was
decreased By elevation of CO, concentration ( Table 6 ‘). CO, enrichment led to
decrease in t.he percent of whole plant N in the assimilating bleaﬂet at 5d after PNO;
feeding, whﬂe_ the pefcent of whole plant >N in the pods and the stem plus pétibies

increased .

DISCUSSION

The results that Po of soybean leaves was increased by the elevation of CO,

concentration in the ambient air, irrespective of plant N nutrition status and N sources
(Table 1) and that carbohydrate content in leaves was also increased by elevation of

CO, concentration ( Table 3 ) corroborate reports where under the ambient air
conditions, CO, concentration limits photosy nthetic activity of C; plant like soybean, -
which leads to reduced plant growth ( Kimball, 1983; Makino, 1994 ). Rubisco

capacity is limiting at present atmospheric CO, pressures and below, under saturating

light conditions ( Evans 1986; Makino et al.1985 ), whereas above present atmospheric

CO, pressures, light harvesting and electron transport capacities limit photosynthesis

( von Caemmerer and Farquhar 1981; Evans and Terashima 1988)

_11_



Highly significant increases in whole plant weight ( Table 1) and whole plant N
amount ( Table 5 ) by CO, enrichment suggest that response to ele\}ation of CO,
concentration in terms of plant growth is closely related to N.‘n;ltrition status in plant. .
For instance, we observed that the CO, enrichment gave none of the effect on whole
plant weight of a non-nodulating soybean isoline, T 201 without application of N in
the culture media, while it enhanced plant growth at the high N concentration inv the
culiure media ( unpublished daté, Kuzukawa, 1995 ). These results and observations |

indicate that the growth response to CO, enrichment is intimately associated with N

nutrition status in the plant.

Under withdrawal of nitrate-N from the culture media, CO, enrichment had no

significant effect on whole plant N amount of Tamahomare ( Table 5 ), suggesting that

CO, enrichment gives no effect on dinitrogen fixation in this ge_notype'under the

experimental conditions employed here. This results is inconsistent to findings

reported earlier by Finn and Brun ( 1982 ) in which CO, enrichment increased

dinitrogen fixation accompanied by increasing nodule weight in an another genotype of
soybean, at 18 d after treatment initiation. We observed similar phenomena in a

nodulating soybean isoline, T 202, at 23 rd day after CO, enrichment initiation

( unpublished data, Kuzukawa 1995 ). These facts and observations suggest  that

response of dinitrogen fixation to CO, enrichment differs among soybean genotypes.
When NO; -N was fed from a leaf, the amount of N in the whole plant was less

in the CO, enriched plants than in the control ( Table 6 ). It was observed that a trace

-12-



amount of NO; -N was detected in plants 5 day after PNO; -N was administered
( data not shown). These results indicate that intake of NO;3-N by leaf is reduced at
high CO, concen'gration, presumably due to clo;lsure of stoma’;a aperture at high CO,
concentration ( Iaso, 1991 ). The main route of NO; -N influx into leaf rﬁight be
stomata.

The "N tracer exp eriment revealed that CO, enrichment led to a significant increase
in whole plant N amount which was largely derived from nitrate-N applied .into the
culture media ( Table 5 ). It was also found that the nitrate reductase activity inAIeellves
of Tamahomare was increased from 9 days after imposed to high CO, concentration iﬁ
the atmosphere ( Table 3 ). These results domonstrated that nitrate reductase activity
in leaves and roots is accelerated by the elevation of CO, concentration.

Pace et al. ( 1990 ) found that nitrate uptake and reduction of maize plant under the
photosy nthesis limited conditions were regulated by the supply of eﬁergf and carbon
skeletons required to support these processes, rather than by the potential enzymatic
capacity to cataiyze nitrate reduction. However, their supposition cannot be true for
our results for soyBean at high CO, concentration. For instance, nitrate reductese
activity in Tamahomare leaves increased at 9 after subjection to high CO; concentration,
however, sugar ®ntent in leaves was not significantly affected by the identical
treatment although starch éontent was increased ( Table 3 ). From these, it infers that

the enhancement of nitrate reduction at high CO, concentration observed in the current

study might not be attributed to increases in the supply of energy and carbon skeleton.

-13-



Itis conceivable.that number of agents except for photosynthate supply may take
part in nitrate reductién activity under high CO, con_ditiops where energy and carbon
skeletons are adequately supplied. It is possible- that the _upt_ake and reduction of
nitréte is affected by the sink activity ( Deane-Drummond and Clarkson 1979; Crafts-
Brandner et al. 1984 ; Pan et al. 1986; Fujita et al. 1997, Imsamde and Touraine, 1994 )..
Fujita et al. ( 1997 ) observed that removal of pods ( sink ) reduced leaf nitrate
lféductase éctivity in a soybean variety. Amino acids or peptides circulating in .tht_e
phloem may. also regulate the rate of nitrate uptake ( Muller and Tou-raine 1992). Since
behavior of nitrate-N uptaken by soybean roots is complex: after most nitrate-N
translocates from roots to leaves, 1t is reduced and assimilated in leaves, thgreafter
reduced-N is translocated from a leaf to other plant parts, it is difficult to examine
whether nitrate-N reduction is related to its translocation. For understanding this
relationship, foliarly .feeding of nitrate-N would be advantageous. When *NO;-N was

fed from a terminal leaflet of a trifoliated-leaf of soybean, percent of whole plant N in

the assimilated leaflet decreased percent of whole plant PN ( Table 6 ), indicating'a
promotion of efflux of reduced-N from a leaf at high CO, concentration. Our results

that at high CO, concentration percent of whole plant N in pods and stem plus

_14_
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petioles increased ( Table 6) indicate that influx of reduced-N from these plant parts is
accelerated by CO, enrichment. These results suggest fhat %’02 enrichment enhances
sink activity for N in pods, which ensures to prorhote translocation of reduced-N from
aleaf. Collectively, it is proposed that acc;eleration of nitrate reduction activity in the
leaf under CO, enrichment is due to promotion of reduced-N translocatioﬁ from a leaf
to other plant parts through increasing their demand of ‘sink for the reduced-N and/or
amino acids and peptides circulating in the phloem.

However, the reason why sink activity for N increases By CO, enrichment is
unclear from the results in the current study. Since photosynthetic acfivi’;y and
translocation of photosy nthate from soybean leaves increase at high CO, concentration
in the atmosphere ( M asuda et al. 1989 ), it seems that more photosynthate is supplied
to the sink in the CO, enriched- than in the control plants. Presumably, it is speculated
that increasing photAosynthate supply to sink in&eases its activity for not' only
photosynthate but also nitrogenou-s' compounds. However, the mechanism of the
enhancement of nitrate reduction activity by CO2 enrichment remaines to be solved in

future.

_15_
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ENR BCORUKRYIRNEDR7I/BREICEADIEE

A EER
_ WEBX SCO,MEX mCOZ+3’€t)]B$5LE|Z
Ala 1.51 1.15 3.31
Gly 0.95 118 - 3.67
Val 3.61 3.90 9.08
Thr 5.35 8.46 10.59
-Ser 2.60 3.83 1.07
Leu 3.60 4.00 7.78
lle 453 4.47 14.09
GABA 6.86 9.12 8.57
Pro 1.12 1.16 6.18
Asn 948 13.29 70.84
Asp 2.22 1.69 15.08
GIn 0.50 0.70 1.71
- Glu 0.32 0.34 0.84
Tyr 1.05 1.07 1.50
Total(nmol/gDW) 43.68 54.36 160.31

MEE
WEIZ SCO2ER FCO2+RKUIRMER
Ala 0.56 0.76 3.02
Gly - 0.32 0.36 2.19
Val 1.15 1.29 8.04
Thr 1.56 1.99 10.90
Ser 1.02 . 1.62 ' 6.36
Leu 1.76 1.99 5.28
le - - 110 1.33 10.24
GABA 1.22 3.40 ’ 7.94
Pro 0.41 0.51 10.92
Asn 1.16 2.16 38.19
Asp 1.05 0.91 6.32
GIn 0.15 0.23 ' 1.09
Glu 0.38 0.29 0.30
Tyr 0.43 0.65 1.91
Total(nmol/gDW)  12.27 17.49 112.71
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MEX
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Gly 0.017 | 0.012 £ 0.020

Ser 0.013 0.016 0.054

GABA 0.006 0.007 0.017

Pro 0.008 0.003 0.038

Asn 0.005 0.002 0005
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4% |

ECO, R URIRMBINERDR 7I/BICHIT5 N atomh excess|Z5 3 BB 2

AEEX v
> X “BRIERFLBRIBR{LRE+RVIRLER
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