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 ABSTRACT

A method for carrying out kinetic tracer studies of steady-state photo-

. synthesis in whoie leaVes has been developed. An'appafatﬁs that expdses

]4602 under steady-state conditions, Whiie allowing individual

whole leaves to
1eaf samp]es to,be;removed as a function of time, has been constructed.

Labeling data on ‘the incorporation of ]4C into Medicago sativa L. metabolite
_ . . : 1

pools are'reportedi A carbon dioxide uptake rate of.79 mjcromo]es- CO2 per |
milligram ch]ofophyii per hour was obsefved at a COzfiéveT'siight]y.below |
that of air. SeVeré] actively turning over pob]s of early and intermediaﬁe
metabolites inelﬁding 3-phosphog]yceric acid, g]yceréte;fcitrate, and uridine
diphosphdg]ucOse,_sHowed label saturation after approkimafely 10 to 20.minutes

of photosynthesis‘With 14

CO2 under steady- -state conditions Alanine labeling .
increased more rapidly at first, and then at-a lower rate as saturation was
‘approached. Sucrose was a major product of photosyntheSis and ]abei saturation
of the sucrose ppolfwas not.observed Labeled carbon appeared rapidly in
.secondary metabb]ites. The steady-state apparatus used has numerous advantages
inc]uding leaf temperafure control, protection againstvleaf dehydration, high

111umination known 14

14

CO2 specific radioactivity, and prbVision for control
and adjustment of CO2 concentration The apparatus a]]ows for experiments
of long duration, and for suff1c1ent samp]e points to define c]ear]y the .

metabolic steady-state.



KnoWiedge 6f'thé mechanism and control 6f-phbtoéyhfhetic carbon metabolism
‘has incrgased,Subétantia]]y during the past twovdecadés (1,2,17). Much of that
knowledge was obfained from investigations of ig_!jgg_éfeady-state photo}'
'synthesiS.wi;h radfoactiVe carbon dioxide (]4C02) by'uhicellular algae and
- isolated éh]oropTésts. Steady-staté pool sizes have.indi;ated pkobable sites
- of en?ymatic regulation (4). Perturbed steady-statevexpéfiments haQe further
Fevea}ed the_natufe:of metabolic regulation in plants (2). Changes in labeling
rates durfng pertufbed steady-state‘photosynthesis héVe_helped to reveal
changes in the oveféll direction of carbon flow to.metabdlic products (8).
Steady—staté'techniques have not as yet been‘genefai]y applied to the
investigation of the complex metabolism of photosynthesizing whole leaves.
Leafy plants, sq;h as alfalfa, are a possible source of considerable amounts
of protein for difebt human consumption (6,12). U]tihate]y an underéfanding
.of regulation in leéves»cou1d allow for manipulation of their metabo]ic
.processes to cause enhanced production of protein (1), and diminishing of
the detrimental'éffects of the process of-photorespiratioh on p]anﬁ\
}productivity (]6;17). | |
In this‘paper_we report on the experimental appératus and procedures
we have ufi]izeditq obtain and follow steady-state pHotQSynthesis with
radioactive carbon dioxide by whole leaves. Kinetic tracér studies of
carbon dioxide fixation in highér'p1ant leaves and leaf discs-have been
previously repdrfed.(13,l4,15)f 'Thé method reported”heré provides for
14 specific aétivity, 1e§f-témperature control,

more sample points, known ' CO

2
longer exposure’timé, high illumination, and maintenance of a constant
]eve].of ]4C02 during the course of an experiment. rThe'metabQ]ic steady-

state can be more clearly defined than in previously Febdrted work.



-an S-3A App]ied“E]ectrochemistry device. The outputs from the

H

MATERIALS AND METHODS®

Plant Material. Seeds of alfalfa (Medicago sativa L., var. E1 Unico)

were planted in 12 cm of vermicd]ite in flats. The plants were grown in -
a chamber at 3000 ft- -c with an 8 hr light period at 20 C, and a 16 hr dark
period at 15 C. P]ants were fertilized with modified Hoag]and s solution.
Leaflets were selected from 6 week old plants. For exper}mental purposes
1eaf]ets'weré_exciséd with their petioles immersed undéf water after two

hours of']ight;__Oh]y'the central leaflets from the'setOhd through fourth

unfolded leaves were utilized:

Steady¥State System" The closed gas circu]ation system is similar

to that descr1bed prev1ous]y (3), with several mod1f1cat1ons The modifiedv

14

system is shown in Figure 1. The 2 analyzer is anv1on1zat10n'chamber

mon1tored by a Caryv401 vibrating reed e]ectrometer.jfThe ]ZCOé analyzer

is a Beckman 31581non-dispersivé infrared apparétus. The-O2 analyzer is

12 14
2’

andO2 monitors are_continubus]y recorded. A sma]T'Dyha—Vac diaphragm

co co

2’

pump is used to: recirculate the gas. The reservoirSIShown in Figure

1 allow. for rapidTy‘changing the composition of the cirdu]ating gas.

14 14

CQQ SupdTy System. The CO2 in the system mustzbe continuously
replenished to maintain its concentration and steadyéstate conditions.
The system cons1sts of a brass storage cy11nder with a 1arge d1ameter
inlet pathway used for filling the cylinder with tabeled CO2 The

cylinder -is coo]ed in liquid nitrogen and the‘l4

CO2 enters by diffusion
at reduced pressuré. An outlet pathway incokporating a 1ow‘f10w.pressure

regulator (Millaflo micro-meterihg reguTator) is provided for release



. < . . 9
- of COz‘from the:cyiinder into the steady-state appératus,v The system is

similar to one-designed by Parker (11). The gas»supp]y apparatus isrf111ed

14

with 21%_ CO2 iﬁ:nitrOQen. This concentrafion'keeps thé‘oxygen level

in the steady-state system approximately constant as-CO2 is manually

introduced to the leaf exposure device at a lTow flow ra£e1sufficient to
]4C02,concentration as shown by the steady-state apparatus
1

maintain the

recorder. The bfass cylinder can contain sufficient 4002 to conduct

several whole leaf photosynthesis experiments and eliminates the need for

14

independent production of CO2 for use in each experiment. The supply

system al]owsffor'ahy desired concentration of labeled carbon dioxide

in the leaf expoéure device.

12 12

of 21%

002 SuppTy System. When necessary CO2 is subp]ied from a cylinder

12C02 in nitrogen. A regulator identical to thétudescribed>above

is used.
)4

Steady—Stafe Leaf Exposure Device (LED The 1eaf:exposure device (see

Figures 2,3) proyides for steady-state exposure of who]é'Jeaves to labeled
cakbon dioxide." The apparatus holds up to sixty alfana.ieaves. The leaves
are removable és ékbupé of four leaves at timed interva1s; The leaf exposure
devfce (LED) was,éohstructed'from transparent P]exig1as§.” The upper and lower
vchambers‘of theldéviée are the;mostated water jacketsFWifh a 1eaf exposure
chahber sandwiched between them. The entire LED and ité‘associated water
batﬁ is enclosed in a plastic box which is vented to a Hodd.

- The leaf eiposure_chamber’(overa]]‘gas vo]ume 1500‘m1)‘has gas flow
_enfry and exit manifolds.  Ga$ circulated by the pump shown in Figure.
1 flows between thé‘manifolds through the leaf exposure{chamber_éo as to
provide for the supply of gas to the upper and lower éurfaces of the leaves.

6207 0or 00000
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Most. of the chember is filled by the carrier disc (Axtn_?io. 2). Itis
| made;of two p]asttc-p1ates separated by several permenent]y attached small
| plastic spacerst The. gap between the plates providestforigas circulation
below the ]eaves,_eThe upper.pTate has fifteen compartments, arranged in

two concentric circles. The leaves used are supportedhin‘perforated discs
(leaf ho]ders, B-in Fig. 2) with space for four 1eaves eath ' The Teaf holders
fit in the compartments in the carrier disc and prOV1de a small well for
each ]eaf SO that 1ts petiole can be 1mmersed in water throughout the |
experiment. Leaf_we1ght‘measurements show that this procedure‘and the
in-line bubbTerh(Etg. ])’eliMinate leaf weight loss due-to dehydration

for periods'of etcieast 2.5'hr. There are spacers atteched to the lower
‘surface of the_pertorated bed, so0 as to provide for oas t1ow\be1ow the leaves.

Two fixed leaf-sample remova]bports (c in Fig. 2?faiso'see Fig. 3) are

located on, and with walls extending through the upper water jacket. One
opening is centered over each concentric ring of 1eaf ho]ders A steel
.shaft extends through a rubber seal in the upper water Jjacket. -Its ]oWer‘
end fits into an open1ng in the center of the carr1er d1sc A‘handle on

the top of the shaft a]]ows it to be used to rotate the carr]er disc so as
to bring all the'holders under the ports in the_upper water Jacket.

When a sanple is removed the full procedure is as follows (see Fig. 3):
The sliding cy]fnder is pushed down -around a leaf ho]der until it seats

in a groove‘in the-iower plate of the'carrier disc. YWhenvthisioccurs'the.
plastic plug contacts the upper surface of the 1eaf ho]der That leaf
holder is now isolated from the atmosphere in the exposure chamber. The
rubber stopper in the plastic plug is removed so that the plastic plug

can be withdrawn, and the leaf holder is 1ifted out by means of.a forcep.

A solid plastic disc identical in external dimensions tohthe leaf holder

is put in its place to prevent an equal volume of room air from entering



the LED. The plastic pjug is replaced, its hole Sealéd‘With the rubber
Stopper aﬁd the sjfding cylinder withdrawn. The cérrier disc can now

be rotated when>ne¢éssary to remove the next sample. :Sahp]e Eéhova] time
is less than fifﬁeén'seconds. Samples can bé’remdved,af'minimum intervals

of one to two minutes.

'Lighf Banks.' L1ghting is provided by two bahks”of 20 W f]uorescenf
']amps. Lfght 1ntensity at the upper and lower surfacés‘of-the leaves 1is
1800 ft-c. This ié approximately equivalent to a toté]ifl]umination intensity
of the order of’36dO7ft-c from a sihg]e 1ight bank above the leaves (9). |
VerdeA-Ray Criti@oior lamps were used (Verd—A—Ray Cofp;; Toledo, Ohia),
operated by a'DCvflﬁorescent lamp power supp1y. The 1amps are cooled by

blowers circulating room air.

Photogyntheticﬂcoo Fixation. Sixty leaves were eXpdsed to unlabeled and

‘then labeled carbon dioxide in air by manipulation of the two gas reservoirs
(Fig. 1). Leaves were first exposed, in the light, to'05038% unlabeled COZ,'

which was a]]owed to decline to 0.028% 12

CO2 after fifteen minutes of photo-
synthesis;' This was done so as to permit measuremehf;bf the rate of photo-
synthesis. Then, Without'a1tering any other environmehta1 variable, and by
manipﬁ]ationibf'the'gas reservoirs, the leaves were éXposéd to 0.027%‘1

0.003% 14CO2 (spécifié activity 16:6 uCi/umole). Gas:f1ow was 4'1iters'per
minute. - The LED wéter bath and water jacket températureIWas 15C+1C.

The oxygen éoncentration throughout the experiment'was 20% + 1%.. A bﬁbb]er
filled with deionizéd water (20 C) was kept in the gés’tircu]ation Tine
throughout the e#periment. Dﬁring»the ]ZCOZ portion of the experiment,

2]% ]ZCOZ in'nifrOgen was supplied as necessary to maihtain the COé level

14, |

in the system. During the CO2 portion of the experiment, labeled CO2

pfﬁ"“ﬁ'é‘rrg*fgﬁ



12v
was mahually added from the gas supp]y’device as heceésary to maintain the
gas concentratioh in the range. given above Fifteen ]eaf samples (each
containing four ieaves) were removed as a function of time following the

initiation of photosynthe51s with labeled carbon diodee._

" Treatment of Leaf Samples. Leaves were frozeh by, and stored in, liquid
hitrogen immediateiy upoh removai from the experimentai;apparatus.' Each.sampie
was grdund'in iiduid'nitrogen in a tissue grinder, ahd:then with 80% ethanol
(v/v) in a dry‘ice~acetone bath. Leaves were then eitracted ih the dark in
80% ethanoi at 3 C for approximately 2.5 hr. Soiutiohajhere centrifuged
(1eC centrifuge, 3 min, 2500 rpm). The ‘supernatant was3decanted and‘aiiquots
- were removed, diluted with 80% ethanol, and their ch]orophy]] content determined
by ViSibie spectroscopy (5). The pellet was then further extracted with 20%
ethanol (v/v) for 30 min (room temperature). These suspenSions were then
centrifuged at 2500_rpm'for 5 min and the supernatant decanted Peiiets ‘

-were washed with‘Qi3ﬁ_HC1 in 80% ethanol, dried over Siiica gei in a vacuum.
desiccator, and cohhusted (Packard Automatic Combustion Apparatus) to give

]4C02 fixation 1nto insoluble material. A]iquotéiOf'the 20% and 80%

data on
ethanol extracts ‘'were acidified with formic ac1d,1drieddand counted by 1iquid
scintillation to determine fixation into soluble materiait' Data from both
extracts were combined to give totai fixation into so]ub]e materials. A]iquots
of the 20% and 80% ethanol extracts were analyzed by paper chromatography (8).
Two. sets of chromatograms were prepared from each extract: in one set, each -
chromatogram was deVeioped 24 hr in each direction; in the other set, each
chromatogram was developed 48 hr in each direction. lRadioactivé areas were
located by radioautography. Identification of major'iabe]ed metabolites

was carried out by co—chromatography with unlabeled carrier. Radioactivity

in each compound was determined by automatic Geiger counter (8). Results



F

4

' _ 13
]-'4C02 fixation
14

for the two extfacts of each sample were combined. -Th'
results were expressed on the basis of m1crogram atoms. C fixed (specific
activity 16.6 1101/ug atom ) per mg ch]orophyl] 1nto each metabo]1te and

into tota], so]ub.e and insoluble products.

| RESULTS AND DISCUSSION
The products obtained on the two- d1mens1ona] paper chromatograms were
s1m1]ar to those prev10us]y reported in other higher p]ant species (7, 14).
The rate of photosynthesis measured by the gas phase»analys1s instruments

12

during a portion of the CO2 part of .the experiment was 90 umoles COz/hr - mg

'Ch1 at 0.033% COZ}' The data ohtained for total,]4c ihcorporation into the

leaves, incorporation into soluble products, and incorporation into sucrose

"is shown in Figure 4. The total ]4C incorporation p1ot51hdicates that steady-

" state photosynthesié was occurring at a'rate of 79 umo1es:C02/hr - mg Chl at

0.027% C0,. The somewhat. lower rate than was obtainedfduking a portion of

]2C0 part'ofvthe experiment is expected due to the S]ight1y lower 002

concentration.

Figure 5 presents labeling data on several typical products identified.

Included are data‘on an amino acid (alanine), a carbohydrate éynthesis

~intermediate (UDPG), a tricarboxylic acid cycle intermediate (citrate), a

reductive-pentose'phosphateAcyc]e intermediate (PGA), and a possible photo-

respiration 1ntermediate (glycerate). The uptake pattern shown for these

~ compounds,, except‘alanine, is the same as that found. for saturation of some

actively turning over metabo]1te pools during steady- state photosynthe51s in

14

algae (1,2). When photosynthes1s with CO2 is 1n1t1ated the concentration

of labeled material in early metabolic poo]s r1ses unt11 they are saturated

with ]4C. From that time on, the specific radioactivity of those mater1als_

is identical to that of the 1ncom1ng ]4C02'(neg1ecting'possib1e'dilution from

endogenous carbon sources) The saturat1on value level of label in each

e o?zop 0000



o 14
‘metabolite is then a direct measure of the amount of nateria1 in each metabolite
pool. Saturat1on of the pools of UDPG, PGA, and g]ycerate was reached
within 10 to 20 m1n after exposure to‘%oz, citrate reached saturation somewhat
later. Other poo)s wh1ch appeared to reach saturat1onndur1ng_the exper1ment
were maltose, sugar'mono‘and di phoSphates, malate and PEPA. Alanine ]abe]ing_
increased more'rapfdly at first, and then at a lower rate as saturation
was approached SRA | | o

14

The " 'C content in the sucrose pool increased ]1near1y with t1me and

did not reach apparent label saturation (Fig. 4). Th1s resu]t is similar

\

to that found with a1gae by Kanazawa, et al. (8). After the f1rst three

minutes of photosynthesis,. % of the tota]'so]ub]e ]4clis found in the

a]fa]fa's sucrose poo]) After forty-two minutes of photosynthes1s 37%

of the tota175010b1e 14

C is found in the sucrose pool. Th1s is in accord
with non-kinetic data presented by Norris, et al. (10) for-other h1gher
" plant species. Apparent]y the end product nature of sucrose pPOdUCtlon o

.by leaves of p]ants with non- photosynthetlc tissue, prevents the ach1evement -
: of the type of saturat1on curves shown in Figure 5. |

Examination of'the resu]ts from the entire set ot ieaf samples indicates

that the steady-state pool sizes of each of the 1dent1f1ed reductive pentose
phosphate cycle metabo11tes are small relative to the tota] poo] of other

]4C appears rapidly in secondary metabo]1tes

soluble metabol1tes;
such as sugars, amfno acids, and tricarboxylic acid cycle intermediates.

For example, after twelve minutes of photosynthesis’wfth~]4C02,v0n]y 2% .
of the soluble f1xed ]4C was in the PGA pool. This fsiinhaccord with conc]usions
drawn by Jensen and Bassham from non-steady- state exper1ments w1th spinach |

leaves (7).

Advantages of the steady—state apparatus and techniqoes we have described

include:



1) The capab111ty for taking f1fteen samp]es (of four Teaves each)
prOV1des enough po1nts to define c1ear1y the metab011c steady state as we]]
| as subsequent trans1ent changes resu1t1ng from perturbat1ons of the system

2) The capab111ty for ma1ntenance of 1abe1ed carbon dioxide concentrat1on
allows for exper1ments of long duration. The system hasfthe further capab111ty
of a]IOW1ng for changes to be made in the ]4C02 concentfafibn during an
experiment, thrb@gh use of the labeled gas supply system-énd steady-state.
system gas resekV6irs. '

3) Thg appératus provides for leaf temperature'cdntro] and protection
against.1eaf dehydration dufing experiments. It also prdvides for é High
level of 111um1nat1on | . |

The data obtained indicate that a true steady-state of photosynthet1c
metabol1sm was obta1ned._ Also, the use of whole leaves may have helped to
ovefcomevsome diéédvantage§ encountered with leaf discs, such as the effects
of metabolism in injured cells. Future experiments wii]jinvo]ve determinations

‘of the effects'of-specific environmental changes on stéady-state photosynthesis

~in alfalfa leaves.

. o
Fy
-
~3
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Fig. 3.

Fig. 4.

Fig. 5.

20% and 80% ethanol soluble products, and
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~ LEGENDS FOR FIGURES

Steady-state system for studies of photosyﬁthesis in leaves.
System components are described in the text..
Leaf éxposure device (LED): (A) carrier disc; (B) perforated

disc leaf holder, (C) sample removal port.

Cross-seﬁﬁiona] view showing the geometry of thé leaf exposﬁre
devfce'innthe regioh of a leaf holdéf Cénﬁered uﬁder a -
éamp1e_remova] port: '(A) rubber stopper, (B) ﬁ]§stic plug, -

(c) $1iding plastic cylinder, (D) O-rings,,(E) upper»wate;:ﬁgckét;

~(F) carrier disc, (G) lower water jacket, (H) perforated disc leaf

holder with four leaves.

Total photosynthetic ]4C incorporation, ]4C incorporation into
14¢ inCorporatioh into

‘4c02 (16.6 uCi/

sucrosé,vby alfalfa leaflets exposed to 0.027%
umo]e)fiﬁ!air at 3600 ft-c.

.(a)_énd (b).' Incorporaiion of 146 into several metabolites by

14

alfalfa leaflets exposed to 0.027% ''C0, (16.6 uCi/umole) in air

at 3600 ft-c.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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