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ABSTRACT

The Relation of Photosynthesis. to Respiration’

J LW, Weigl%‘P.,Mo WafringtonB énd M, -Calvin
Radiation Laboratory and Department of Chemistry, University of California,

Berkeley, California

ABSTRACT
July 20, 1950
. The gas exchange by farley leaves of oxygen, carbon dioxide, and added
radiocarbon dioxide has been measured in a closed system, with the following
resultss

1. Carbon dioxide follows different but not necessarily independent
paths in photosynthesis and light respiration.

2., The carbon of newly formed photosynthetic intermediates is not
available for respiration while the lighf‘is on, but becomes immediately
respirable in the dark. The enhancement of dark respiration after a light '
period is largely due to built-up "photosynthates".

3. Photosynthesis proceeds at a measureable rate even at the lowest
CO2 pressures observed (0.03 mm. Hg). There is no evidence for a "threshold"
concentration of carbon dioxide for the reaction; at the lowest concentrations
reached, respiration exactly equals assimilation,

4. The mean rate of respiratory GO, evolution in strong light was found

to be less than that in the dark., Internal re-photosynthesis of respiratory

1 The work described in this paper was sponsored by the Atomic Energy Commission,

2 Present addresss Schoocl of Chemistry, University of Mimnesota,
Minneapolis, Minnesota

3 Present addresss Bechtel Corporation, San Francisco, California
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ABSTRACT

carbon may have been sufficient to account for this effect.

5, The assimilation of‘ClAOz is about 17% slower than that of 01202°
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" The Relation of Photosynthesis to Respirationl

Jd W, Weigl% P.M, WarringtonB and M, Qa}vin
Radiatioﬁ Laﬁoratory and Department of Chemistry, University of California
| Berkeley, California
July 20, 1950

The relation between photosynthesis and respiratiop in green plants
is, to date, inadequately understood., Until recenp;y, it was not even
certain’whether; in the light; there cccurs any réspi?atory evolution of
.carbon dioxide simultaneous1y with the assimilatipn pf\ca;bon}dioxide.from
the air, or whether, perhabsg the path of carbon in photosynthesis is
~merely the reverse of that in respiﬂration° The reason for this uncertainty
is that the net overall reactions which may be written for these two pro-
cesses are opposites

Photosynthesis: CO, + HZO—————%(CﬁzO) + 0,
Respiraticns Oy + (CHQO)——~—>H20 + €0,
where (CHQO) represents carbohydrates, which are typical photosynthetic
products‘and réspiratory substrates,
Various attempts have been made by a number of investigators to.disf

tinguish between these simultaneous and opposite reactions, and to

1 The work described in this paper was sponsored by the Atomic Energy Commission, -

2 Present address: School of Chemistry, University of Minnesota, -
Minneapolis, Minnesota

3 Present address: Bechtel Corporation, San Francisco, California
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/

measure the rate of respiration in the 1igh£oV These have involved the
"selective® poisoning of one of the reactions (4;5,6); the inhibition of
photosynthesis alone by removal of the carbon dioxide supply (798,9), the

variation of temperature (10); of light intensity and color (11,12,13,14)

4 Gaffron, H, Cold Spring Harbor Symp. Quant, Biol., 19 377 (1939)
‘Biochem. 2 292, 24 (1937)

5 Myers, J, and Burr, G.0,, J.Gen.Physiol, gég 45 (1940)

6 F%ekiefg'Hos'JahrbawissaBotano 85, 267 (1938)

7 M@Aiistefg E.D, and Myers, Tos Smithson.Miscell,Coll, 99, No.6 (1940)
8 'éébrielsenﬁ E.K., Nature 163, 359 (1949)

9 Warburg; 0., Burk, D., Schocken, V., Korzenovsky, M. and Hendricks,“S,Be
Arch,Biochem, 23, 330 (1949)

10 Noddack; W, and Kopp, C.; Z.physik.Chem. (8}, 187, 79 (1940)
11 Emerson, R, and Lew1s, C.M., Am.J.Bot, 30, 165 (1943)

12 Moore, W.E. and Duggar, B.M, in PHOTOSYNTHESIS IN PLANTS (ed. by
Franck, J. and Loomis, W.E.), Iowa State Col, Press. Ames, 1949
(Chapter 11).

13 Kok, B, Engymologia XITI, 1 (1947). Biochimica et Biophysica Aeta, -
3, €25 (199) ‘ R

14 van der Veens R, Phys101 Plant, 2, 217 (1949) "?”%PQLEE"”~'*J
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and fiﬁéli&g'a study of respiraﬁion rates in the dérkp'sﬂbséquentatO'periods
of illumination.

“In generalgithe poisoning and low=-carbon dioxide experiments yielded
equal valﬁeé for respiration in light and darkness, Kok (13) and -
van der Veen (14), on the other hand, observed avsha:p decrease in the -
glope-of ‘the curve of gas exchange vs light intensity, not far abowve the
compensation point; unfortunately, this could be interpreted either:as a -
ligﬁ%;caused decrease in respiratory rate at 10W"light intensities; or else
as an gnhanceﬁeht at higher illuminations, ’

Extensive studies of dark respiration as a function of pre=treatment
have revealed two effects, both of which often increase dark respiration
after ekposure of plants to the light:s first, a direct stimulatiqn; mainly
due tolviolet and ultravioleﬁ light absorbed by pigments other than chloro-
_phyllv(ll,l5,16917); seconag a mass action emnhancement, due to the avail~
- ability of rééently éssimilated products for respiration. The latter effect,
firsﬁrfound by Borodin (12) was usually found to be strongest after active-
photosynthesis iﬁ pienty of carbon dioxide =- that is, under conditions. wheré

' new respirable compounds have been rapidly synthesized (19,20,21),

15 Parija, P, and Saran, A.B., Am.Bot. 48, 347 (1934)

16 MNontfort, C. and F@cklerg Ho, Planta‘ggg 515 (1938)

17 Gessner, F., Planta 29, ;65 (1939)

18 Borodin, I., Mem.Acad. Imp.Sci, {st. Petersburg) VIII, 28, 1 (1881)
19 Weintraub, R.L., Botan.Rev, 10, 383 (1944)

20 Rabinowitch, E.I,, PHOTOSYNTHESIS, Vol.,l, Interscience Publo, New York
1945 (Chapter 203

21 Mothes, K., Baatzg I., and Sagronsky, H., Planta 30, 289 (1939)
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None of these investigations have conclusively answered tﬁe following
fundamental dquestionss N
1. :Afé the enzymatic paths of carbon in photosynthesis and;resbiration
closely iinked? VFor instance, are recently photosynthesized compounds -
available for fespiration‘while'fhe light is on?
2. Assuming the processes to be independenf, what is the rate of
fespiration during the photosynthesis of»normal plants?
The_availahiiity of tracer carb§n=14 has made it ﬁossible, at least_
in prineciple, to answer these questions, One way to do this is to allcw
leaves to photbsynthesize in_radiéactive.cafbbn dioxide in a closed,system
and to follow continuously, by means of non=destructive me thods of |
analysis, the concentrations of radioactive and inactive carbon diogide
in the gas phase, If simultaneous ﬁhotosynthesis and respiratign aréa
different reactions, at,leést the ini;ial respiratory carbon_dioxide will
be inacti&é; tﬁe.rafe of réduction_bf the original specific activity §f 
the radioactive.carboh'dioxide suppliéd shpuld be a quantitativelmeagﬁiéh
. .of the rate of respiration. | | o
| Since»in‘thesé expériments we have been mainly concerned With'tﬁé;~_v: LT
exchangé ¢f qarbbﬁ dioxide in the‘gas>pha§é,_we have used the‘folibwiﬁg_' N
terminblogyé"_ H ) | -
Photoéynthesiss % Assimilation of carﬁon dioxide from the gas., -
Réspirétionz - Evolution‘of carbon dioxide into the gas. o
These definitions imply that even in strong light all respired}

carbon leaves'thé cells as carbon dioxide, is mixed with the entire gas
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phase, and can only then be re-assimilated, Hence, the quantitative
evaluation of the rate ofvrespiration\in the light will yield, not the
total rate, but only that fraction of it which actually appears in the
atmosphere as carbon dioxide,

EXPERIMENTAL

General, == Fig, 1 shows the apparatus used. At the beginning of a.
iﬁn,.the green leaves of one to two week old barley shooté (22) were cut,
moistened well, and placed into é flat glass chamber measuring 46x13x1.5 cm,
(23)., This was closed and darkened, the entire system evacuated and -
filled with the desirea gas mixture (containing radioactive carbbn
dioxide) to about 500 mm, pressure, the partial vacuum being necessary to
hold the chamber together, A rubber tubing pump {(24) took_a continuous
sample of the gas in the chamber and recycled it through a series of
three instrumentss an ionization chamber to measure radioactive carbon
diéxide; anyinfrared carbon dioxide analyzer; and a paramagnetic - type
ox&gen analﬁzer, Within less than a minute the sample was returnéd to |

the plant chamber, the flow rate being over 500 cc/min. ~After two to five

22 Variety Sacramento, kindly supplied by the Division of Plant
Nutrition, University of California

23 Aronoff, S,, Benson, A., Hassid, W.Z, and Calvin M., Science 105,
664 (1947) |

2/, Weigl, JW. and Stallings, D.M, Rev.Scient.Inst., 21, 395 (1950
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minutes required for the inﬁ:tiallmixing9 all instrument readings became
steady:éﬁd meagingfui; Time lags between the individual iﬁs%ruments,'?
were carefully checked and found to be less than half a minute; the
results obtained were furthermore shown to be independent of the sequence .
of instrﬁmenﬁs»in the circuit, |
v=1»The components of the system were connected by abouﬁ three meters

.5f:éiﬁmo i.d, Tygon tubing, .The rate of carbon dioxide diffusion through
fwfﬁié and through the rubber tubing pump was measured and found to be
about 0,38 ml, carbon dioxide (S.T.P.)/hr/meter of tubing/atmosphere of
carbon dioxideo' In our experiments this amounted to about 0,1% of a
typical rate of photosynthesis and was hence negligible., A 25 cm, x 1 cm.
tube filléd-with caleium chloride and calcium sulfate Waslused to dry the
gas on_its way to the instfumentso

- A plant chamber was immeréed in a tank of cooling water, whole temp-
erature remained constant within ijiO; infrared filters were ﬁlaéed in'the
5 ém, of water covering the chamber; A bank of spotlights provided be-
”tWeen 7,000 and 14,000 f?co from above; a sheet of aluminum foil reflected
some of this light from underneath,

Determination of Radioactivity, -- Radioactive carbon dioxide was

measurgd continuously Jay's meaﬁSJof an ionization chamber and a Lindemann-
Ryerson electrometer2 the latter being used as a null instrument, The.'

circuit of Janney and Moyer (25) was modified (26} so as to yield the

25 Janney, C.D. and Moyer, B.J. Rev.Sci.Inst, 19, 667 (1948)

26 Te are indebted to Dr, C.D, Janney for much valuable aid and advice.
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instantaneous value of the ionizatiqn current as the product of a de¢ade
‘resistance (27) and of a current which could be recorded cbntinuously on
the chart of an Esterline%Angus milliammeter, Thus, radioactivity was
measured in ﬁhﬁllivolté“o By its nature, the circuit was linear, ahd
subject to the same per cent error over a range equal to ten thousand.
times the full scale of the ammeter, The séﬁsitivity of the apparatus
was limited by that of the electrometer (about 1000 div./volt), back; »
.ground being well below this level,

A large (100 cea) and a small (10 ce.) ionization chamber were used
JAn different experiments, Each was shown to respond linearly to inéééments
of radicactive carbon dioxide at constant total pressure (25,28); the time
requiredvfor 90% respohse to a sudden large change in radioactive carbon
dioxide contents was about six seconds; respectively thirty seconds
"Memory" effects due to the adsorption of radioactive carbon.dioxideaQn‘
the brass wélls'were'shown to be negligible (<:,,d5%)baftef‘five.miﬁutgsl._
or 1esé. Tfoublesome'“leakage currenfs“ (giving large éppareﬁt,ﬁbackf;_l-
ground® readings) were eliminated by the use of Teflon.insuléfbfé;'  “

. The linéarity of both chambers and the electrometer, as well as

"memory effécts" were critically checked in a speciai experiment,iféi'
photosynthetic run was started; using the 100 cc, chambér on thé Liﬁdémann

,‘ ,

27 Leeds and Northrup decade resistance box, 1=999 ohms; for very‘large
ionization currents, 10,000 ohm precision wire-wound resistors -
were added in series.

28 Weigl, J.W., Unpublished data
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) electrometer; after 99% of the radioactivity had been used by the plants,

the SEAIiuchéﬁbefg‘mounted'on a sensitive vibrating reed electrometer (29,30)
was cub inﬁb;the circuit, After this, both ionization chambers and electro-
neters operatea‘in tandem for three hours over a 20-fold range of radio=
activity; Their readings were strictly proportional, Unless all four
piecesmbflépparatus.had compensating errors, this showed all to have linear
response in the range used in our kinetic experiments and furthermore,
demonstrated that the large chamber "remembered® less than 0,05% of 1ts
initial radioactivity.

Carbon Dioxide Analyzer. == A selective-detector infrared gas analyzer

of the’general type developed by Luft (31) and modified by Eltenton, Pompeo
and Smith (32) was used to measure carbon dioxide (33). Infrared radiation
hﬁés passed through the sample cell into a detector chamber fiiled with pure
carbon dioxide. GCarbon dioxiaevin the "unknown® cell took out a certain
amotnt dffthe radiation corresponding to its nbaracterisfic-spectrum~(méinly
lengths was completely absorbed by the carbon dioxide in the-deteétor, which,
as a reéult.waé_warmed'énd expanded slightly., When the light was shut off,

the gas cooled and contracted° The radiation was pulsed at 120 cycles

- 29 Manufactured by the Applied Phy51es Corporatwn° Pasadenas Gallforniao
30 I?alevsky,9 o9 Swanik9 R.K. and Grenchik, R., Rev.Sci.Inst, 18, 298 (1947)
31 Luft, K.F., Z, fr Physik, 245 97 (1943) |

32 Pompeog ‘D, J and Smith V., Report at the Gordon Research Gonference of
the A.A.A.S; August 1949,

33 Drs, 'Otto Beeck and D.Jd, Pompe@ of the Shell Development Co., Emeryville,
California, were kind enough to let us copy an early model of their '
instrument; this was further modified to improve its sensitivity.
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and set up a 120-cycle acoustical signal in the detector, whose amplitude
was a measure of the amount of carbon dioxidé in the sample cell; and
which could be picked up by means of a condenser microphone, A similar
optical and acoustical train, whose sample cell was filled with nitrogen,
provided a standafd signal., The two were balanced continucusly on a bewn
Electronik recofding_potentiometero |
The instrument was calibrated by means of previously:analyied mixtures
of carbon dioxide and nitrogen, Two tanks were used: one of them cqﬁtained
nitrogen, the other a nitrogen=carbon dioxide mixture corresponding to the
full-scale pe;centage of carbon dioxide desired (4.0% respectively 0.75%
carbon dioxide)9 Parallel streams of these gases were measured bj cali-
brated rotameters (34) and flushed through the sample cell., The gas stréém

was now partially exhausted to about 100 mm,, 200 mm., and 300 mm. vacuum

(measured to £ 1 mm, Hg by a differential manometer) and readings were taken

at each pressufe° The whole procedure was repeated for six or seven other
gas mixtures. ’In order to eliminate possible systematic errors due to-the
flowmeter technique, a few mixtures were prepared by mixing géSes to knoﬁh
partial pressures, in large, exhausted flasks. |
Within experimental error, check points obtained in this Way'feli.on
the cuives plotted from the flowmeter daté; The response time of the
instrument was about fifteen seéondss the time required to sweep du£ fhe

80 cc, volume with new.gaseso Readings were not affected by the rate of

34 Manufactured by Fischer and Porter Co., Hatboro, Pa.; calibrations were
re=checked periodically,
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gas flow,

Fig., 2 shows calibration curves valid at atmosphéfic préssure and
at 255 mm;vklo.iﬁo) Hg.x‘}acuﬁm° The strong preééufe broadening effect can
be related to perturbations of carbon dioxide molecular vibrations by
inert molecules.(35)o The curves were valid within * 1 division below
2 mm. and, at most, * 2 divisions above 2 mm, partial pressure, Cali-
brations were stable over periocds of a week or more; ﬁhey were rechecked
~bef5}é each major photosynthetic experiment,

Water vapor has an absorptioﬁ band near 2.6 yu which overlaps the
carbon dioxide spectrum by some /%, and it is fhence "seenn by the carbon
dioxide in the detector cells to that extent, ‘The calcium chloride~dried
gas, hciawevez{9 contained only 0.3 mm., Hg of watefs which was seen as &
maximum of 0,01 mm, of carbon dioxide by the gas analyzer; this figure was
just within experiméntal error in our most sensitive experiments, It ié
a curious fact (36) that the infrared specira of 8120? and GIAOz_overlap
only'verj slightly, if at ali; as a resuli, the COB-analyzer measured only
"inaétive" and not "total® carbon dioxide, Drift and similar phenomena
assoéiatéd with the 002= analyzer were the main experimental difficulties

encountered in this investigation,

Oxygen Analyzer, -- The Pauling Meter (37) consists of a small mag-

35 Oross, P.C. and Daniels, F., J.Chem.Phys, 2, 6 (1934)
36 Sheline, R.K., asnd Weigl, J.W., J.Chem.Phys., 17, 747 (1949)

37 P?ulin§9 L., Wood, R.,E., and Sturdivant, J.H., JoAmoChémOSoc,‘é§g 795
1946) ‘

P
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netic torsién balance, whose position depends on the volume mﬁgnetic suse-
ceptibility of the gas in its sample cell; Since oxygen is the only
common paramagnetic gas, the instrument cén be calibrated directly in termé“
of partial pressure of oxygen. The particular instrumenf used in certain.
of our expériments had a feirly linear range from O to 100 mm. Hg and'dould‘ﬂi
be read to + 0.2 mm. Hg (38). |
Results., == Experiments were started in the dark in order to have‘a
minimum of change éqcurring during the initial mixing of gases. After
this, light and dark periods were alternated as desired., Oxygenvpreésures
were read directly; radiocactive and inactive CO, readings were automatically
recordeds they were read off the charts after each experimeﬁtrand converted
to "millivolts of radioactivity", respectively partial pressure of carbon
dioxide., For converience, the relative specific activity (39) at the
start of the experiment was set arbitrarily equal to unity; this'enabléd us
to calculate and plot "partial pressure of 01402" to the same scale as
the inactive 012920 For certain calculations it was necessary to ﬁéewthe
absolute specific activity of the COp; this was obtained by multipiyihg. 
the initial fraction of isotope (1.1% in Barley 14, 4.75% in Barley 28)
by the relative specific activity. | o
Although a number of similar experiments was performed, the behavior

“of the plaﬁts was most clearly shown in Barley 14 and 28, Others suffered

38 Calibrated by the manufacturer, Arncld O, Beckman Co., Pasadena, Calif,

39 Relative specific activity;zs@14og / (@1402 + 01202) mm/mm
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TABLE I
Experiﬁent ' 14=1 14=2 14=3 281 - QSaZ)F
Barley age (days) '8 8 8. 14 14
‘Fresh Weight 20 20 20 . | (15) (15)
Protreatment before light | L 24 h. | L 40 me |L15m,| L30m.| L135m,
D4Om |D65me {D70m,| D70m| D80 m
Initial F60,, mm. He 17 36 La | 1.6
0y mm. Hg (10) (23) 399 | 49.0
% ™0, in o, 1.1 0,14 475 | 0.23
Vacuum, + 5 mm, Hg 255 R55 - 24 215+ 13
' Temperature,.ﬁ 1°C. . 22 2 14;5 15.5
" Illumination, f.c. (7000) (7000) 14,000 | 14,000

Experimental Conditions. =~ Experiment 14=1; =2 and =3 refer to the three

photosynthetic periods included in Barley 14$ similarly for Barley 237};

and =2. Under pretreatment, L = light; D = dark, h. = hours, m, =:mjgp§e§qt_
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TABLE II
Time POé(av,) Dark Respiration ,
Experiment min, mm’s Hg . | mm, COp/min. x 100 Pre-Treatment
Barley 14 | 0-20 (20) 9.8 20m, D
o 60 @ 10,6 40 m. L (15 m, S8)
65 7.6 5a.0
70-85 6.6 10m, D -
100 (24) 5.2 40 m, D
110 | bok . 50 m D
120 3.0 60 m. D |
140 (27) 9.6 15 m. L (5 m. $85)
145 6.8 5m,D
150 6h 10 m, D
160-210 (26) 5,0 20 m, D ‘
225310 | (27) 6.0+ 15 m. L (2. SS)
Barley-28 0-20 40 1.45 50m, D
155-205 | 4h4=48 1,28 135 m. L (75 m. 8S)
230-235 | 49 TR 75m. D
27gezéo | 53 v 1.85 40 m, L,(1oim;“ss§'
280-300 | 53 1.68 5m,D 0

Dark respiration. * L = light, D = dark, SS = steady state, at 1imiting‘602

pressure, *+ obtained by swéépinngut 002 and wéighing barium carbonate. -
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Time ., Event 5 Analyzer | Ioniz. Chamber ecific Act
(mfi ¢120 o) (v, cth0,) |G inoz/co
(mm/mm)
Barley 14
0 “| start o%iresﬁiraéion§hefbre PS N&;'l '1%70 + 24 ' 116@iiwi¢“" | 1,00 * §03
20 Start of photosynthesis No, 1 18.8 + 2% 1160 + 1% 490 # .03
40 Specific activity peak No., 1 3.2 * 3% 240 * I% -v~1009 * 604
4,860 Steady state No, 1 | 0.1 * 50% 0.0 * .05 my ,00 + ,015
100 Middle of respiration after PS No. 1 | 2.7 + 4% 20,4 * 2% o110+ ,008
125 Start of photosynthesis No, 2 3.6 £ 3% 30,0 * 2% 12 + 006
133 Middle of photosynthesis No, 2 0.35 *+ 20% 1,0 + 20% 042 + .02
135-40 Steady state No, 2 0.1 * 50% 0.0 + ,05 mv | .00+ 015
185 Middle of respiration after PS No, 2 | 2.3 * 4.5% 12,2 + 5% 078 + ,008
210 Start of photosynthesis No, 3 3.3 % 3% 18,4 = 3% : 082 + ,005
220 Middle of photosynthesis No, 3 0.45 # 208 1.4 * 5% 046 + ,01
224 Steady state No., 3 0.1 + 50% 0.0 * 205 mv:- .00 + 015
225=310 Average of respiration after PS No. 3 oo e 066 + ,'001+
Barley 28 : ‘ :
0 . Start of respiration before PS No, 1 3.96 * 2% 20,000 + 1% 1,0 + .03
20 Start of photosynthesis No, 1 4o20 * 2% 203000‘:'1%1 ‘  Ok * 9b3
37 ‘Middle of photosynthesis No, 1 R.75 £ 2% 12,000 + 1% 865 + 063
60 Specific aétivity peak No, 1 27 * 8% 1950 * 1% 1009‘ii530'
63 Specific Activity peak No. 1 .22 * 10% 1200 * 1% 1,10 * .11
80 Start of steady state No., 1 .03 + 30% ' L7 * 2%» 32 + %10
150 End of steady state No, 1 .03 * 30% 9.5 * 10% N i;ééﬁ;t'0025
200 Middle of respiration after PS No, 1 | .60 * 5% 148 1% S k9 £ .003
235 Start of photogypthgsig No, 2 1,16 + 5% 248 + 1% .043 * ,003
250 Specific activity peak No, 2 29 £ 7% 83 + 1.5% | A;056 + ,005
270 Steady state No, 2 04 % 25% 5,0 + 10% 025 + 012
300 Eﬁd of.respiratien after PS No, 2 46 * L% 78,5 + 1,5% 034 *+.,002

Preclslon of Measurements. <“obtained by flushing out 0*402 with nltrogen, precipitating and

counting as BaClAO3
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from farious experimental difficulties; however, in no case did they cone
tradict the conclusions drawn from these two runs, In view of thé con=-
tinuous data for 01402 and 01202 the only appreciable errors were systematic
ones, In Tablé II1 maximum reasonable errors are estimated; these are
approximately twice the "probable errors", Ny

- Discussion. == Fig, 3 shows the changes in (CO5) and (01402) which
tookbplace in Barléx 14. At time zero, a uniform gas mixture containing
about 17 mm, CO2 (1,14 614) and 10 mm, O, was present in the system., The
plants respired inactive CO2 in the dark, thus reducing the specific
activity. When the light was turned on the specific activity first con-
tinued dropping due to induction effects, then rose to approximately 1.2
times its initial value, or 1,3 times the minimum which had occurred about
time 25, The fact that this peak was some 10% higher even than the |

1

specific activity of the original G~ 0. left no explanations other than -

_ 2
an isotope effect (40,41). Finally, the continucus reSpiratoryﬂevolutién
of inactive COy surpassed the photosynthetic isotope concentration and

quickly reduced the specific activity to a very low value, Photosynthesié",

40 This isotope discrimination has been observed in six experiments of
this type as well as in three_sampling runs angd_one experiment in:
which algae were grown from‘G*QOQ containing 01302 and Gl e
After about 70% of this mixture had been_assimilated, the algae
were found to be about 75% depleted in G43 and 20% in Cl4, as
compared to the remaining CO,. The effect has not been demonstrated,
as yet, by direct sampling eXperiments using a mass spectrometer,

L1 Weigl, J.W. and Calvin, M., J.Chem.Phys. 17, 210 (1949)
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was COzmlimiied bélgw‘about 1 mm, partial pressure and became exactly equal
to reSpifatiQA wﬁén the oniy cafbdh dioxide available for assimilation was
(provided.by respiration. There was no evidence for a CO, "threshold" for
photosynthesis (8,42). |

| After ten minutes, at this steady state; fhe lights were turned off,
Both radioactive and inactive cafbon dioxide were evolved immediately, and
after five'minutes, in a constant ratio; as a result, the specific‘éctivity
of the'gas rose; then remained constant over long periods of time, -THis -
means that in the dark recently assimilated radioactive compounds became
immediately respirable in a constant ratio to the evolution of "dead" 002;,1”
whereas:they were not respirable while the light was still on.

The 1ight was now turned on againj at low GO, pressures the respiratory
dilution overtook the isotope effect more quickly and the specific éctivity
did not actuslly rise, but merely failed to drop immediately. Shortly;after
the stéady stgtg was reached, the lights were turned of f once more and the
specific activity found to rise again, to a slighﬁly lower-levellthan:thét-.'
observed aftervthe first light period, As a check on the'instruments;'thiS/f
procedure was repeated once more; this time, after the lights were turned .

off, the entire system was swept for 85 minutes with tank nltrogen (conta*; -

ing about 4 mm.. of 02) through a sodium hydroxide bubbler. The resultant
carbonate Was'precipitated as barium carbonate and counted by means of a -
Geiger céunter; when its specific activity was converted to ionization

chamber units, it was found again to be slightly lower than the preceding

42 Gabrielsen, E.K,, Nature 161, 138 (1948)
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level; the average rate of respiration was close to that of preceding
dark periods (see;Table II and III),

Thevsteédy level of specific agtivity in the dark was found to be -
réughly inversely.proportional to the total light period from the time the
first majof-assimilation of radio carbon dioxide took place, This méreiy
signified that the photosynthetic intermediates were transformed into
nonrespirable products much more quickly in the light than in the dark.

We have usually found that after a period of intense photosynthesis in
the presence of plenty of 002 the dark respiration rate is enhanced by
factorgyof two to three or more for periods varying from 10 - 200 minutes.
(for example, see Table Iis Barley 14). On the other hand, in a couple of
other experiments (e.g. Barley 28) this temporary rise did not appear; in
these cases the plants had been kept in the light at the low, éfeady-State
pres_sure'of'CO2 for 1qqg periods of time, |

One may ipterpret all thsse results.in terms of the maéé action éfféct
first suggested by Borodin (18); the building-up of photosjnthetié intef-,
mediates,.which become respirable in the dark. If the plants are keptiin'
the light with little CO, for long periodsﬂvthese intermediates are trans-
formed further into more stable structural and storage materials and aré =
no longer{feadily availaﬁle for the énhancement of réspiratiOn, This -
reasoningvmight lead one té expect no rise in the specific activity'affer
such a long périod of light and low carbon dioxide preséure, Barley 28 .

(Pig. 4) shows a striking case of this (43).

43 Note; however, that in this experiment at time 275 the-specific activity
did rise as usual, after a short period at low €O, pressure.
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" Photosynthetic and respiratory quotients were computed in a number of
experiments in Whichfthe Pauling meter was included among the‘inStruménté;>
~ Both quotienté were quite variabie, even within a given experiment; over
long periods of time, they usually averaged about unity. A remarkably fast | e,
uptake of ‘oxygen was usually observed for five to ten minutes after the
light was turned off; this was about threé to ten times as fast as the steady
oxygen absorption rate later .on and two to five times the initial enhance-
ment ‘of‘CO2 evolution, The effect was increased by long periods at low 002»
pressures; in view of ,this andAof the high light intensities prevailing, this
phenomenon may well have been ev1dence of photo=oxidation (20), which probably
“had been g01ng on even faster in the light (44).

In Barley 28 alone, to date; has the precision of the data Justlfled a
detailed kinetic analysis to evaluate the rate of “1ight'respiration";~tﬂn-
fortunately, the isotope effect introduces a third variable; in addition‘t&
the photosynthetic and respiratory rates (45). This makes an explicit solution
imposSiblé;-howeverS one can choose a very sensitive function of these three = .- .-
parameters and try to fit it to the experimentally de£ermined values;ﬂ;ThﬁhﬁVa
function chosen was the time rate of changé of specific activity, thewei¥ﬁj
pression for which.is the same no matter how photosynthesis depends Qnﬂcozé. L

pressure (Michdelis type or mass action kinetics of any order)., It could be

44 This point might be worth checking by means of tracer oxygen.

45 This coﬁld be avoided by feeding inactive €Oy to uniformly labeled plants.
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derived from the following basic equationss
a/dt'(@m@z} = R(1 = o) = k (6*20,)
.d/dt(G%z)‘ = Re - kU(CM’OZ)

where R is the rate of light respiration, k the rate_cpnstantvfor the
assimilation of 312029 U the isotope utilization factor (ratio of k
for Cléﬂzglto k for 01202)3 ¢ the specific activity of the respiratory
carbon (very small), and s the isbt@pe fatib in the-gaseous COzo The

resultant equation wass$

“a

ds/dt » a/at (cHo ) Izt . Re(1-c) + He
ald 2 ' :
c 92 U U

A family of curves of this function was piotted against time for
various values of R and U (46)3; the ones which most closely matched
the experimental curve corresponded to U = 0,83 + ,03 and.R = 0,56 % .1
times the'preeéding dark respiration. (These results were roughly
confirmed by plotting the rate of gas exchange ys. COZ pressure and
extrapolafing to the ordinate,) However, the rate of respiration was  :,
by no means constant over the period qf illuminations initially, at high
002 concentratiqns, it appeared to be faster even than dark respiratidn;

whereas it dropped well below half the dark rate at subsequent low COé

46 This treatment was justified by the fact that ds/dt was affected mainly
' by U at first and by R later on; the value of ¢ was not critical, '
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pressures, In judging the significance of these figureg one must remember
that they were obtained by gas phase measurements alone; it is entirely
possible thaf the observed depression of total respiration was merely due
to a_quick re-assimilation of respiratory carbon before it had a chance to
leave the cells, This effect and similar diffusion limitations would be
expected. to reduce external gas exchange most drastically at low CO,
preséures; our experimental evidence is in accord with this view, However,
quite independeﬁt éxperimentg of a different type (47) indicate that light
inhibits the appearance of newly assimilated carbon in the respiratory
intermediates, It would thus appear that at least some of the observed
gas exchange effects are indeed the result of interference by the light
in intracellular chemistry.

The authors are indebted to Prof, C, Ouellet for some valuable dis-
cussions and for his assistance in several experiments,

| SUMIMARY

‘The-gas exchange by barley leaves of oxygen, carbon dioxide, and added .
radiocarbon dioxide has been measured in a closed system, with the followingct.‘-,
resultss

1, -‘Carbon dioxide follows different but not necessarily iﬁdependeﬁt paths-

in photosynthesis and light respiration,

47 Bemson, A.A. and Calviny, M., JoExpeoBdtanys Jan, 1950, 1, 63,
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2. The carbon of newly formed photosynthetic_intermediates is not
available for respiration while the light is on, but becomes immediately
respirable in the dark., The enhancement of dark‘respi?aﬁion after a
light period is largely due to built-up "photosynthates".

3. Photosynthesis proceeds at a measureable rate even at the lowest
002 pressures observed (0,03 mm., Hg), There is no evidence fof a "thres-
hold" concentration of carbon dioxide for the reaction; at the lowest
concentrations reached, respirétion exactly equalsva§similation..

e Thé mean rate of respiratory C02 evolution in strong light was
found to be less than that in the dark., Internal re-photosynthesis of -

respiratory carbon may have been sufficient to account for this effect.

5, .The assimilation of 01402 is about 17% slower than that of 01202.
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