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CARBON DIOXIDE FIXATION BY BARLEY RooTsl

_ Leonard W, Posl?
Radiation Iaboratory and Department of Chemistry

University of California, Berkeley
ABSTRACT

" The non~volatile, 80% ethanol-soluble products of fixation have been in-
ﬁestigated in excised roots, using 01402 and radiochromatography .

The main radioacfive,compounﬁs separated were malicy citric (or iso-citric)
aspartic and glutamic acids, asparagine and glutamine,

I@ss activity was pfesent‘in serine, tyrosine, o~ketoglutaric acid and
alaniney, and in a number of wnidentified compounds.

The uptake of C1402 was inhibited by virtually anaerobic conditions.

From the above obéervations, it is considered likely that ¢4 is transformed
through the reactions of the tricarboxylic acid cycle.

Gl4 in the soluble‘fraction was markedly increased by maintaining the root
material in water rather than in a nutrient solution prior to exposure to 01402.

This increase was chiefly in malic acid.

For publication in The Journal of Experimental Botany

(1) The work described in this paper was sponsored by the U, S. Atomic Energy
: ~Commission. :

(2 Smith-Mundt and Carnegie Trust Fellow (1951) on leave from the Department of
Botany, The University, St. Andrews, Scotland,

o
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Ieonard W. Poel2
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INTRODUCTION
Many non-green tissues, both plant énd,énimal, are capable of assimilating

carbon dioxidel9 29 39 4y 5

and, in aﬂnumber of,héterotrophic micro-organisms;
a certain concentraﬁién of the gas hés;been shown to bevessential fdr gfowth°6’7
Ruben and Kament using short-lived radioactive carbon—ll, were the first to
1_ demonstrate fixation of carbon dioxide by a preparation of barley roots, while
the uptake of the blcarbonate ion was. studled by . Overstreet, Ruben and Broyer°8
Owing to the short half-life of the tracer and to the absence at that time of a
convenient and rapld mlcro—method of separation, neither of these groups of ”
workers were able to determine in what compounds the radiocactivity appeared and
in vhat sequenceo |
Following the avallabillty of carbon—149 Iat1e89 10 studiéd.fixation of
01402 by barley roots during malonate inhibition and found the produét td be

carboiylmlabéiled suéciﬁic acid. Bj means of the rgdiochromatégraphic téchnique,
which has beeﬁ used by ILynch and Caivin11 in studies of carbon diocxide fixation
in various miéro~orgénisms, the present writer has determined the non—Volatile, |
ethanolmsolublé prGaucts of fixation in barley roots and has Qxamined the effects
of certain factors‘on fixStiong A preliminary étatement of‘the main rgsﬁlts of

this work has been-publishedol2

{1) The work described in this paper was sponsored by the U. S. Atomice Energy
Commission,

(2) Smith~-Mandt and Carnegie Trust Fellow (1951).on leave from the Department of
Botany, The University, St. Andrews, Scotland.
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GENERAL TEGHNIQUE

Plant material e

.Barléy seedlings {variety ®Atlas®) were grown on wire screens over un&e:aﬁed
tap water in a greenhoﬁsé.‘-Ai an eariy_stage in the work9 seedlings were also
grown in the laboratory at 24° Coy the purpose being to control more closely the
conditions of g:owth and-thereby_toApfoduce very uniform material., It was found,
however, fhét ihose roots grown in the gfeenhouse were superior for metabolic
studies, belng more numerous9 unlform ana almost devoid of root hairs.

The roots were excised when one_week old and placed in aerated Hoagland
solutlon13 was modifled by omittlng ferrie tartrate, as this tends to precipitate
on ‘the roots and 1t was con31dered that an iron-deficient medium would not intro-
duce metabollc irregularitles during the period of the experimentso »
gggos to Q&ﬁgg ‘ ——

A quantlty of excised roots was removed from the nutrient solution, lightly
blotted and an arbitrarllyachosen welght of 0,7 gmo taken, The roots in the
sample were cut at random into short_lgngths and placed in a modified Warburg
flask, In.the preliminary experiments, the supporting medium in ﬁhe flask was
fresh Hoagland solution minus iron, but in all the experimenﬁs referred to in this
papér9 5.mlo'of phbsphate buffer {pH 5.6) was uséa in order to maintain a stable
reaction durlng exposure to radioactlve carbon dioxide. The side arm of the flask
contained 250#1° of a solution of NaHGl403 representing 5,75 micromoles of GOg

and 51.25 KC. of 014§ The vessel was attached to a Warburg manometer and equili-
braﬁed for‘l hour at 24° Coy with shaking at approximately 130 oscillations per
mine., At the end of this pericd, the stopcock of the manometer was closed and ﬁhe
bicarbonate solution discharged into the supporting buffer, Shakipg wag continued
for 1 hoﬁro .Byvmeans of the maﬁomsterg CO» pressuré could be éhecked during the
period of exposure .and any discrepancies in this respect between the various units

’

of an experiment detected.
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Preparation of ethanol extract

Having removed the mancmeter from the_shaker, the flask was openeé in a well~
ventilated fuﬁevcupboard and the buffer decanted off. The roots were rinsed
rapidly with distilled water to remove residual salts, likely to interfere with
the chromatographic separation, and boiling 80% ethanol poured on. Root material,
with added ethanol, was then transferred_with rinéings of €0% ethanol to a mortar
and thoroughly ground. GQuantitative transfer to a stoppered, graduated cylinder-
followed, the volume of the extrgct being recorded when cool.

Aliquots of 100 K1, of strongly-centrifuged extract were “plated” ;ﬁ aluminum
discs for radicactivity assay; usihg a thin, end-window Geiger-Muller tube. The
activity of the total volume of ethanol extract could thus be calculated.
Radiochrgmatgggaggx N |

The use of long-lived carbon-1l) and the radioautography of fiiter paper
chromatograms render thé identification of the compounds in which fixed radiocarbén

appears a simple matter. The genéral technique has been described elsewhereelé’ 15

In the present investigation, the ethanol extract, after determination of radio-
activity9 was filtered and concentrated to about 1 to 2 ml. in vacuo. Aliquots of
the concentrate, varying in different experiments from 100 to 300#1° according to
activity, were placeé on sheets (18" x 22 1/2") of whatman No. 1 filter paper and
run two-dimensionally in phenol-water and butanol—proplonlc ac1d—water. Radio-.
autographs were prepared on Eastman "No Screen® X=ray fllmo As the amount of CL4
fixed in heterotrophic fixation is small by comparison with photosynthesis, long
exposures are frequently required, sometimes of the order of a month or moré,
depending upon the activity of the aliquot of extract placed on the paper and

upon the number of radioactive compounds separated.

THE PRODUCTS OF FIXATION
The typical non-volatile, 80% ethanol-soluble ccmpounds found to be radio-

active were malic, citric (or iso-citric) aspartic and glutamic acids, serine,
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asparagine, glutamine and tyrosine (Figure 1). The ldentities of all the named
radioactive spots have been confirmed by elution and co~ehromatography with
standard compoundso Uhnamed spots have yet to be identified uneqp;vosallyov Al=
though alanine produqed a large, clear spot on the paper withvninhydring it con=
tained little ¢4, Tﬁe activity of aékgtoglyxaric acid‘wasllow and only a trace

of radioactive threonine occurred, It is by no means eert«ain,however$ that theée
weakly-radioactive compounds are unimportant in the path of fixed carbon, since they
may occur only in catalytic concentrations at any givenvinstan§o For example, the
considerable activity located in glutamic acid and glutamine suggests that a rapid
transfer of cl4 through a-ketoglutaric acid takes place.

The pattern of products in barley rools 13 very sxmllar to that obtained by
Benson and GaIV1n 16 for dark, serobic fixation of 01402 by the leaves of the same
.plantg except that only a trace of activity appeared in asparaglne and none in
tyrosine in the experlments wmth leaveso In both roo bs and 'l,eaves9 all the com-
pounds .are consistent with a sequence of 014 transformstions fhrough the tri-
carboxylic acid cycle, previously indicated by the work of,laties°99 lO Aspartic,
glutémic énd malic acids were found to be radipaetive‘in all_the organisms studied
by ILynch and dalviﬁ,ll but the percentage of the tcﬁai soluble activity made up by
these subsi%nce# varied widely with differsnt ﬁaterial&c Glutamine and asparagine
were rarely enéountered and then only in low activity. It would thus appear that
althaugh the general pattern of dark fxxatlon is the same in a wide rangs of
_ organisms and tlSSUSSQ the relative rates of the intermediate reactions are very

diverse.

FIXATION AND MINERAL NUTRITION
When, during the céﬁrse'-of the research; phosphate buffer was substituted
for modified Hoagland solution as the.exposure'mediums continued pre-equilibration
in the nubrient solution appeared to be illogical, especially as the roots had

been grown in tap water., In later experiments, therefore; the roots were placed in
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aerated tap water for 24 hours after ’excision, all other conditions being un-
chahgedo ‘
This treatmerif resulted in at ;Leasft_.,five"t;ﬁnes as much activity in the soluble
-—fraction (Table I). A similar effect followed Vequilibratidn in distilled water

(Table II).

TABLE I

The effect of pre-equilibration in Hoagland solution minus iron

versus tap water on fixation of C‘U"QQ_ by excised barley roots.

Roots: 0,7 gm. wet wt., Exposure mediums phosphate buffer, 5 ml. pH 5.6, 250 ul,
NaHC405 containing 5,75 kmol. COp and 51,25 MC. Cl4, Time of exposure: 1 hour.

Pre~equilibration Expte Radiocactivity of % of activity supplied
medium , No. 80% ethanol
extract

{counts per min.)

Hoagland minus - 15/1 158,700 1.0

iron 16/1 129,250 0.8

16/2 142,220 . 0e9

Meanss 143,390 | 0.9

Tap water 15/2 868,770 5.6
16/3 783,000 5.0

16/4 6264240 | 460

. Means: | 7594337 49
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TABLE II

The effect of pre-equilibration in distilled water versus

' ap yater on fization of G0, by sxelsed baxley ogha.

‘Rootss 0.7 gms wet wt. Exposure mediums phosphate buffer, 5 ml. pH 5.6, 250 ul.

NaHGlZ*O3 containing 5,75 Kmol. COp and 51.25 HC. ¢4, Time of exposures 1 hour.

Pre-equilibration = Expt. Radiocactivity of 804 % of activity supplied
medium noo. ethanol extract

{counts per min,)

Distilled vater 17/3 &1/,,000 | 5.2
| 17/4 982,600 | 6.3

Meanss 898,300 568

Tap water 17/1 £78,080 56
17/2 9424656 6,0

Meanss 910,368 508

The radioautographs for tap and distilled water are indistinguishable and an
example is reproduced in Figure 2, The characteriétic feature is the very obvious
predominance of malic acid. This suggests that, as a direct or indirect result
of mineral starvation, transformation of ol is impeded. Restriction of amination
as a direct consequence of nitrogen deficiency might be a cause of such blockage.
Clearly, especial significance attaches to the amount and nature of the ethanol-
insoluble activity in deciding whether the inereased soluble activity following

water equilibration represents an overall increase in fixation ory &S appears more
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likely; an accumulation of act1v1ty in soluble products, The insoluble residues
remaining from these experlments will be 1nvest1gatedo Moreover, it is hoped later

to study the entire problem of carbon dioxide fixation in relation to mineral nutri-

tion in greater detail; since this may have important bearings -on the -inter-
relationships of mineral nutrition and the metabolism or organic acids, carbohydrates

and proteinso.

FIXATION AND OXYGEN DEFICIENCY
Further 1nformatlon on how tracer carbon beeomes dlspersed through the _range
of compounds revealed by the radloautographs was obtained by studying the effects
of virtually anaerobic conﬂiiions on fixation. |

The same guartities of root material, phosphate buffer and NaHGl4O3 as before

were usedg‘the excised roots being pre-equilibrated in tap water. Cylinder nitrogen
(containing approximately 0.5% oxygen) was passed through the reaction vessei fofi 
' 30 min., following which the stopcocks were closed and the flask immersed in the
constant temperature bath (24° C.) with shaking a*+ 130 oscillatiohs per mine.. The
cld-labelled bicarbonate, introduced into the vessel's side-arm prior to flushing
with nitrogeng’was then discharged into the buffer and shaking continued for 1 hour.
Control experiments were run using air instead of nitrogen.,

The resulbs for soluble activity are shown in Table III, No daia are yet
avallable for lnsoluble activity, nor have chromatograms been prepareds

The aerobic nature of the mechanism whareby Cl4ils‘1neorporatad appears to be
clearlj'eétabliShed by these experiments and this may be inte;preted as additional

evideﬁcé fbr the operation of the Krebs cycle in barley roots,
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Fixation of 01409 by excised barley

roots in air and in cylinder nitrogen.

Roots: 0.7 gme wet wt, Exposure meaium.a phosphate buffer 5 ml. pH 5.6, 250 ul,
NaHC03 containing 5.75 Hmol. COp and 51.25 MG. G . Time of exposure: 1 houre:

Atmosphere Expt, Radioactivity of 80% % of activity supplied
| Nnoe ethanol extract

(counts per min.,)

Alr 20 512,120 ' 344

22 5044240 - 362

Meanss 508,180 3e3

Cylinder 21 YAYAs 0,03

nitrogen 23 4480 0.03

Meanss g 460 _ 0,03
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CAPTIONS TC FIGURES

Fig. 1 Radioautograph showing the typical 80% ethanol-soluble products of 01402
- fixation. _
Fig. 2 Radioautograph showing the 80% ethanol-soluble products of G140, fixation,

following pre-equilibration of the roots. in tap water.











