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POSITION OF C14 IN ALCOHOL AND CARBON DIOXIDE FORMED
FROMI LABELED GLUCOSE BY CORN ROOT TIPS1 2

HARRY BEEVIERS AND MARTIN GIBBS
DEPARTMENT OF BIOLOGICAL SCIENCES, PURDUE UNIVERSITY, LAFAYETTE, INDIANA, AND
DEPARTMENT OF BIOLOGY, BROOKHAVEN NATIONAL LABORATORY, UPTON, NEW YORK

There are good reasons for supposing that the
classical pathway of glycolysis (Embden-MIeyerhof-
Parnas, or E.M.P., sequence) plays an important
role in the respiratory breakdown of glucose in
higher plants. The evidence has come not only from
experiments on cell-free systems capable of ferment-
ing glucose to alcohol and CO2 but also from work
with intact tissues respiring in air and nitrogen (re-
viewed by Thomas, 17). The close analogy between
fermentations induced by yeast and by higher plant
tissues, and the recent isolation of some of the en-
zymes responsible for glycolysis from green plants

1 Received January 22, 1954.
2 Research carried out at the Brookhaven National

Laboratory under the auspices of the U. S. Atomic
Energy Commission.

(16) have justified the belief that the glycolytic
mechanisms involved in the two cases are the same.

Recently, however, evidence has accumulated that
alcohol and CO2 may be formed during bacterial dis-
similation of glucose by pathways (7, 10) other than
the classical glycolysis, and, moreover, enzymes re-
sponsible for the reactions of one of these alternate
pathways (the hexose monophosphate shunt or oxi-
dative pathway) have been characterized in higher
plant tissues (1, 2, 9). It was thus of interest to re-
examine glucose breakdown in a plant tissue using
methods which would reveal whether a mechanism
other than the E.M.P. sequence was contributing to
alcohol production and thus to alcohol precursors
such as pyruvic acid.

The technique used was one which has been ap-
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plied successfully to determine the pathway of glu-
cose dissimilation in yeast (12), fungi (8), and
microorganisms (6, 7, 10). Glucose labeled with C14
in specific positions is metabolized by the organism,
and the end products or intermediates are isolated
and d(egraded in order to dletermine the location of
the glucose carbon atoms. Thus if glucose break-
down was occurring bv the EMP. setluence in the
organisms being tested, the position of the tracer in
the end product alcohol could be predicted, and if
this sequence was operating to the exclusion of the
(lirect oxidation pathway the preclictions woould be
fulfillel. Clearlv, if the locations of the glucose car-
bon atoms in the alcohol were (lifferent from those
predicted, and in accordance with what is known
about the reactionis of tie (lirect oxidation pathway
(11), tlils wouldl constitute evidlence of its operation.

The possible occurrence of these pathways in
young corn roots hals now been studlied in this way.
The following substrates were used: a) glucose-i-C14
in a N, atmosphere and b) glucose-i-C14, glucose-2-
C14 an(l glucose-3,4-C14 in the presence of 02 with
sodium arsenite (wshich restricts the oxidation of
pyruviate and (liverts it to alcohol and CO,). Fol-
lowing dlissimilation of glucose, the two carbons of
ailcohol and that of the respired CO, were analyzed
individually for radioactivity content to determine
the distribution of isotopic carbon. The results are
the stubject, of the present paper.

MATERIALS AND MIETHODS
PLANT MATERIALS: Corn hybrid Wf 9 x 38-11 was

soaked in water for 24 hours, drained and allowed to
germinate at 250 C. When the primary roots had
reached a length of 3 to 4 cIii the tips (1 to 2 cm)
were cut off, washed in distilled water and used with-
out further treatment. Twenty tips per flask were
usually used in the manometric experiments btut in
the gas streallm experiments 2 to 4 gm of tissue was
uised as a sample.

MIANOMETRIC ExPERIIMENTS: All experiments
were carried out at 250 C using the conventional
Warburg respirometer. The main comilartment of
the W,arburg vessel contained the root tips, 1 ml of
0.03 M\ phosplhate buffer at pH 5.0 and water to
make a volunme of 2.0 ml. The sicle arm carried the
sugar sample (10 to 60 micromoles) while the center
well contained 0.2 ml of 20 % KOH. In tile anaero-
bic experiments the vessels were filled with prepuri-
fied N, andi equilibrated before closing and adding
the glucose from the side arms. At the end of the
illanoinetric exlerinlents tlle KOH was reimioved from
tue center wvell an(l transferredl to a flask filled with
\., The center well was washed three times with
CO,-free water and the wtashings inclu(le(l with the
KOH. The CO., was liberated by acid andIpassedl
into a known amount of 0.3 M Ba(OH)2 and its
amount determaine(l by back titration witli 0.1 N
HCl. Usually the amount of CO, produced during
the experimenlt was large enougli to imake the addi-
tion of carrier CO2 unnecessary ie, sufficient
BaCO3 (about 20 mg) was prodluced to give a layer

of near infinite thickness wlhen it was transferred to
a sintered glass (lisc for determination of radio-
activity.

GAS STREAMI EXPERIMIENTS: The tissuie was sus-
pended in S ml of 0.03 M phosphate buffer, pH 5.0,
in a 30 mil cylindrical, sintered glass funnel of me-
dium porosity. 60 to 120 micromoles of glucose were
added anld a stream of CO.-free air or prepurifled
N., w-as palssed into the base of the funnel and
through the solution bathing the roots. The gas
streanl was then passecl through two absorption
tubes in wilicli the resl)ired CO.-was collected in
0.3 -M Ba (OH ) 2 In soimle of the exl)eriments with
arsenite the outgoing gas stream was first passed
tliroughl 2 % sodium bistilfite to absorb acetaldehyde
and then tirough lalf-saturatedI potassium perman-
ganate before it entere(d the CO, absorption tubes.
The amiount of CO2 prodluce(d was determined by
titrating the excess Ba(OH) ith 0.1 N HCl and
the BaCO3 was transferred to sinteredi glass discs for
(letermination of its radioactivity.

ALCOHOL DEGRADATION: At tile endl o-f the ex-
perimental run an aliquiot of tile solution bathing the
roots was removed and the amount of alcohol deter-
mined bv means of yeast alcohol (lehydrogenase (5).
The rest of the solution was made alkaline to phenol
red with 1 N KOH and the alcohol distilled with
carrier alcoliol. It was oxidized to acetic acid by
heating at 950 C for 2 hours witli 0.5 gm of K2Cr207
in 4 N H,S04. The acetic acid was distilled, neu-
tralized Witl1 0.1 N NaOH and evaporated to dry-
ness. The sodium acetate was then (legraded by the
metliod of Phares (13).

EIEASUREMENTS OF RADIOACTIVITY: All C14 sam-
ples were assayed as barium carbonate, using a
methane-flow beta proportional counter (14).

LABELED GLUCOSE: Tile glucose-i-C14 and glu-
cose-2-C14 were kindly supplied by Dr. H. Isbell of
the National Bureau of Standards. The glucose-3,
4-C14 w-as prepared from rat liver glycogen (18).

RESULTS AND DISCUSSION
Some preliminary experiments were carried out

in which 20 to 40 micromoles of uniformly labeled
glucose (c. 20 x 109 curies) were applied to corn roots
respiring in N2 or in air. These established the im-
portant fact that, even though the glucose might not
induce an increase in the higli endogenous respira-
tion rate, as judged from the measurements of gas
exchange, nevertheless the exogenous glucose was
utilized, as shown by the progressive release of
C1402. The aim was to supply to the respiringf ma-
terial a small amouint of glucose (to limit dilution of
radioactive material) and yet to provide an amount
sufficient to give easily measurable amounts of radio-
activity in the respiratory productts.

ANAEROBIC EXPERIMENTS WITH CORN ROOTS:
Two types of experiments were carried out (table
I): one of the gas stream type (experiment 1) and
the ol-ler in Warburg vessels (experiment 2). In
botli experiments, it is clear that of the radioactivity
recovered in the products, almost all of the aldehyde
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TABLE I
THE LOCATION OF C14 IN THE CO2 AND ETHANOL PRODUCED
ANAEROBICALLY BY CORN RoOT TiPs * FROM GLUCOSF1_C-C

EXPERIMENT PRODUCT SPECIFIC ToTAL % OF
ACTIVITY** ACTITY TOTAL

m/A c/mgC m,uc
I. Gas stream CO2 0.10 0.34 4.6

4.5 hrs. CH20H of
alcohol 0.03 0.24 3.3

CH3 of alco-
hol 0.99 6.77 92.1

II. Mano- CO2 0.16 0.21 7.6
metric CH2OH of

4.25 hrs. alcohol 0 0 0
CH8 of alco-

hol 1.04 2.55 92.4

* In experiment I, 4-gm roots were suspended in 10
ml solution containing 120 micromoles glucose (specific
activity 7.5 m,u c/mg C). 13.5 mg respired C02 was col-
lected and no carrier was added. From the alcohol/CO2
ratio of 0.92 observed previously with this tissue (4) it
was calculated that 12.4 mg alcohol had been produced
and 22.1 mg inactive alcohol was added as carrier before
distillation.

In experiment II, a total of 160 root tips respired in
8 ml solution containing 60 micromoles glucose (specific
activity 7.5 muc/mg C). 4.82 mg C02 were produced
and Na2COS equivalent to 8.1 mg C02 was added as
carrier. 22.8 mg inactive alcohol was added to the calcu-
lated 4.43 mg alcohol produced before distillation.

All figures are corrected for dilution by carrier.
** Specific activity expressed as millimicrocuries per

milligram of carbon.

carbon of glucose was in the methyl group of alco-
hol; the carbinol group was essentially unlabeled and
a trace of the isotope appeared in the CO2. Since
the location of the C14 was such as might have been
expected from the E.M.P. scheme (12), it would ap-
pear that under anaerobic conditions, this was the
only pathway of glucose breakdown being used by
the corn roots.

AEROBIC EXPERIMENTS WITH CORN ROOTS AND
ARSENITE: From Warburg experiments designed to
find a concentration of arsenite which would prevent
02 uptake and induce accumulation of pyruvate it
soon became apparent that the corn tissues reacted
differently from those of other species to which this
method has been successfully applied in the past
(6). The results are shown in figure 1. It will be
seen that although 02 uptake is strikingly reduced
at concentrations as low as 10 M, the addition of
more arsenite does not lead to a further steep de-
cline in the curve, and at the highest concentrations
used the residual 02 uptake was still maintained at
about 40 % of the control level. Even more signifi-
cant, however, was the effect on R.Q. and CO2 re-
lease. Whereas the control roots respired with an
R.Q. of 1.08, those in the presence of increasing
amounts of arsenite showed progressively higher
R.Q.'s which reached a maximum of about 2.3. A
calculation of the excess CO2 over that which would
have been expected from the 02 uptake values if the

R.Q. had remained at the control level yields curve
"F". It is quite evident that excess CO2 appears
only when concentrations inhibitory to 02 uptake are
applied, and, as the 02 uptake curve declines, so the
"F" curve rises. Such effects of an inhibitor are
reminiscent of others (3, 4) in which it has been
shown that the excess CO2 is due to induced aerobic
fermentation. It has now been shown, in fact, that
a similar explanation holds for the arsenite curves;
alcohol and acetaldehyde accumulate as a result of
arsenite poisoning. Aerobic fermentation is known
to be induced by a variety of agents which for one
reason or another might be expected to lead to an
increased internal concentration of pyruvate, which
does not accumulate in large amounts but is diverted
towards alcohol through the action of carboxylase.
Arsenite, it now appears, acts in a similar manner to
induce aerobic fermentation; the accumulation of
pyruvate, which results from the slowing down of its
utilization by arsenite in other species, finds, as its
counterpart in the corn root, the accumulation of
alcohol and acetaldehyde.

Advantage was taken of this effect of arsenite in
another group of experiments with differently labeled
glucose samples (glucose-1-C14, glucose-2-C14, and
glucose-3,4-CH4). The procedure was to collect the
alcohol produced in air in the presence of M/200
arsenite and to determine the distribution of C14.
All of these experiments were of the gas stream type,
and acetaldehyde was collected in some of these, only
to confirm that it was produced (15); it was not
degraded. In a 4 hour run with inactive glucose pltus
M/200 arsenite in which the three respiratory prod-
ucts were measured the following values were ob-
tained: C02: 3.10 mg, acetaldehyde: 0.41 mg, alco-
hol: 1.88 mg. Since a considerable amount of aero-
bic respiration (as judged from 02 uptake values in
figure 1) persisted at this arsenite level, it was not
surprising to find that activity appeared in the re-
spired CO2 from each of the labeled-glucose samples;
as pointed out above, attention was focussed on the
alcohol. Table II shows the results of the degrada-
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FIG. 1. The effects of graded concentrations of sodium
arsenite on 02-uptake and R.Q. of corn root tips. The
"F" curve is calculated from the R.Q. and the Or.uptake
data by a method described in the text.
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TABLE II
THE LOCATION OF C" IN THE ALCOHOL PRODUCED AEROBI-
C.ALLY BY CORN ROOT TiPs * RESPIRING LABELED GLUCOSE

IN THE PRESENCE OF M/200 ARSENITE

SUBSTRATE

GLUCOSE- GLUCOSE- GLUCOSE-
iC14 2-C14 3,4-C14

Amount of glucose added
(CM) ................ 100 100 60

Amount of alcohol pro-
duced (mg) .......... 2.9 2.4 3.4

Specific activity of glu-
cose ** ............... 7.5 25.0 6.2

Specific activity of C in
CHs of alcohol ....... 1.08 0.15 0

Specific activity of C in
CH20H of alcohol ...... 0.04 5.03 0

Total radioactivity in
CR8 (m/A c) .......... 1.61 0.19 0

Total radioactivity in
CH20H (mu c) ...... 0.06 6.40 0

%lc of total in CHs ..... 97.5 2.8 0
clc of total in CH2OH .. 2.5 97.2 0

* In each case approximately 2-gm root tips were
aerated with COA-free air in a solution containing the
glucose sample and arsenite at pH 5.0. 22.1 mg carrier
alcohol were added to each alcohol sample before distil-
lation. The figures are corrected for carrier.

** Specific activ-ity expressed as millimicrocuries per
milligram of carbon.

tions. It will be seen that the fates of the constitu-
ent C atoms are very close to those which would
have been predicted on the E.MI.P. scheme. If triose
which had arisen from the oxidative pathway had
been diverted towards pyruvic acid and alcohol, a
different pattern of labeling would have been ex-
pected (11); and the relative importance of such a
pathway would presumably have determined the
masking of the distribution expected on the E.\I.P.
scheme. The conclusion seems justified that in air,
also, glucose dissimilation in corn roots is via the
classical glycolytic sequence of reactions.

SUMMARY
From experiments on the fermientation of glu-

cose-i-C14 by corn root tips, which produce alcohol
and C02, the following has been found.

1. Carbon atom 1 (aldehyde carbon) of glucose
gave rise to the methyl carbon of ethanol.

2. Both the carbinol carbon of alcohol and the
CO2 contained only traces of the isotope.

From experiments on the oxidation of glucose-i-
C14, glucose-2-C14 and glucose-3,4-C14 by corn root
tips in which aerobic fermentation was induced by
arsenite and evidenced by alcohol formation, the fol-
lowing has been found:

1. glucose-i-C14 yielded methyl labeled ethanol.
2. glucose-2-C14 gave rise to carbinol labeled

ethanol.
3. glucose-3,4-C4 yielded unlabeled ethanol.

These results are compatible with the conclusion
that glucose is dissimilated by corn root tips anaero-
bicallv, as well as aerobically via the classical glyco-
lytic sequence of reactions (Embden-Meyerhof-
Parnas pathway).
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