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AND
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In the past few years a considerable amount of
evidence has accumulated in favor of the participation
of reactions of the pentose phosphate pathway in the
carbohydrate metabolism of plants. This evidence,
which has been summarized recently by Axelrod and
Beevers (1), has come both from work on extracted
enzyme systems and from a variety of experiments on
intact tissues. Among the latter may be mentioned
those which have demonstrated that the interconver-
sion of labeled sugars, the incorporation of fragments
of labeled sugars into other compounds, and the re-
spiratory utilization of glucose labeled in specific posi-

1 Received March 9, 1956.
2 This paper is based on work performed under con-

tract No. AT(11-1)-330 with the Atomic Energy Com-
mi.ssion .

tions occur in many cases in a fashion which is pre-
dictable from the operation of the pentose phosphate
cycle.

To facilitate presentation of the results and discus-
sion an outline of the major reactions of the pentose
phosphate cycle is shown in figure 1. A detailed con-
sideration of the individual reactions as they occur in
plants is given elsewhere (1). The essential features
of the cycle, represented in figure 1 as beginning with
6 molecules of glucose-6-phosphate are: (a) oxidative
and decarboxylating steps at the aldehyde end in
which glucose-6-phosphate becomes converted first to
6-phosphogluconate and thence to pentose-5-phos-
phate; and (b) a sequence of splitting and transfer
reactions brought about by transketolase and trans-
aldolase w-hich results in the conversion of the pentose
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FIG. 1. Diagrammatic representation of the major reactions of the pentose phosphate cycle. The numbers refer
to the positions occupied by the carbon atoms in the original hexose phosphate molecules.

phosphates into hexose phosphates, with sedoheptu-
lose phosphate as an important intermediate.

The successful demonstration of these reactions in
cell free systems from plants and particularly the
work of Gibbs and Horecker (7) using specifically
labeled pentose phosphate as a substrate for pea root
preparations have given good grounds for supposing
that the path taken by the individual C-atoms is
essentially that shown in figure 1.

The fact that several tissues have given evidence
of metabolizing supplied glucose by reactions in which
C-1 makes an early contribution to the CO2 (3, 6)
and the successful demonstration of the oxidation of
6-phosphogluconate and pentose-5-phosphate by pea
extracts (5) encouraged the hope that further evi-
dence of the operation of the pentose phosphate path-
way in vivo might be obtained by investigating the
utilization of intermediates in the reaction sequence.

In the present report then, experiments are de-
scribed in which intermediates of the cycle (or more
correctly the parent compounds corresponding to
some of the phosphate esters shown in figure 1) were
provided to respiring plant tissues, and their utiliza-

tion followed by techniques similar to those used in
the glucose experiments (2, 3). C'4-labeled gluconic
acid, the pentoses D-ribose and D-xylose, and sedo-
heptulose were used in order to find (a) whether they
were metabolized in air and under nitrogen and (b)
whether anything could be deduced as to the mecha-
nism of their utilization.

MATERIALS AND METHODS
PLANT MATERIAL: Young corn coleoptiles from

2- to 3-day-old seedlings of variety Wf9/38-11 were
used in many of the experiments. In addition, tissues
of pea seedlings (Alaska) grown on sand and for com-
parison a variety of other plant materials, mentioned
in the text, were employed.

C14-LABELED COMPOUNDS: D-Xylose and D-ribose,
labeled specifically in the C-1 position were supplied
by the National Bureau of Standards (Dr. H. S.
Isbell). The sodium salts of gluconate-1-C14, gluco-
nate-2-C14 and gluconate-6-C14 were prepared from
the corresponding labeled glucose (N.B.S.) by the
method of Moore and Link (10). Sedoheptulose, uni-
formly labeled with C14 (sedoheptulose-U-C'4) was
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generously supplied by Dr. N. E. Tolbert, Oak Ridge
National Laboratory. It had been separated from
Sedum which had received C1402 (15).

Usually 20 to 50 micromoles of labeled substrate
was shaken at 250 with about 1 gm of thinly sliced
tissue suspended in 3 to 4 ml of a solution containing
0.5 ml 0.1 M phosphate at pH 5.0. Large (100-ml)
Warburg flasks were employed, and the CO2 was col-
lected in C02-free KOH and converted to BaCO3 at
the end of the experimental run. It was then washed,
plated and dried and its radioactivity determined in
a windowless gas flow counter. The figures in the
tables are in counts per minute (cpm) corrected for
self absorption and background.

In the anaerobic experiments the substrates were

added from the side arms of the flasks after flushing
with purified nitrogen for 15 min and a further 15
min equilibration period. When alcohol was collected
it was converted to acetate as described earlier (2).
The acetate was then divided into two equal samples,
one of which was used for a total oxidation (13) and
the other for the determination of radioactivity in the
COOH group by the Schmidt reaction (12). The
total activity in the CH3 group was then calculated
by difference. For experiments in which alcohol pro-

dluced under aerobic conditions was required, arsenite
was added (2). In all cases, the use of large amounts
of tissue resulted in yields of CO2 and alcohol which
were large enough to render the addition of carriers

unnecessary. The high endogenous rates of respira-
tion were not noticeably increased by the addition of
anv of the substrates used in the experiments.

RESULTS
PENrTOSE EXPERIMENTS, Aerobic: Table I sum-

marizes the results of a series of experiments in which

D-xylose or D-ribose was supplied in air to a variety
of tissues and the respiratory CO., collected. In most
cases the experimental period was 4 hrs. It will be
seen that all of the tissues are capable of converting
C-1 of both of the suippliedI pentoses to CO2 although

TABLE I
AEROBIC EXPERIMENTS WZ ITH D-XYLOSE-1-C'4

AND D-RIBOSE-1-C14

PENTOSE SUPPLIED
MATERIAL cl% ACTIVITY

RI- Xy- Ac- RECOVERED
BOSE LOSE TIVITY

mi*romole cpm CO2!hr x gmmicromoles x 103 fresh wt

7-day Pea
Oldest internode 50 .. 40.0 0.56

" " .. 50 21.5 0.52
Primary root tips 20 .. 11.0 3.23

it" " .. 20 8.6 2.61
Secondary root tips 2 .. 0.86 7.80

it it" " 5 .. 2.15 6.55
it te" " 10 .. 4.3 4.35

it" " 20 .. 8.6 3.75
It" " 50 .. 21.5 2.24

4-day Coln
Primary root tips 20 .. 16.0 1.28

" " " .. 20 8.6 1.61
Root, second 1.5 em 20 .. 16.0 1.02

it ' " it .. 20 8.6 1.22
5-day Corn

Coleoptiles 20 .. 11.0 2.47
20 8.6 3.93

some of the rates were quite low. In general, the
more actively respiring tissuies were more efficient in
using the pentoses. Figure 2 shows the effect of in-
creasing the amount of corn coleoptile tissue at fixed
concentrations of ribose and zylose. It will be seen

that the respiration of each pentose proceeds in an

orderly fashion, with ribose the slightly more effective
substrate. The response of a given quantity of tissue
to increasing substrate concentration is shown in fig-
ures 3 and 4. Again there is a clear parallel in the
effects of the two substrates. Ribose is again some-

what more rapidly utilized but half maximum rates of
C1402 release are obtained at roughly the same sub-
strate level (15 micromoles in 2 ml).

TABLE II
ANAEROBIC DISSIMILATION OF D-XYLOSE-1-C14

(EXPERIMEN TS IN WAHICH THE DISTRIBUTION OF TRACER IN THE CO2 AND ALCOHOL
ACCUMULATING UNDER NITROGEN WAS DETERMINED)

MATERIAL XYLOSE ADDED ACTIVITY RECOVERED
__________________ _ DURATION -

RATIO

TYPE AMNIT OF EXPT AMT ACTIVITY CO CH3 OF CH2OH OF CH3/CO2AMT ACTIVITY CO2 ALCOHOL ALCOHOL

gm hrs micromoles cpm x 10O cpm cpmn cpmn
Corn
Root tips 1.3 5 30 16.05 292 565 55 1.93
Coleoptiles 0.85 6 30 16.05 1370 2685 65 1.95

it 1.4 5.5 30 16.05 1711 4292 43 2.5
Pea
Root, 5 da 2.0 5.5 50 26.75 201 405 10 2.02

" 3 da 2.5 6 50 26.75 33 800 3 2.42
Plumule, 3 da 2.5 6 50 26.75 61 111 9 1.83

Carrot
Root dises 3.0 8 50 26.75 130 290 10 2.22
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FIG. 2. Respiration of labeled pentoses by corn coleoptile tissue. The effect of varying the amount of tissue
on the yield Of C'402 fr-om 45 micromioles of D-ribose-C'4 (25,000 cpm supplied) and D-Xylose-1-C'4 (32,200 cpm sup-
plied). Experimental period 280 min.

FIG.S. 3 and 4. The effect of increasing the amount Of D-ribose-1-C14 (555 cpm/micromole) and D-Xylose-1-C1'
(715 cpm1/micromole) on the radioactivity recoxvered in the respiratory CO2 from 300 mg tissue. Exper-imental period
280 min.

Anaerobic: Radioactive CO2 was also released
whlen certain of the tissues were provided with labeled
pentoses under nitrogen (column 6 in table II and
table III). By far the most active tissue in this re-
gard was the corn coleoptile; this is also the tissue
which has the highest and most prolonged rate of
endogenous C02 release. An important feature of the
results was that in every tissue, the alcohol which was
produced, as well as the C02, was labeled. When this
is taken into account it is seen that in the case of the
corn coleoptile up to 40 % of the ribose and about
30 % of the xylose had appeared in these two frac-
tions at the end of a 5- to 6-hr experimental run. Of
greater significance is the fact that the pattern of
labeling in the alcohol recovered is the same in each
case (tables II and III). The radioactivity was very
largely confined to the CH3 group and in only one
experiment hadl the CH,OH group more than 10 %
of the total counts in the alcohol.

Moreover, as a comparison of columns 6 and 7 in
these tables shows, there appears to be a fairly con-
stant relationship) between the total activity recovered

in the CH3 of the alcohol and that in the CO.. The
figures in the final columns show that this value is
interestingly close to 2 in the majority of the ex-
periments.

Aerobic Experiments with Arsentite: Table IV
shows the results of experiments in which the aerobic
accumulation of alcohol was induced by the addition
of 0.005 MI arsenite. Since aerobic respiration is only
partially inhibited under these conditions (2) the C02
has a dual origin, and only part of it corresI)onds to
the alcohol which accumulates. It is clear, however,
that the alcohol is labeled, and the activity is again
largely confined to the CH3 group, although a signifi-
cantly higher amount is found in the CH2OH group
than was so in the aerobic experiments.

GLUCONATE EXPERIMENTS: Table V slhows that
gluconate-1-C14 was utilized effectively by both cole-
optile and root tissues, but that in nitrogen, the re-
lease of C1402 was strikingly reduced. Having estab-
lished that coleoptile tissue was capable of metabo-
lizing gluconate, a series of experiments was carried
out in which equivalent amounts of gluconate-1-C14,
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TABLE III
ANAEROBIC DISSIMILATION OF D-RIBOSE-1-C14

(EXPERIMENTS IN WHICH THE DISTRIBUTION OF TRACER IN THE CO2 AND ALCOHOL
ACCUMULATING UNDER NITROGEN WAS DETERMINED)

MATERIAL RIBOSE ADDED ACTIVITY RECOVERED
DURATION RATIO

TYPE AMT OF EXPT AMT ACTIVITY CO2 CIL OF CH20H OF CH3/C02
ALCOHOL ALCOHOL

gin hrs micromoles Cepm X 103 cpm Ccpml cpm1f
Corn
Root tips 1.3 5 30 10.8 180 342 48 1.90
Coleoptiles 0.85 6 30 10.8 1075 3442 66 3.04

it 1.4 5.5 30 10.8 1437 3325 60 2.32
Pea
Root, 5 da 2.0 5 50 18 171 191 17 1.12

" 3 da 2.5 6 50 18 58 93 6 1.60
Plumule 2.5 6 50 18 156 223 8 1.43

Carrot
Root discs 3.0 8 50 18 162 267 18 1.65

glucolate-2-C'4 and gluconate-6-C'4 were the sub- SEDOHEPTULOSE EXPERIMENTS: Results from ex-
strates. The results of such an aerobic experiment periments on the utilization of sedoheptulose-U-Cl4
are shown in figure 5. It will be seen that from C-1 are shown in table VII. It is clear from these that,
labeled gluconate, the C1402 release starts out rapidly both in air and nitrogen, this substrate is metabolized,
and is maintained at this high level, while that from and the yields of C1402 under the two conditions are
the C-2 and C-6 labeled material occurs at much not greatly different. The alcohol produced anaerobi-
slower and somewhat increasing rates. This indicates cally is also labeled, and as shown, the radioactivity is
of course that C-1 is removed in an early reaction fairly equally divided between the two carbon atoms.
which occurs more rapidly than those which result in An unsuccessful attempt to increase the utilization of
the subsequent release of C-2 and C-6. sedoheptulose by the addition of (unlabeled) pentose

Anaerobic experiments in which alcohol was col- is also shown in table VII.
lectedl were carried out with the same substrates even DiscussioN
though it was clear from table V that under these
conditions the metabolism of gluconate was limited. The demonstration that pentoses, gluconate and
The results are shown in table VI and the folloNving sedoheptulose can be used as respiratory substrates
points may be noted. by plant tissues can not in itself be considered as evi-

(a) The yield of C1402 is again highest from the (lence of the occurrence of the pentose phosphate
gluconate-l-C14; that from gluconate-2-C'4 was much pathway, but it is clearly consistent with the opera-
smaller, but this in turn was noticeably larger than tion of such a reaction sequence. The particularly
that from gluconate-6-C'4, which was extremely small. active utilization of the pentose by corn coleoptiles

(b) The alcohol produced from gluconate-1-C14 indicates that, by whatever pathway the breakdown is
w-.ts essentially unlabeled, in contrast to that from achieved, the capacity of the system may be quite
botli C-2 and C-6 labeled substrates. considerable.

(c) The radioactivity of the alcohol produced in Evidence as to the mechanism of pentose utiliza-
these eases was confined to the CH3 group. tion is provided by the data from the anaerobic ex-

TABLE IV
AEROBIC DISSIMILATION OF PENTOSES IN THE PRESENCE OF 0.005 M ARSENITE

MATERIAL PENTOSE ADDED ACTIVITY RECOVERED
DURATION

TYPE AMT OF EXPT RIBOSE XYLOSE ACTIVITY CO2 CH. OF CH2OH OF
ALCOHOL ALCOHOL

gm hrs mnicromoles cpm x 103 cpml cpm cpmn
Corn

Coleoptiles 1.2 5 30 .. 12.9 .... 1057 153
0.85 6 30 10.8 1400 456 84
0.85 6 .. 30 16.05 2300 811 99

Root tips, 3 da 1.3 6 30 10.8 477 161 145
" " " " 1.3 6 .. 30 16.05 623 226 88
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TABLE V
RESPIRATION OF GLUCONATE-1-C"4 BY CORN RooT TiPs

AND COLEOPTILES

GAS PHASE CPM x 10 CPM RECOVEREDGASPHASE ADDED COLEOPTILES ROOT TIPS

Air 24.8 3520 1930
N 2 24.8 512 250

Each material (0.9 gm) was incubated for 7 hrs with
50 micromoles gluconate-1-C'4.

periments with ribose-1-C14 and xylose-1-C14. In
these, it will be recalled, the CO2 and the alcohol
which were produced were both labeled; the CH3
group of the alcohol accounted for almost all of the
activity in the alcohol and contained roughly twice
that found in the CO2. Clearly no simple cleavage of
a pentose chain singly labeled in a terminal position
would give rise to alcohol and CO2 both containing
radioactivity, and on this evidence alone some more
complex breakdown pattern of the pentose must be
su.pected. It will now be shown that the results are
singularly well explained by supposing that the pen-
tose does in fact undergo the rather complex sequence
of reactions shown in figure 1.

It will be seen from this figure that the net result
of the reactions subsequent to pentose formation is
the production of 4 moles of glucose phosphate and
9 moles of triose phosphate (which are shown in fig 1
as giving rise to a further hexose unit). The positions
which the original C-atoms of the pentose would be
predicted to take in the resulting hexoses are also
indicated in the figure. Of the five hexoses produced,
only four contain C-1 of the pentose. In two of these
hexose units, C-1 of the pentose (the carbon atoms 2
in fig 1) appears twice, i.e., in the C-1 and C-3 posi-
tion. These are the hexoses which are produced by
the transfer of carbons 1, 2, 3, as a unit, from the
sedoheptulose to triose phosphate. Since carbons 1-3
of the sedoheptulose originated from the transfer of
C-1 andl C-2 from pentose to another pentose unit,
both carbons 1 and 3 of the sedoheptulose are derived
from C-1 of the pentose. The other two hexoses con-

TABLE VI
ANAEROBIC DISSIMILATION OF GLUCONATE

CPM RECOVERED

SUBSTRATE CPM x 10 CADDED CO2 CH3 OF CHIOH oF
ALCOHOL ALCOHOL

Gluconate-1-C'4 * 24.8 853 0 22
" 2-C14 * 22.9 134 394 29
c 6-C14 * 21.6 29 456 24
" 2-C14 ** 33.5 209 478 42
" 2-C14 ** 33.5 203 620 33

* Corn coleoptile tissue (1.2 gm) was incubated with
50 micromoles of the named gluconate for 7 hrs.

** Additional experiments in which 1.5 gm tissue were
incubated with 70 micromoles gluconate-2-C"4 for 5.5 hrs.

taining C-1 of the pentose are those produced during
the transfer of C-1 and C-2 from the pentose, to a
tetrose unit from sedoheptulose. This tetrose unit,
like the triose mentioned above, is derived from the
lower carbons of the original pentose, and does not
contain any C-1. Thus, considering the four hexose
units together, all of them would have C-1 derived
from C-1 of the pentose and in addition half of them
would have C-3 derived from C-1 of the pentose. The
average distribution of the original C-1 of the pen-
tose in any pyruvate produced during the action of
Embden-Meyerhof-Parnas enzymes on this hexose
would then be 2/3 in the CH3 group, and 1/3 in the
COOH group, and if the pyruvate were converted to
CO2 and alcohol, the CH3 of the alcohol would con-
tain 2/3 of any of the C-1 in the products, and the
CO2 would contain the rest.

Thus if pentose which was specifically labeled in
the C-1 position followed exclusively the reactions
shown in figure 1 and the resulting labeled hexose

TABLE VII
RESPIRATION OF SEDOHEPTULOSE-U-C14

SUBSTRATE ADDED CPM RECOVERED

GAS CHS CH2OH
PHASE TYPE ACTIVITY C02 OF OF

-ALCO- ALCO-
HOL HOL

Air Sedoheptulose-U-C` 10.8 1080 ...
Air Sedoheptulose-U-C14

+ D-xylose
(30 micromoles) 10.8 948 ... ...

N2 Sedoheptulose-U-C' 10.8 638 306 262
N2 Sedoheptulose-U-C`

+ D-xylose
(30 micromoles) 10.8 634 248 274

Corn coleoptile tissue (0.85 gm)
with 64 micromoles sedoheptulose.

was incubated 7 hrs

phosphates were then broken down to pyruvate, andl
if the conditions were arranged, as they were in our
experiments, so that such pyruvate was converted to
alcohol and C02, the theoretical expectation would be
alcohol which was labeled only in the CH3 group and
CO. containing half of this activity. The fact that
this expectation comes close to being realized in many
of the anaerobic pentose experiments reported here is
regarded as a highly significant piece of evidence in
favor of the operation in vivo of the reaction sequence
outlined in figure 1. It will be seen that, to the extent
that one is justified in inferring the pattern of labeling
in the hexose phosphate from that observed in the
alcohol and C02, the results agree closely with those
described from the pea root preparations of Gibbs
and Horecker (7). In their in vitro experiments in
which hexose phosphate was produced from C-1
labeled pentose phosphate, roughly 7-0 % of the ac-
tivity recovered in the hexose was in the C-1 position
and 30 % in C-3.

The work of Neish (11) on utilization of pentose
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in cellulose synthesis also points to the occurrence in
vivo of a similar series of reactions and very recently
Ginsburg and Hassid (9) have presented some addi-
tional results on pentose utilization in wheat which
are susceptible of the same interpretation.

In the anaerobic experiments described above, it
should be stressed, the 02-free conditions presumably
limited the entry of glucose (including that from the
supplied pentose) into the pentose phosphate cycle.
In the arsenite experiments, in which the aim was to
determine the labeling in the a and , carbons of
aerobically produced pyruvate by inducing its diver-
sion to alcohol, it is again clear that the /8 carbon
(CH3 of alcohol) has by far the greater activity; the
appearance of a somewhat greater amount of activity
in the CH2OH group (a carbon of pyruvate) than is
observed in the anaerobic experiments might indicate
that some recycling and consequent randomization
was occurring in air.

In contrast to the pentose results, in which active
utilization occurred both in air and N2, those obtained
in the gluconate experiments show that the with-
drawal of 02 has a large depressing effect on the con-
version to CO2. This is in accord with the require-
ment for 02 (or an internal system for the sustained
regeneration of TPN) if the oxidative decarboxylation
reaction shown in figure 1 is to continue unchecked.
In trying to ascertain the breakdown pathway of
gluconate the results in figure 5 are an important
consideration. These show that, both in air and in
N2, C-1 makes a much larger contribution to the
respired CO, than C-2 or C-6. Such results would be

3000.
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FIG. 5. Respiration of gluconate by corn coleoptile
tissue. Fifty micromoles gluconate-1-C14, gluconate-2-C14
and gluconate-6-C'4, respectively, were provided to sam-

ples of 1.3 gm tissue and the respired C02 analyzed for
radioactivity after 2, 4 and 6 his.

observed if the gluconate were first converted to pen-
tose as in figure 1. The demonstration that carbons
1 and 6 of the gluconate are not equivalent in their
contribution to the respired CO2 establishes that glu-
conate is not utilized by reduction back to glucose
and subsequent breakdown by the E.M.P. sequence.

Although the anaerobic utilization of gluconate is
small, the results of the alcohol degradations in table
VI are nevertheless in accord with the regeneration
of hexose from gluconate in an oxidative cycle which
involves (a) decarboxylation at C-1 and (b) recombi-
nation of the pentose carbon by the reactions shown
in figure 1 into hexose and subsequent breakdown to
pyruvate by the E.I.P. enzymes. As table VI shows,
the C-1 of the gluconate made a relatively large con-
tribution to the CO2 and did not appear in the alco-
hol. On the other hand, C-6, which would be ex-
pected from figure 1 to contribute only to C-1 and
C-6 of the hexose and thus the CH3 group of pyru-
vate, did not appear in any quantity in the C02, and
was present, significantly enough, only in the CH3
group of the alcohol. C-2 of the gluconate would be
expected on the basis of figure 1 to become C-1 of the
pentose and thus to contribute only to C-1 and C-3
of the hexose in a 2/1 ratio. Table VI shows that in
the experiments with gluconate-2-C14 the CO2 (de-
rived from the COOH of pyruvate and equivalent to
the C-3 of the hexose) was in fact radioactive but
considerably less so than the CH3 of the alcohol. The
CH20H group of the alcohol was again unlabeled.
The actual ratios of (C14 in CH3 of alcohol/C14 in
CO.,) observed in the gluconate-2-C'4 experiments are
2.9, 2.3 and 3.1. Although these values are considered
to be reasonably close to 2 in view of the fact that
the yield of C14 in the products was small, it will be
recalled that in some of the pentose experiments
values closer to 3 were occasionally observed. This
may be taken to indicate that some side reaction not
included in figure 1 may occur and result in an addi-
tional incorporation of C-1 of pentose into CH3 of
alcohol.

From table V and figure 5 the presumption seems
justified that in air the gluconate is metabolized more
rapidly but by the same pathway as that taken in N2.

The fact that pentose utilization occurred readily
in our materials in air and N2 in a way which ap-
peared to include sedoheptulose as an intermediate,
made it desirable to investigate the utilization of this
compound. Tolbert and Zill (14) had previously ob-
served that in air this material is rapidly utilized and
the carbon incorporated into sucrose and a number
of other cell components in barley, tobacco and sugar
beet leaves but that in N2 the incorporation was
drastically reduced. The results with corn coleoptiles
in table VII show clearly that, on the basis of its con-
tribution to respiratory end products (which were not
under investigation by Tolbert and Zill), sedoheptu-
lose is metabolized in this tissue both in air and nitro-
gen. The appearance of radioactivity in the CO2 pro-
duced in air, anld in both carbons of the alcohol and
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in the CO, produced anaerobically are understandable
if the sedloheptuilose follows the sequence shown in
figure 1.

At the outset it had appeared possible that ab-
sorption and phosphorylation by the tissues might be
so slow as to prevent the active utilization of mate-
rials such as pentoses which are not normally thought
of as respiratory substrates. In the outcome it was
clear that the utilization of all three substrates was at
least large enough to allow some firm conclusions to
be reached about the metabolism of each.

The conclusions are that, in at least one tissue, the
corn coleoptile, the utilization of the pentoses, gluco-
nate and(i sedoheptulose occurs in a way which, when
the possible interference of side reactions is taken into
account, is remarkably well accommodated in the co-
herent picture represented by the sequence of reac-
tions shown in figure 1. Insofar as other tissues have
been examined in the critical case of the pentoses, a
similar conclusion about the utility of the pentose
phosphate pathway seems justified for them also.

It should be made clear that the burden of this
report has been to establish the existence of a func-
tional pentose cycle in vivo rather than to reaffirm a
respiratory role for the cycle. In fact it will be
noticed that the tissue we have found the most con-
venient for many of the experiments is one of a group
of young tissues in which it is clear that the Embden-
Meyerhof-Parnas pathway of glycolysis is by far the
most important (2, 3, 6).

The utilization of gluconate and the pentoses indi-
cate that, in spite of this, enzymes are present in the
tissue which can carry out the reactions of the cycle
ait least from gluconate onwards. Furthermore Gibbs
and his associates (4, 8) have recently shown that
enzymes of the cycle, including glucose-6-phosphate
dehydrogenase, can be extracted from several very
young tissues. In this case, and in others in which
enzymes of both pathways (see Axelrod and Beevers
(1)) may be shown to be present and active in vivo,
the unresolved question concerns the internal influ-
ence which presumably determines the immediate
fate of the glucose-6-phosphate.

SUMMARY
It has been established that D-xvlose and D-ribose

can be utilized as respiratory substrates, by a variety
of plant tissues. One of the most active of these was
the corn coleoptile, and this material was used in
further experiments which showed that sedoheptulose
and gluconate are also respired. Each of the sub-
strates gives rise to alcohol and CO2 under nitrogen,
although the utilization of gluconate, in contrast to
that of the pentoses and sedoheptulose, is markedly
reduiced under these conditions.

C14 appeared both in the alcohol and in the CO)
produced anaerobically (and aerobically in the pres-
ence of arsenite) from ribose-1-CI4 and xylose-1-C14.
In addition, it was observed that the tracer warls char-
acteristically dlistributed in these products; roughly

2/3 appeared in the CH3 of the alcohol and 1/3 in
the CO,. These findings are interpreted to mean that
the pentoses were being metabolized by way of the
pentose phosphate cycle.

Experiments with gluconates labeled respectively
in the 1-, 2- and 6- positions showed that release of
C-1 is an early reaction in its utilization. The pattern
of labeling in the alcohol and CO2 produced anaerobi-
cally from the three gluconates is also consistent with
its conversion to pentose by loss of C-1 in an oxida-
tive step and subsequent conversion to glucose in the
pentose phosphate cycle.

The fact that a plant tissue is capable of respiring
gluconate, pentose, and sedoheptulose, which repre-
sent intermediates in the breakdown of glucose by the
pentose phosphate cycle, is of interest in itself. As
evidence for the presence of such a cycle in the tissue
a more incisive finding is that the paths taken by indi-
vidual C-atoms of the labeled substrates, as indicated
by the distribution in the products of anaerobic respi-
ration, are essentially those predicted from the present
knowledge of the reaction sequence.

The experimental work on which this paper is
based was begun while I was a visiting scientist in the
Biology Department of Brooklhaven National Labora-
tory in the summer of 1955. I would particularly like
to thank Dr. Martin Gibbs of that department for his
help and advice during this time as well as for his
hospitality.
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LIGHT EFFECTS ON THE GERAINATION OF SEEDS OF
HENBIT (LAMIUM AMIPLEXICAULE L.) .

M. BAXTER JONES A-ND LOWELL F. BAILEY
DEPARTMEN-TS OF HORTICULTt-RE ANsD BOTANY ANID BACTERIOOMcY, UNIVERSITY OF AIKA;NSA.S.

FAYETTEVILLE, ARKANSAS

This paper originated from the observation that
seeds of henbit failed to germinate when exposed to
light from a north window, but they germinated well
in the dark. While the writers have found no litera-
ture references to light effects on henbit seed germina-
tion, the fact that light affects the germination of
certain seeds has been known for many years (3).
Certain varieties of lettuce (Lactutca sativa L.), espe-
cially Grand Rapids, are classic examples of light-
sensitive seeds. Flint and McAlister (6, 7) deter-
mined that light of wavelengths between 5200 and
7000 A stimulated the germination of lettuce seed,
whereas far-red radiation (7600 A) sharply inhibited
germination of this seed. These observations have
been confirmed in more recent work (1, 2) and ex-
tended to other species (9).

This studv was undertaken to determine the extent
to which henbit conforms to the pattern known to
exist in other plants. The effects of light intensity,
light quality, and the stafge of imbibition at which the
seeds are irradiated have been investigated.

EXPERIMENTS
Freshly-harvested seeds of henbit (Lamium am-

plexicaule L.) are dormant and will not germinate for
several weeks regardless of light conditions. Efforts
to break this dormancy with a wide variety of treat-
ments were unsuccessful. A water extract of crushed
dormant seeds markedly inhibited the germination of
tomato seeds and non-dormant henbit seeds. Appar-
ently the dormant seeds contained a water-soluble in-
hibitor which decreased during dry storage of the
seeds.

The effect of light intensity on germination of
non-dormant seeds was established by irradiating
seeds on moist filter paper in Petri dishes at various
(listances from an unfiltered 150-watt incandescent
light source. Eleven lots of 50 seeds each were used,
one of which was maintained in continuous darkness.
Light treatments were continuotus for 72 hrs and were

1 Received March 13, 1956.
2 Published with permission of the Director of the

Arkansas Agricultural Experiment Station.

followed by an additional germination period of 48 hrs
in the dark. Germination counts were made at the
end of this light period and again after periods of
24 and 48 hrs in the dark. Weak diffused daylight
was used to make the germination counts after the
24-hr dark period.

A major inhibitory effect was obtained with the
lowest light intensity used, i.e., 0.8 ft-c (table I).
Germination was reduced from 70 to 24 % at this in-
tensity. At 2.8 ft-c germination was completely in-
hibited. After 24 hrs in the dark, recovery from this
light effect was evident in seeds which were treated
with less than 2.8 ft-c of light. Forty-eight hours
after the light treatment most of the inhibition was
gone regardless of the intensitv of the irradiation used.

Recovery from light inhibition was noted in an-
other experiment. In this case seeds were presoaked
in water for 15 hrs before treatment for fouir minutes
with light from an incandescent source filtered
through red and blue Celloplhane. This filter com-
bination gave maximutm transmittance between 7300
and 8700 A, with nio radiation below 7000 A. The
incident energy of this far-red radiation was approxi-
mately 8.1 x 10-3 joules/cm2 x sec. In this ex)eriment
good germination was obtained 120 hrs after the in-
hibiting light treatment.

Light sensitive seeds generally have shown greater
sensitivity to one or more particular parts of the
spectrum (1, 3, 5, 6, 7). Henbit seeds show a similar
selectivity in their response to light. In these experi-
ments triplicate lots of 100 seeds each were exposed
after 16 hrs of imbibition to six minutes irradiation
with spectral bands havinog peak transmissions at
3600, 4300, 5200, 5800, and 6000 A, respectively.
These light treatments were obtained with glass filters
(Corning Color Filters, Corning Glass Works, Corn-
ing, New York) which were found to transmit spectral
bands about 400 A units wide with peak intensity in
the approximate middle of each band. Far-red radia-
tion (7300 to 8700 A) used in this and subsequent
experiments was obtained with light from an incan-
descent lamp filtered through two layers of red and
two layers of bluie Cellophane. The incident energies
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