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Summary. The carbohydrate metabolism of the autotrophically grown blue-green
alga, Tolypothrix tenuis, was studied. The alga respires glucose. fructose, galactose, and
ribose.

About 60% of the glucose consumiied is converted by starved cells into a glucose
polysaccharide. Glucose uptake and 02 consumption are not inhibited by 0.01 M arsenite
or by 0.005 M iodoacetamide.

The distribution of 14C in the polysaccharide glucose was established after feeding
of glucose-1-14C, -2-"4C, -6-"4C, ribose-1-"4C, and fructose-6-"4C. Randomization of iso-
tope between the 2 halves of the glucose from polysaccharide is limited when the experi-
ments are carried out in the dark. After an extended incubation glucose-2-14C yields
a glucose molecule with isotope labeled approximately equal in C-1, C-2 and C-3.

When the labeled glucoses were fed at a light intensity of compensation point, and
in the presence of carbon dioxide, a greater degree of randomization of isotope occurred.
The enhanced randomization of isotope is thought to result from an additional supply
of triose phosphates as a result of photosynthesis which creates an environment favorable
to the reversal of the glycolytic reactions.

To account for the labeling patterns and the resistance of respiration to the inhibitors,
it is proposed that the oxidative pentose phosphate cvcle is the major pathway of carbo-
hydrate breakdown in this alga.

Most of the studies of algal carbohydrate metab-
olism have been done with the green algae (6).
Based on studies with inhibitors, enzymic assays and
'4C distribution in the glucose mioiety of polysaccha-
ride, the Embden-Meyerhof pathway appears to be
the principal route of glucose respiration in the
Chlorellaceae (6). However, little is known about
the carbohydrate metabolisnm of the blue green algae.
The resistance of glucose respiration of Tolypothrix
tcnu is to respiratory inhibitors such as arsenite and
iodoacetamide was interpreted to mean that a path-
way or pathways other than classical glycolysis was
of importance to cellular respiration (2). Examina-
tion of the distribution of 14C in the polysaccharide
glucose from short-term photosynthesis with both
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Anacystis nidulans and Chlorella pyrenoidosa ( 12)
revealed a similar pattern of asymmetry, as described
by Gibbs and Kandler (7).

Blue green algae are usually considered as obli-
gate autotrophs. The ability of T. tenuis to grow
heterotrophically with glucose as the main source of
carbon (13) makes this organism particularly tuse-
ful in a study dealing with carbohydrate breakdownl
in the Cyanophyta. This report is an attempt to
evaluate the pathways involved in the metabolismi of
sugars deduced from 14C distribution in the polysac-
charide. In addition, the effects of light and glyco-
lytic inhibitors on the glucose metabolism are also
examined.

Materials and Methods

Organism. T. teniis, provided by Dr. A. Wat-
anabe, was grown batchwise at 330 to 350 in 5-liter
flasks containing 3 liters of culture medium. The
composition of 1 liter of medium was: KNO3, 3 g;
Na2HPO4*12 H2O, 0.5 g; MgSO4 7 H,O, 0.02 g;
Arnon's A 5 solution, 1 ml; 1 % EDTA-Fe solution,
1 ml. Air enriched with 3 % CO2 was continuously
bubbled through the cultures. A bar magnet kept the
medium agitated and the gas bubbles dispersed. Vig-
orous stirring was found essential for good growth.
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TI'he cultures we-ere illuminiate(l continuotusly by fluor-
escent lights (Sylvania white) supplemlente(d vith
100-x- incandesceint blull)s. The light intensitv at the
suirface of the flask was roughly 300 ft-c. Starve(d
cells were obtained by- aerobic incubatioin of 3-dav
cultuires in darkness for 24 houirs at the samie tenmper-
ature uised for growth. Cells were harvested b1 fil-
tratioIn onlto S aiid S No. 588 paper. The cell miat
was reiniov-ed fromii the paper with distilled water
anid theni centrifuiged at 6000 X g. The cells were
sulspenlde(l in (listille( water to a final concenitrationl
of about 10 mgi- (drv \weight per nml. The yield wvas
albout 100 ng (dry weight of cells froml 1 liter of
medilm. To clheck for bacterial coontamiiniationi. 2
nil of cell cultuire were introduced into 10 nil of
g,rowtlh miiedliulmi wvhich had l)een fortified wvith cas-
aiiC) aci(ls and(I glucose. If tIo turbiditv or bac-
terial growth resulted after 2 to 3 days at 300 the
culltuire was taken as free fromi contamiiniatioln.

'IC-Labcled Suibstratcs. Glucoses labeled at posi-
tioIns 1, 2 or 6 xvere purchased from N.ew England
Nuclear Corporation and ribose-1-14C froimi Nuclear
Chicago Corporation. Fructose-6-1 4C was l)repared
froii gllucose-6-1 4C by utilizing crystalline yeast
hiexokinase, and( highlylpurifiedl preparationis of rab-
bit mutiscle phosphohexose isomerase and potato phos-
pllatase. P'urity of the fructose xxas establishedlby
paper chromnatography.

Dark Inicutbationi wcith Labeled Suibstrates. IIncu-
bation was carrie(l out at 370 either in 150 ml or 50
nil \Warbturg vessels using a total reaction volume of
12 ml, or 5.5 ml. respectively. In some experiments.
the center well containied a filter paper wvick xvetted
with 0.5 ll of 20 % KOH. For incubation tlli(ler
air eniriched wvith 1 % CO., the ceniter xvell coiltailied
0.5; nil of Pardee buffer; an additional 0.7 ml wvas
place(l in 1 of the 2 side armiis. The flasks were
fluslhed with a, 1 % CO.-air miiixture anid tlhen eqilmli-
brated for 30 miniuttes.

Inicutbbationl aIt Conipensation Point. The samiie iilcuI-
bation systemil as described under dark inculbatioln was
llse(l. \arbur-g flasks were illuminated from below
with I150 -\\ Sylvania. Flood lamnps. The compelnsa-
tioli l)oint was reached at abouit 30 ft-c as measured
at the water surface of the Warburg bath xvitli a
Weston lighlt imieter. A l)air of mlioniitor flasks was
u.;ed for eaclh feeding experimenit to check for the
l)roper lig-ht intensity by taking readings of the gas
exclhanige.

Isolationi of Polisacclharidc Glutcose. At the enid
of incubation, 12 nil of absolute ethainol wvere pipet-
ted inlto the imlainl comiipartmenit of the \VNarburg yes-
sel to stol) the reaction. After centrifugation, the
cell mlaterial wvas extracted exhaustively with 80%
(v /v ) ethanol at 800 unitil the washings wvere free
of radioactivity. The cell debris wNas theii hvdrolyzed
in 5 11l of 1 N HCI for 2 houtrs at 1000. The tin-
hydrolvzed fractioni was centrifuge(d anid the hvdroly-
sate was evaporated to dryness under vacuum over
PJ>, andlc Na(-I l)ellets. Carbohydrate content of
the -li drlrvsate was dletermiiined with anthrone.

'ol-.accharide glucose was isolated and idenitified
by paper chromatography. In every- experimient. all
radioactivity ini the p)olysaccliaride fractioni was ac-
couiited for as glucose. After elution from the paper
anidl a(lditioln of carrier, the glucose wxas (legra(le(l bY
the Lcitconiostoc iincsentcroi(dcs technlique (5).

Tine (C'oursc of Glutcose-1-'4C anlld Glincose-6- 14('
Respirationi. Twenty-four 15 nml \Varburg flasks were
equlally divided inlto 6 sets. F.achi set was subdivided
ilto sul)sets, olne to he runl in (lark, the other at
coliph)elisatioln poilit. One of the flasks ill the subset
conitainie(l glucose-1- ' C and( the other glucose-6-'4C.
hi the nilaini comiipartmiients xwere -Kphosphate buffer,
)I h.). 50( piloles: gCL.,. 5 ylimloles, sulbstrate 8.8
utimoles conitaining 5.6 ,xc (tippe(d in at timile zero fron
s;idearim) ccells. 9.4 mig of dry weight: the filial vol-
nie was 3.0 nl anid( 0.2 mffl of Pardee buffer xwas
p)lace(l in the ceniter xell. Oile of the si(le arimis was
occtipie(d by 0.2 mil of substrate, the other by 0.5 nil
of 18 x H.,SO. T'he 2 sets of experiments were
performiied concurrently. After the system has been
flushe(d xitli a miiixture of 1 % CO., in air aiid( equili-
h)rated for 30 miiinutes, substrate wvas tipped in. At
initerxvals of 10 minutes up to I hour, incubation of
each of 2 flasks was stol)ped 1)v tipping in the
H.,S04. After the reactioIn hlas been stopped, 0.4
nil of 20 % KOI-I xwas iinjected into a side armii. The
P0ardee buffer and the KOH xvere rinsed ouit with
the ai(l of a syringe. Three xvater xwashings, amiotunt-
ing to about 0.4 ml fromii eaclh ceniter well and( a
siiiiilar aninount frolni the KOH side-armii, were pooleCd.
'_O., eqtuivalenit to 350 wilioles fromii the K(OTI r

P1ardee h)uffer solutionl xvas colnverted to BaCO3'
Radioactivity xwas measured at inifiniite thickness xith
a xvindo type CAL coillter. Mo(lel 186. Ntuclear-
Clhicago.

Results and Discussion

Res/iratorlv PropcrtiXes. ( oir (lata porovide evi-
(lelice confirming the stildies of \Watanabe and his
associates (14) that T. tennis", in conitrast to miiost
other C('mauophy'ta x hiichi have been studied (15).
exhibit a stronig reslpolse il (O).. ul)take followinig the
a(dditioln of sugirs. Aniong the carbohydrates ex-
aiiiiiie(l, glucose gave the best respolse, folloxed by
fructose aand galactose (fig, ). Ribose stlpported
an O. uptake roughly equal to that of galactose.
Sillmilar to the studies of Kratz and -Myers (15 ) xxith
A4nab(acni(a variabil's, Ainacy stis nii(ldulanis and Nostoc
Iiliscorimin, '. tenniiis di(d niot exhibit noticeable re-
spoiise to added organic aci(Is, inlcludiing acetate,
pyrtuvate. anid u)-gluconate.

The rate of glucose uptake xvas fouln(d to be about
0.5 to I ,mlole per nig dry weight of cells per hiotir.
ITlle Qo.)values (,ul 0., uptake per hlour per mig (drv
xwt) xvere 4.3 and(l16.6 for the enidogenious and glucose
stimultllate(d respirations, respectix'elh. Assuniing tllat
the endogenous respiration xvas niot (listurh)e(l by suh-
strate. about 0.6 sLmole of 0. w as cons'umiied per. lni-oe
oif nllcn.e talkell op). O)f thlegch41co.e assimnilated.
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FIG. 1. Time course of 0., consumptioni of hexoses
ly T. tennis. Each 15-ml Warburg flask contained sub-
strate, 30 umoles; K-phosphate, pH 6.0, 30,umoles; MgCl2,
5 umoles and 6 mg dry weight of 24 hour starved
cells in a final vo:u.ie of 3.0 ml. The center well car-
ried 0.2 ml of 20 % KOH. The substrate was tipped
in at time zero from the side arm after an equilibration
period of 30 minutes. The atmosphere was air and the
temperature was 370. At the end of incubation for 120
minutes, the content of each flask was pipetted into a
centrifuge tube. The cell material was spun down and
an aliquot of the supernataint fraction was analyzed for
residual carbohylrate with anthrone. There were con-
sumed 11.8 Amoles of glucose, 7.0 umoles of fructose and
4.5 ,umoles of galactose, respectively.

60 % or miiore wvas converted into polysacclharide.
Ainother characteristic common to both Chlor-cila

(17) anid 7olypothrix was noted wheni the effect of
light oni the uptake of glucose was determined. In
our experiments, the total amount of glucose conl-
sumed or converted to polysaccharide differed onlx
slightly unider coniditionis of either darkness or comii-
pensation light intenisity, in the presence or absence
of CO2 (table I see also ref. 14).

Unilike Chloioclla( (11) and Scenedesm)uts (4), the
respiration of T'. tenintis was resistant to high conlcen-
trations of arseniite anal iodoacetamiiide. Arsenite at
0.01 M miiarkedly stilmiulate(d glucose uptake and its
conversioni to polysaccharide (table I) and( 0)., conl-
suniption (table II). In conitrast, inhibition of 1oth
O2 evolution and subsequent ulptake of 0., after
addition of 0.01 At arsenite to cells photosynthesizing
at a light intenisity of approximately comipenisationi
established entry of arseniite into the cells and its
blocking of photosynthesis (table II). Not shown,
0.005 M iodoacetamide gave similar results. These
findinigs with arsenite and iodoacetamide suggest that
the conversion of glucose to pyruvate by the usual
glycolytic pathway (Embden-Meyerhof) and the sub-
sequent oxidationi of the a-ketoacid serves in a lim-
ited capacity in the breakdown of glucose by T. teniuis.

M1etabolism of 14C-Labeled Sugars in the Dark.
Polysaccharide glucose isolated after dark feeding
of glucose-14C or ribose-1-14C revealed that the bulk
of the isotope remained in the position equivalent to
that in the added sugar (table III). WVhen glucose-
1 -l4C was substrate, some isotope nmoved to C-3 of
the polysacclharide glucose. WNThen glucose-2-14C was
respired, isotope was also founid in C-1 anid C-3 of
the polysaccharide glucose. Even wheni the glucose-
1-14C, glucose-2-14C and ribose-1-'4C was comiipletely
consumed, tracer was not founid to any substantial
amounlt in the lower half of the isolated polysaccha-
ride glucose. Contrary to these findings with glu-
cose-I anld -2-]4C, where little randomiiization of iso-
tope occurred, isotope located in C-6 of the fed glu-
cose was detected conisistenitly in C-1 of the polysac-
charide glucose. Not shownl, but simiiilar in labelinig

Table I. Glucose L'ptake (hid Cont-version to Polysaccharide in the Absciice or PrcseIcc of 0.01 1.\ Arsenite
in the Dark and at Co)mipensation Point

Each flask conitained K-phosphate buffer, pH 6.0, 50 umoles; MgCI2, 5 ,umoles; glucose, 20 /Amoles; cells, 9 mg
dry weight; final volume 3 ml; in center well, 0.2 ml of 20% KOH or Pardee buffer. The temperature was 370.
The gas phase was C02-free air or 1 % CO2. After 3 hours the cells were centrifuged. The supernatant solution
was assayed for glucose. The cells were hydrolyzed in 5 ml of 1 N HCl for 2 hours at 1000. Carbohydrate content
of the hydrolysate was determined with anthrone and is expressed as /moles of hexose after hydrolysis.

Dark Compensation

Gas

Control
0.01 M Arsenite

Control
0.01 'm Arsenite

Air-CO2 8.2~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
8.2

14.4 (1.76) *

1.7
11.2 (197)

I % CO., Air-CO2
tmoles of glucose consumed

7.6 10.6
13.2 (174) 12.6 (119)
Amoles of hexose after hydrolysis
4.7
9.0 ( 192) 9.2

* Percent over co-ntrol.

733

1 % Co2

7.5
10.7 (143)

5.4
8.3 (154)



PLANT PHYSIOLOGY

Iaable lI. ConIsIMIptin, or Pr-o)(ductioll of O2 inl the
Absen c o Prcsenwce of Arsecitt and int tfc Dark

or at Comnpensation Point
Conditions identical to table I. A minus ( -) inidi-

cates uptake an(l a Iplus ( + ) indicates evolutioni of 02.

Conditions

Endogenous
(Glucose
ELdogenous -0.--0.(1 m ar-seniite
(iluicose + 0.01 M\ arseniite

Dark Compensation
,umoles ,umoles

-4.1
-12.2
--- 6.5
--17.0

+5.3

-1.0

patterni to glucose-()--4(C was the 14C distril)tion ol)-
tained with fructose-6-'4C Interestingly, isotope
was detected in C-5 of polsaccharide glutcose when
glucose-6-'WC Was sul)strate.

The isotope labeling patterns in the polysacchla-
rid,e glucoses will be considered in relation to the
scheme depicted in figure 2. The 14C of ribose is
considered to enter the scheme by way of intermedi-
ates of the peintose-P pathway. It has beeni deimion-
strated that somiie of the enzymes of the gl\colytic
and pentose-P pathways (4, 18) are present in the
Cyanophyceac. By- means of these reactions, gli-
cose canl be coniverted into polysaccharide in 3 ways:
A) direct conversion involving reactions 1 anld 2
wNith nio rearranigemeint of isotope; B) breakdown of
hexose phosphate by Embden-Meyerhof reactions
(reactions 1, 2. 3. 4, 5, and 6) down to triose phos-
phates and back again which permits randomizationi
of isotope betweeil upper and lower half of the hexose
chain; and C) reactioni 7 the pentose-P pathwvay
together with reactions 3 and 2.

The reactions of the pentose-P cycle (reactioni 7
together with 3.2) are of particular interest because
they provide a mechanism for initroduction of 14C
into C-1 aind C-2 fronm C-3 and inlto C-I aind C-3

from C-2. Oin eachi turin of the cycle. 3 moles of
hexose-P' are coniverte(l intc) 2.5 mloles of n,ewvl re-
formle(d hexose-P with the conicomitanlt loss of 3 moles
of CO0. The half mole of hexose-P is derive(d fromii
C-4, 5. an(l 6 of hexose an(l inh this schemiie these
carboons have no inifluenice uponi the spread of tracer
within the upper half. The effect of repeated cycling
oln the 14C distribution of a 2-labeled hexose is illus-

Polysocchoride

2

7 Glucose-6-P - Glucose

Pentose -P
Pathway 3

Fructose-6-P -- Fructose

4

Fructose-1 ,6-diP

5

Glyceroldehyde -3-P* ---Dihydroxyacetone-P

Photosynthesis
GIycerate - 3 -Ps C02

I '
K reb's Cycle Dark" Fixation

FIG. 2. Outline of reactions wihicli mai effect '1(C
listribution inl polysaccharide glucose.

Table III. Distribution of 14C in Polysaccharide Glucoscs aft(r J)1ar I ccdinq of Labeled( Glincoses
or Ribose-1-14C

Two sets of experiments, A and B of duration 60 minutes and 140 minutes, respectively, are (lescribe(l hlere. In
expleriment A, the incubation mixtures of 12 ml contained: substrate, 60 Aimoles: K-phosphate. pH 6.0, 330 j.unoles;
MgCI2, 50 ,moles; cells, 54 mg dry weight. The amount of isotope w-as: glucose-1-14C. 56 ,c; glucose-2-14C, 40 tic,
andl glucose-6-14C, 50 /Ac. In experiment B, the incubation system of glucose-i-14C and -2-'4C of 5.5 ml contained sub-
strate, 38 ,imoles each of glucose-1-14C (5.2 luc) or glucose-2-14C (4.7 uic); K-phosphate pH 6.0. 100 gtitoles; cells,
66 mg dry weight. In the last 2 columns, the incubation mixture of 11 ml conitained: substrate, 30 Mmoles of glucose-
6-14C (15 ,uc) or 33 Aimoles of ribose-l-14C (15 Ac); K-phosphate, pH 6.0, 200 jumoles; cells, 130 ing (Iry weight.
The center well of each flask contained 20 % KOH. The gas phase was air anid the temperature was 370. The
figures represent the percentages of '4C in the various carbon atoIIms. Tlle value in parentheses is the splecific activ-
ity expressed in mAc/mg carbon.

Glucose-2-1 4C
A Br

71.0(2.3) 19.6 32.
. .' 61.4(3.7) 32.6( 2.3
16.7 13.9 23.6
3.5 1.4 5.2

;: .1.9 1.7
1.9 4.5

Glucose-6-' 4C
A

/.4
1.5

B

8.4
1.2

1.9 l.0
0.8 0.7
3.3 7.8

85.0(5.4) 80.4(5n.2

B

Carbon
atom

C-1
C2
C-3
C-4
C -5
C-6

G,lucose-1 -4C
A

82.5 (5.3)
2.5

.1

4.4
0.0
2.9

* Carboni lost.

Ribose-1 -4C
B

44.6(0.68)
17.1
30.8
2.7
_2.5
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POLYSACCHARIDE
2 1

GLUCOSE 6 P -GLUCOSE

PENTOSE -P
PATHWAY

FRUCTOSE-6-P - FRUCTOSE
/ 4~~t4

FRUCTOSE- 1,6 - d:P

GLYCERALDEHYDE-3-P _- DIHYDROXYACETONE-P

iLCRtE 3_p PHOTOSYNTHESIS_GLYCERHATE-3-P CO2

/DADARK" FIXATION
TRICARBOXYLIC ACID CYCLE

FIG. 3. Effect of the oxidative pentose-P cycle on the
14C distribution of a C-2-labeled hexose with repeated
cycling (see ref. 20 for comparison with glucose-3-,4-14C).

trated in figure 3. On the first turn of the cycle 14C
is introduced into C-1 and C-3 in a proportion of
2:1 (9). On further turns of the cycle, a hexose

unit is formed with isotope essentially equally divided
among C-1, 2, and 3. It is noted that randomization
of 14C between the 2 halves of the hexose chain is
not permissible by way of the pentose-P cycle.

The spread of isotope (table III) into C-1 and
C-3 of glucose from C-2 of glucose and C-1 of ribose
indicated active participation of the pentose-P cvcle
reactions (1). It is interesting to compare the cal-
culated values in the hexoses (fig 3) with the
observed values from the feedinig experiments. For

feeding of ribose-l-l-C with C-1 taken as 100, the
values are C-2 = 38, C-3 = 69, and the calculated
values for 3 turns of the cycle are C-1 = 100, C-2 =

50, C-3 = 77. Very convincing evidence of a com-

plete recycling of the pentose-P cycle is the approxi-
mately uniform distribution of isotope in C-1, 2, and
3 of polysaccharide glucose after a 140 minute feed-
ing of glucose-2-1*C (Column b). In this extended
experiment, essentially all the fed glucose was con-

sumed.
"Further evidence for the participation of part of

the reactions of this oxidative pathway is derived
from the glucose-1-'4C data. Pentose units derived
fronm a 1-labeled hexose through the decarboxylation
of 6-P-gluconate are unlabeled. Obviously, another
explanation is required to account for the appearance

of isotope in C-3 of polysaccharide glucose following
consumption of glucose-1-14C. An exchange reac-

tioIn catalyzed by transketolase involving C- 1 and
C-2 of fructose-6-P-1-14C and xylulose-5-P, an inter-
miiediate of reaction 7, would place isotope at C-1 of
the ketopentose. Resynthesis of a hexose unit yields
a labeling pattern similar to t'hat obtained vith ribose-
1-14C (table III).

While the bulk of the isotope was still conserved
at C-6 of the polysaccharide glucose (table V) when
glucose-6-1'C was substrate, limited randomization
to C-1 had occurred. Recycling through the pen-

tose-P pathway results in a relocation of 14C only
in the upper half of the hexose. Through this series
of reactions, glucose labeled at C-6 would not lose
its isotope and would be retained at C-6 of the newly
resynthesized hexose. The symmetry of a hexose
with respect to isotope labelinig is dependent upon
triose-P isomerase (reaction 6) which brings the
dihydroxyacetone-P and glyceraldehyde-3-P into
equilibrium. The fact that randomization of isotope
from C-1 and C-2 of the hexose to their homologous
partners, C-6 and C-5 was considerably smaller when
compared to the reverse process rules out the im-
portance of a mechanism involving solely the glyco-
lytic reactions as a means of achieving a symmetric-
ally labeled hexose. It would appear that random-
ization is the result of a mechanism whereby glycer-
al(lehyde-3-P labeled in the beta carbon and derived
from 'C-3,4, and 5 of a pentose-5-l4C unit (reaction
7) is brought into isotopic equilibrium with dihydroxy-
acetone-P. The reversal of the glycolytic reactions
would initroduce isotope into C-1 of polysaccharide
glucose. It is clear that by such a series of reac-
tions, the movement of isotope is unidirectional, pro-
ceeding only from the lower half of the consumedl
hexose to the upper half of the newly synthesize(d
hexose.

A relate(d point of discussion is the small but sig-
niificant increase in radioactivity at C-5 of the poly-
saccharide glucose obtained from the cells fed with
glutcose-6-14C. (table III). A scheme involving the gly-
colytic pathway an'd the isotope shuttle of the tricar-
boxylic acid cycle may be considered ( 19). In this se-
ries of reactions, glyceraldehyde-P-3-' *C would be
coniverted to acetyl CoA-2-'AC. Movement of the latter
comilpounId( through the intermediates of the tricar-
boxylic acid cycle and the relevant reactions of the
glycolytic pathway would result in the formation
of glyceraldehyde-3-P-2,3-14C. Isotope could enter
C-5 of the hexose unit either through the aldolase
system or by -the participation of an exchange reac-
tion catalyzed by transaldolase (16). The fact that
the isotopic content of C-2 of the polysaccharide glu-
cose remains constant during the experiment suggests
participation of transaldolase rather than of aldolase.
We interpret the labeling patterns of the poly-

saccharide glucoses, the inhibitor data, and the C1!
C, ratios (see below) as proof that the oxidative
pentose-P pathway and not the Embden-Meyerhof
pathway plays a dominant role in the respiration of
glucose by T. tennis. The inhibitor data can be coli-
sidered as supporting evidence for this view since
iocloacetamide and arsenite are knowni to inhibit D-
glyceraldehyde-3-P dehydrogeniase and( pyruvic aci(l
oxidase, respectively, but do not appear to affect any
enzyimie of the oxidative pentose-P cycle (3, 8).
Pertinent here is our finding that arsenite does not
alter the isotope distribution patterns in the poly-
saccharide glucoses after the feeding of glucose-l-
14C, glucose-2-14C and glucose-6-14C under the con-
ditions listed in table I. Enzymic studies (4, 10)
have led to a similar conclusioni.

735



736 I'LANT PITYSTOLOGY

flffect of Lig/it. \V'hen the incubations were car- or B) conditions favorable for the reversal of the
rie(l out at the compensation poinlt, the bulk of the glvcolvtic pathway includilig ani increase in the tri-
isotol)e in the l)olysacchlaricle glucose was again re- ose-P isoliierase reaction wvith resl)ect to other reac-
tained in the labeled position of the added glucose tions depicted in figilre 2.
(tables I\, V ). Tlfhis finidinig was milost evident in To deterimiine the validity of l)ostulate (A), the
the l)resence of light but in the absence of CO._. C,/C1 ratio was determined in the (lark as well as at
Light in the presence of CC)., cautse(d a striking in- compensation point. Six samiples of CO., were col-
crease in the randomization of isotope from (C-2 to lectedl at 10-minute intervals for a l)eriod of 1 hour.
C-5 anid fromii C-6 to C-1 (tables TV, V). TlAhe ratios (dark) obtained, starting with the initial

10-miiinute samilpling period were: 0.16. 0.34, 0.23, 0.34,
Table IV. I)istributioa of T4( i 0.28, 0.38 the corresponding values at compensation1Table IN-. DI)stribittio)i Of inC17 t1c Polysaccharide 0'10*' 03. h(;/iicosc ft(f cedii1n of G/itcosc-2-14C inl Dark point were: 0.15, 0.18, 0.25, 0.21, 0.28. 0.33. The

or at C o;npensav(tion1 Pointt C1/C, ratios were againi found to be essentially iden-
The incubation mixtures of 12 ml contained glucose tical Nvhen the experiment wvas carried out in the

60 ,umoles (21 fc); K-phosphate buffer, pH 6.0, 330 presence of 5X 10 'M 3-(p chlorophenyl)-1 1-di-
ismoles; MgCl.,, 50 ,umoles; cells, 38 mg dry weight. methyl urea. This concentrationi of herbicide inhibited
Gas phase, CO2-free air or 1 % CO., in air; 60 minutes, O., evolution more thani 90 % and(l had noeffect of glu-
370. The figures are percentages of 14C in various car- cose uptake either in the dark or at compensation.
bon atoms. The values in parentheses are the specific Trhese findiiigs argue againist postulate (A).
activities expressed in m/Ac/mg carbon. The other possibility, p)ostulate (B), will now be

coilsidere(l. Tin the context of this investigatioil, the
Carbon atom Air-CO, 1 % CO2 1 % CO°O action of photosyvnthesis is thought to provi(le a sit-

C-1 2.2 2.7 23.5 nation favorable for the reversal of the Embdell-
C-2 8s6.6(15.6) 73.4(8.1) 54.5(8.1) Meyerhof pathway bv increasing the flow of traffic
C-3 5.3 6.9 17.4 from triose to hexose and polysaccharide. Tin this
C-4 0.5 0 0.3 respect, it is of interest to compare the distribution
C-S 5.0 15.0 2.6 of 14C in the glucose forimied diuring the assimilatioln
C-6 0.5 1.5 2.4 of "4CO., un(ler the coliditionis of photosynlthiesis or

of darkness. By means of glycolysis anid the tricar-
boxylic acid cycle (fig 2). a stigar l1tbeled equally

Tablf V. I)istribition of 14C in Polvsaccharide Glincose in positions 3 anid 4 would be expected to be formed
!iisol(ited after Feedintg of Glucose-6-14C -in Dark d(uring (lark assimililatioin of 14CO., (dark fixation).

or (it Comizpenisation Point After exi)osure of To/lypot/irix to 14CO.. in the
The incubation mixtures of 12 ml contained glucost, dark for 1 hour. we founlid the distribution Tattern in

60 jumoles (31 j,c) and cells, 62 mg dry weight; other the polvsaccharide glucose to be C-1 7.5. C-2 =
components and experimental conditions identical to table 23.4. C-3 18. C-4 = 100, C-5 aniId C-6 = 0. Tt
IV. The figures are percentages of 4C inl various car- is uite clear that the 6-carbon chain foried in the
boii atoms. The values in parentheses are the specific q
activities expressed in nisLc/mg carlxin. (lark has an extremely uIsymmetrical 1C (istril)t

tioin patterin. W;\hile the incomlplete isotopic equili-
Compensationi Point Dark bration bN, triose isomerase can partially accotint for

Carbon the asviiimetric patteril. it does niot account, however.
atom .Air-CO2 1 % CO., Air-CO., 1 % CO2 for the higher contenit of "C in C-1 anid C-2 as colim-

C-i 6.6 14.5 7.6 8.0 p)ared to C-5 and C-6 or for the fact that C-2 and
C-2 1.5 1.5 1.7 1.1 C-3 have the sanme specific activities. The reactions
C-3 1.52 1. 1.4 0.6 of the p)entose-P i)athwNay are nertinent because the
C-4 1.( 0.5 0.6 0.3 effect of this cycle upon the "4C distributioln of a
C-S 3.7 2.8 1.3 1.9 3.4-labeled hexose is the introductioni of isotope into
C -6 86.1 (1.44) 79.5(1.76) 87.5(1.54) 88.0(1.04) C-2 and(I substotiently into C-1 coi)le(l to a (liltitioni

of 14C in C-3 (20). Tlhe specific activitv of C-4 is
uinaffecte(l. 'I'htis C-4 wvould have a higher activity

h'l'e inivestigatioin of Kand(ler andl Gibbs (10) with thani C-3 and C-3 would become roughly eqial to
C/lorc//a showed that photosynthesis had onlv a smiiall C-2 if the rate of the triose isomerase an(l aldolase
effect on the ran(lotiiiatioln of 1C4 between the 2 reactiotis were relativelslow compared to the coni-
lialves of the glucose molecuile followiing assilimilationi version of glucose-6-P' to frtictose-6-P and polvsac-
ojfspecifically labeled glulcoses. In contrast to (C/l- chafridle by way )f the pentose-P pathway. Til agree-
rella, the effect of light together wvith CO. on this imienit with this notion. ranldomizatioii of isotope from
kind of randomizationl of isotope was verv pronounced C-I anld C-2 to their e(Itiivalelits. C-5 and(I C-6. ini
in Tolypothrix (table IV, I). The increase of iso the lower half of the 6-carbon chain is limited wheii
topic crossing over may be the result of A) decrease the experiment is carried out in the absence of light.
of the pentose-P pathway with a concomitant in- Kindel and Gibbs (12) reported the following pat-
crease in the traffic entering the glx colv%tic pathway tern in polvsaccharide glucose formied during photo-
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svythesis at saturatinlg light inltensity using the blue-
green alga, Anacvstis ,iiduilanzs: C-1 26. C-2 = 21,
C-3 = 73, C-4 100, C-5 = 11, C-6 = 19. The
labeling patterni observed in the glucose synthesized
(luring photosynthesis tenids toward symmlietry when
compared to that synthesized in the dark. During
photosynthesis the photosynthetic carbon cycle is ac-

tive and it has been established that this cycle leads
to complete randomization of isotope within the hex-
ose molecule (7). The fact that both light and C02
were necessary to obtain the randomization of isotope
wden 14CO2 or a sugar was substrate establishes the
impbortant role of the photosynthetic carbon cvcle in
explaining our results recorded in tables IV and V.
Thus, when glvceraldehv(le-3-P is formed by the re-

actions of the oxidative pentose-P cycle. it can enter
into the chloroplast and be metabolized by the series
of reactions comprising the photosynthetic carbon

cycle. \Vhile the photosynthetic conditions use(d in
this investigation seemed to effect the respiratory
mechanism at least with respect to carbon metabolismii.
it shouldk be emphasized that dim light and C02 had
little influence on the uptake of glucose nor did it
resuilt in an increased polysaccharide formation.
We suggest that I effect of photosynthesis t)po01

glucose metabolism in Tolvpothrix is the creation of
an additional supply of glycolytic intermediates from
the photosynthetic carbon cycle, giving rise to a situ-
ation favorable for the formation of hexose from
triose through the al(lolase and triose isomerase re-

actions.
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