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Further Studies on a New Pathway of Photosynthetic Carbon
Dioxide Fixation in Sugar-Cane and its Occurrence in other
Plant Species
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1. The pathway of photosynthesis in sugar-cane, which gives most of the radio-
activity fixed during short periods in 14COj3 in C-4 of oxaloacetate, malate and
aspartate, was examined under varied conditions. 2. The pattern of labelling was
essentially the same with leaves of different ages and with leaves equilibrated at
carbon dioxide concentrations in the range 0-3-89, (v/v) and light-intensities in
the range 1400-9000ft.-candles before adding 14COz. 3. Radioactive products
were examined after exposing leaves of 33 different plant species to 14COg for 4sec.
under standard conditions. 4. A labelling pattern typical of sugar-cane was found
in several species of Gramineae but not in others. Of 16 species from other Families
only a species of Cyperaceae contained a large proportion of the fixed radioactivity

in oxaloacetate, malate and aspartate.

Enzymes other than ribulose diphosphate car-
boxylase may be operative for photosynthetic
carbon dioxide fixation by some bacteria (Losada,
Trebst, Ogata & Arnon, 1960; Fuller, Smillie,
Sisler & Kornberg, 1961; Buchanan, Bachofen &
Arnon, 1964; Buchanan & Evans, 1965) and recent
evidence indicates that photosynthesis in sugar-
cane proceeds by an alternative process (Kortschak,
Hartt & Burr, 1965; Hatch & Slack, 1966). Our
studies with sugar-cane leaves, conducted under
steady-state conditions, showed that after approx.
1sec. in 14CO2 as much as 939, of the fixed radio-
activity was located in oxaloacetate, malate and
aspartate. Radioactivity appeared first in C-4 of
the C4 dicarboxylic acids and then in C-1 of 3-
phosphoglycerate. We concluded that C-1 of
3-phosphoglycerate is derived from C-4 of either
oxaloacetate or possibly malate by a transcarboxy-
lation reaction. These studies were conducted with
leaves of the same age, at the concentration of
carbon dioxide in air, and with a relatively high
artificial light-intensity of 8200 ft.-candles. Two
important questions arise from this work: (a) are
the early products of photosynthesis in sugar-cane
the same with leaves of different age and under
varied conditions of carbon dioxide concentration
and light-intensity?; (b) what other plant species

have a pathway of photosynthesis similar to that in
sugar-cane? The present paper provides in-
formation relating to these questions.

MATERIALS

Except where otherwise indicated leaves of sugar-cane
(hybrid variety, Pindar) were used. The commercial
sources of enzymes, reagents and radioactive compounds
were as described by Hatch & Slack (1966).

METHODS
Photosynthesis in 14COq

Segments of leaf-blades were cut, equilibrated and
exposed to 14CO; in either a large tube or the Perspex
chamber as described by Hatch & Slack (1966). Subsequent
treatments including the killing procedure are described in
the legends of individual Tables. The light-source and the
method for measuring light-intensity were as described by
Hatch & Slack (1966). Light-intensities are expressed as
ft.-candles but the equivalent value in terms of cal./cm.2/
min. may be obtained by multiplying ft.-candles by
4-4x 1075,

Extraction of tissue

Leaves were killed by adding either boiling 809, (v/v)
ethanol or 85%, (v/v) ethanol containing HCl (0-2N) and
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2,4-dinitrophenylhydrazine (0-04%, w/v) at —80° when
oxaloacetate was to be determined. Extraction and
counting procedures were as described by Hatch & Slack
(1966) except for the following modification when the latter
killing method was used. Approx. 25ml. of the mixture was
added to stop photosynthesis and the pooled tissue extracts,
including extractions with 509, (v/v) ethanol and water,
were evaporated under reduced pressure at 30° to about
20ml. After the extraction of 2,4-dinitrophenylhydrazones
from this solution with chloroform (Aronoff, 1956) the
aqueous layer was further concentrated to about 5ml. This
extract was used to determine the radioactive water-soluble
compounds.

Identification and estimation of radioactive
products

Compounds labelled during photosynthesis by sugar-cane
leaves were identified and estimated as described by Hatch
& Slack (1966).

For the studies on photosynthetic products of leaves of
different species the following standard procedure was used.
Paper-chromatography solvents employed were: A,
butan-1-ol-propionic acid-water (10:5:7, by vol.); B,
pentan-1-0l saturated with 5N-formic acid; C, ethyl
acetate—pyridine-water (8:2:1, by vol.); D, butan-1-ol-
ethanol-0-5N-NHg (7:1:2, by vol.). The sources of the
solvents and the methods for estimating radioactivity on
developed chromatograms were described by Hatch &
Slack (1966).

Malate. Malate was identified by its mobility on
chromatograms developed with solvents 4 and B and
estimated from the latter chromatograms. Its identity was
confirmed by enzymic conversion into fumarate (Hatch &
Slack, 1966).

Aspartate. Aspartate was identified and estimated from
chromatograms developed in solvent A. To confirm its
identity the area of the chromatograms corresponding to
aspartic acid was cut out and its radioactivity determined
with a Geiger-Miiller tube. The paper was then sprayed
with 2-5% (w/v) ninhydrin in 0-25M-sodium citrate buffer,
pH2-6, and heated in a humid atmosphere at 70° for 30min.
Trials with [1,4-14Claspartate established that the radio-
activity located in the carboxyl groups of aspartic acid is
lost as COz during this treatment. For the different leaves
examined the treatment released between 89 and 999, of
the radioactivity from the areas of the chromatograms
corresponding to the aspartic acid. i
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Ozaloacetate. The chloroform extract was concentrated to
approx. 5ml. and the radioactivity in a 0-05ml. sample was
determined by liquid-scintillation counting in the toluene—
ethanol-phosphor mixture used to count aqueous extracts
(Hatch & Slack, 1966). Other samples were co-chromato-
graphed with authentic 2,4-dinitrophenylhydrazone
markers in solvent D and the proportion of the total
radioactivity in the oxaloacetate derivative was determined.
The 2,4-dinitrophenylhydrazone of pyruvate was the only
other labelled compound detected in the chloroform
extracts.

The radioactivity in C-4 of oxaloacetate was determined
by heating the 2,4-dinitrophenylhydrazone derivative in
0-5N-HCl. This treatment releases C-4 as COg, leaving the
pyruvate derivative as the other product (Block, Durram &
Zweig, 1958). Trials with the authentic derivative estab-
lished that the reaction proceeded quantitatively in 25min.
at 85°. Samples of the oxaloacetate derivative were
prepared by elution with 0-1N-NHj3 from chromatograms
developed in solvent D. Loss of radioactivity as COz was
determined by counting samples before and after treatment.

3-Phosphoglycerate and phosphorylated hexoses. Samples
of aqueous extracts were treated with FEscherichia coli
alkaline phosphatase and then chromatographed in solvents
B and C. The proportions of the total radioactivity located
in glyceric acid (solvent B) and glucose plus fructose
(solvent C) provided a measure of the radioactivity originally
located in 8-phosphoglycerate and hexose phosphates.

RESULTS

Effect of various condisions on the early products
of photosynthesis in sugar-cane leaves

Effect of leaf age. The amount of 14CO3 fixed by
leaf segments increased with increasing leaf
maturity, but there was little difference in the
distribution of the incorporated radioactivity
(Table 1). In the different leaves malate and aspar-
tate contained between 63 and 709, of the total
radioactivity after 5sec. in 14COz. In the same
experiment segments of leaves were also exposed to
14C0g for 70sec. As with the shorter treatment, the
distribution of radioactivity in individual com-
pounds was very similar for the different leaves.

Effect of carbon dioxide concentration. Leaves
were equilibrated with different concentrations of

Table 1. Early products of photosynthesis in sugar-cane leaves of different age

Leaves are numbered from the youngest fully-expanded leaf as zero, the younger leaf above this leaf being —1.
Leaf segments were exposed to 14CO; for 5sec. in a Perspex chamber (Hatch & Slack, 1966) and killed in boiling
809, (v/v) ethanol. The light-intensity was 8900ft.-candles. Other details are described in the Methods section.

10-4x Total 14C Distribution of total 14C in individual compounds (%)
incorporated ‘ A \
Leaf (counts/min./100 mg. Malate Aspartate 3-Phospho- Hexose mono- Other

no. of residue) glycerate phosphates compounds

-1 133 63 7 16 8 6

0 221 49 14 18 5 14

2 212 52 17 19 5 6

5 326 48 17 18 7 10
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carbon dioxide and then a standard quantity of
14002 was supplied. With increasing carbon
dioxide concentrations there was an approximately
proportional decrease in the amount of 14COz fixed,
but the amount of the total radioactivity in malate
plus aspartate remained high with all treatments
(Table 2).

At least for leaves equilibrated at carbon dioxide
concentrations in the range 0-03-1-47%, (v/v) the
pattern of labelling was almost identical, although
the magnitude of the increase in carbon dioxide
concentration due to the addition of 14CQOg varied
widely. To obtain sufficient radioactivity for the
analyses conducted in some previous time-course
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studies (Hatch & Slack, 1966) it was necessary to
supply an amount of 14CO; that increased the total
concentration of carbon dioxide from 0-032 to
0-0556% (v/v). We have now shown in a separate
experiment that the proportion of radioactivity in
different compounds at 5, 10 and 30sec. is the same
when the carbon dioxide concentration was
increased from 0-032 to only 0-0349, (v/v), or to
0-055%, by adding 14CO3.

Effect of light-intensity. As the light-intensity
was reduced from 9100 to 1470ft.-candles the
proportion of the fixed radioactivity in malate plus
aspartate rose from 87 to 1009, (Table 3). Though
the rate of carbon dioxide fixation was considerably

Table 2. Effect of carbon dioxide concentration on the early products of photosynthesis
in sugar-cane leaves

After the standard equilibration treatment at 8900 ft.-candles, individual segments were transferred to a test tube
and flushed for 12min. with humidified gas mixtures containing different concentrations of COz. As soon as the
flushing was discontinued 2-1 ymoles of 14CO; gas containing 3-9 x 107 counts/min. were injected and after a further
3sec. the leaf segments were killed and analysed as described in the Methods section. Gas mixtures were obtained
by proportioning standard COz+ Na mixtures with either air or Oa so that the concentration of Oz was always

approx. 20%, (v/v).

Conen. of COz (%, v/v) 104 x Total 14C
— A \ incorporated
For 12min. (counts/min./100mg.
before 14CO,  After 14CO of residue)
injected injected
0 0-06 99
0-03 0-09 390
0-075 0-135 144
0-404 0-464 48
1-47 1-53 28
3-87 3-93 5

Distribution of total 14C in individual compounds (%)

A

Malate Aspartate Phosphorylated Other
compounds compounds
35 32 27 6
51 30 16 3
58 26 16 0
60 28 9 3
62 28 10 0
35 36 28 1

Table 3. Effect of light-intensity on the early products of photosynithesis in
sugar-cane leaves

All leaf segments were equilibrated at 9100 ft.-candles under the standard conditions. One segment was then
transferred to a tube at the same distance from the light-source, exposed to 14CO; for 3sec. and killed with boiling
809, (v/v) ethanol. The equilibration chamber containing the remaining leaves was then moved away from the
light-source in a stepwise manner to obtain the lower light-intensities. After 5min. at each new light-intensity
another leaf segment was exposed to 14COg at that intensity. Other details including the method for measuring

light-intensity are described in the Methods section.
104 x Total 14C

Distribution of total 14C in individual compounds (%)

incorporated — A \
Light-intensity (counts/min./100mg. Malate Aspartate 3-Phospho- Hexose mono- Other
(ft.-candles) of residue) glycerate phosphates compounds
9100 454 55 32 9 3 1
6900 284 56 32 9 11 2
5570 307 56 31 7 1-2 5
3680 262 60 31 6 0-7 2
2000 169 67 33 0 0 0
147 53 65 35 0 0 0

0 1.5 _—
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decreased at 1470ft.-candles it was still 35 times the
rate for leaves in the dark. In the dark, essentially
all the radioactivity fixed during a period of 5min.
remains in malate and aspartate (Hatch & Slack,
1966). However, a separate study showed that
after longer period at 1500ft.-candles the sequence
of labelling of other compounds was the same as
previously observed with higher light-intensities
(Hatch & Slack, 1966). After 14sec. in 14CO3 99, of
the radioactivity was located in 3-phosphogly-
cerate, and after 20sec. hexose phosphates were
labelled.

Early products of photosynthesis in different
8pecies and other genera

The radioactive products formed after leaves of
several monocotyledonous and dicotyledonous
plants were exposed to 14CO3 for 4sec. are shown in
Table 4. The commercial sugar-cane variety,
Pindar, used for our previous studies is a hybrid of
Saccharum officinarum and S. spontaneum. Varieties
of these two species and S. sinense, and also of plants
belonging to several other genera of Gramineae,
showed the same labelling pattern as Pindar.
However, with several other members of the Family
Gramineae, and with other monocotyledonous and
dicotyledonous plants, the C4 dicarboxylic acids
were not labelled. A few of these species contained a
trace of radioactivity in malate but in all cases most
of the radioactivity was located in 3-phosphogly-
cerate and hexose phosphates. An exception was
the species of Cyperus that showed a pattern of
labelling typical of sugar-cane. A fern (Nephrolepis
cordifolia) that was also examined contained 479, of
the radioactivity in 3-phosphoglycerate and 489, in
hexose phosphates.

DISCUSSION

We have proposed a scheme (Hatch & Slack,
1966) for photosynthesis in sugar-cane that differs,
at least in the initial steps, from the pathway that is
generally accepted to operate in plants (Calvin &
Bassham, 1962). During the present studies we
varied leaf age, carbon dioxide concentration and
light-intensity and obtained essentially the same
labelling pattern as observed previously with our
standard conditions (Hatch & Slack, 1966). The
identification of the sugar-cane type of pathway in
plants apparently does not depend on the use of a
precise set of experimental conditions.

‘We have proposed that the labelling of 3-phospho-
glycerate proceeds via C4 dicarboxylic acids during
photosynthesis of sugar-cane leaves in 14COg
(Hatch & Slack, 1966). If this is the only pathway
operative it should be possible, with a sufficiently
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brief exposure to 14COj, to obtain label in Cj4
dicarboxylic acids but not 3-phosphoglycerate.
However, in the previous experiments relatively
high light-intensities were used and after exposure
t0 14CO¢ for only 1sec. about 59, of the radioactivity
was located in 3-phosphoglycerate. We have now
found that with light-intensities of 1500-2000ft.-
candles no label can be detected in 3-phosphogly-
cerate until about 9sec., but that qualitatively the
time-sequence of labelling is the same as that
previously observed. At lower light-intensities the
primary carboxylation reaction apparently pro-
ceeds at a relatively more rapid rate than the
transfer of radioactivity from C4 dicarboxylic acids
to 3-phosphoglycerate.

We have emphasized the improbability of sugar-
cane’s being unique in terms of its pathway of
photosynthetic carbon dioxide fixation (Hatch &
Slack, 1966). The present studies show that species
from several of the tribes of Gramineae display a
similar pattern of labelling to that observed with
sugar-cane. These tribes are taxonomically related
(Stebbins, 1956). Some classifications divide the
tribes of Gramineae into two main sub-groups (Prat,
1960), and all the species showing the pathway
similar to sugar-cane belong to tribes in one of these
groups. Members of the other group including
wheat, oat, bamboo and a rice relative contained
little or no label in C4 dicarboxylic acids.

A feature of the survey of different plant species
is the clear distinction between the sugar-cane type
of pathway and the pathway that features 3-
phosphoglycerate as a major early product. Hence
the evidence for the sugar-cane type of pathway in
the Cyperus species emphasizes that it may be more
widely operative than this relatively limited survey
suggests.

The present studies confirmed the assumption
(Hatch- & Slack, 1966) that the distribution of
radioactivity in the individual carbon atoms of
malate would reflect the labelling of oxaloacetate.
With all plants in which radioactive oxaloacetate
was detected, between 90 and 1009, of the 14C was
located in the C-4 position. However, labelled
oxaloacetate was only detected in leaves containing
a high proportion of the total radioactivity in
malate and aspartate. Between 1 and 109, of the
radioactivity was located in oxaloacetate but as
little as 0-059 would have been readily detected.
These studies have not provided support for the
suggestion (Hatch & Slack, 1966) that in other
plants the sugar-cane type of pathway may operate
to give labelling of oxaloacetate but not of malate or
aspartate. The possibility that malate and aspar-
tate are side products of the main pathway is still
not excluded.

Recent studies of maximum photosynthesis
rates and photo-respiration demonstrate differences



PHOTOSYNTHETIC COz FIXATION IN HIGHER PLANTS 421

Vol. 102

$-O ur
91%9190%0[8X0
030 %

el (44 1414 0 0
68 €€ 82 0 0
LT 6% €€ 0 0
18 9% 8¢ 0 0
8¢ €2 ¥g 4 0
ST Lg 8y (4 0
02 6€ 7€ L 0
6 (14 Ly ¥ 0
6 8¢ €g 0 0
134 68 92 4 0
(114 (44 8¢ 0 0
€1 LE 8% 4 0
144 29 <2 0 0
148 6% Lg 0 0
¥ [4 1 6L 61
LI 82 <g 0 0
81 8¢ 44 0 0
L1 (44 1414 [4 0
81 9¢ 9% 0 0
0 0 0 001 g1
L 8 ot oL €3
11 L o1 2L L9
11 11 4! 99 L1
11 g (4} gL €9
0 [4 4} 88 (48
8 14 81 oL 29
01 4 8T 0L LG
i 4 4 L a8 60
- — 418 9 a1
8 9 61 L9 12
eI 0 11 9L 9-01
o1 9 41 69 €€
oyerew +
spunodwod sopeydsoyd 99810043 ayejredse 4
19730 9S0XOH -oydsoyg-¢

%

9)8)008BO[BX()  998J90BO[BX()

g

(%) spunodwoo [eNPIAIPUL UI ;1 [810 JO UOTINQLIISI(L

0008q0],
9919 UMY

osegq

WnruBIeY)

uweq eLog

ugaq YoudLy

399q IoA[lS
eonygery

Tomopuns osousdep

suop-wAn
A1y 10prdg
wped oy
Buus)
vuBUBg
o3peg
ooqueg
ad£y-a01g
8380
8oYM.

88813 sopoyy

ssv13 jodie)
wmjedseg
(u100) ezIB|Y
88013 uosuyo
wnydiog
OoBuIpuI\
souny)
Awpepusy
s[ped
Tepulg

A3e118A I0
QWeU UOUIUIO))

o1849d
vlos
stwbma
swvbnma
DJravs
myofisssarp

v4af1yfizoop

swpbna
DApUDXIY
Dayws
wnays
Yumoiq
vuvfivb
wnopLp
shivw,
asuaday
plqdy
SnUNTOUL
25UdUS
wnauvyuods
wnsvuroyffo
pHqdy

soroadg

DUDIOIIN 98008UB[0]
smydfypongy 0v008IA
snunsg 0830880
wniuobivpad — 98I0BIUBIOY)
suwfiyy  eesourmnoy
snjossvyg  ovsourmngory
g 9esoeIpodousy))
DongVT osysodwo)
ooy,  oeysodwop

98aUOPA[L}091(T
wnprquhiy 989pIYOIN
wnyvy 9Ba0BII'T
raoyd osuIeq
DUUD)) 9820BUUBY)
vsn 9BI0BSNY
snuadhiy awoovIadL)
vSNQUDG 9BOUIIIBIY)
V18429 oBOUITIBIY)
vUNY oBOUITIBIY)
WNIULLT, oBoUIWIBIY)
813804604757 9BoUIWBIY)
834019 9BOUITIBIY)
DLDPbYT 9BIUIWBIY)
sndouoxy 9BIUIWIBIY)
wniopdsog 9BaUIWBIY)
07 9BOUTIIBIY)
wnybiog 0BaUTWIBIY)
wnybiog 98aUIWBIY)
SnYPUDIL QBIUIIIBIY)
WNIDYIIDY 9BOUIIIBLY)
WNIDYOIDY 9BOUTUIBIY)
WNIDYIODY QBOUIIBIY)
WNIDYIODY 9BAUTBIY)

98aUOPa[£3000UOI

snuay) Apweg

*(0va980138a) 8118046047 ¢ (90OPLIO[Y)) St407Y)) ¢ (9BOOIUBT) D2DYbYT PUe sndouox()
‘unyndsp ¢ (evopARyy) va7 ¢ (evsuoIodorpuy ) wnybiog pue snyjuviig ‘wn.ivyong : sesoyjusred ur uaA1d oxe Suofeq BIOUIS FUIMO[[O] Y3 YOTYM 0 89q LI} Y], "UOI}0a8
SPOYJSI\ Oy} Ul PqLIOsap sB PIsA[euB pue po[[Iy Uay} puB ‘098§ I0J 30y 03 posodxo ‘sajpuvo-'130008 "xoxdde 98 paysiqinbe a1em sjuanE3os JBo[ 10 89ABST

£9100d8 yup)d 049008 Uy 8183YyguUfisogoyd fo sgompoud Fuma ayg Jo Faaung § o1qe],



422

between tropical grasses and several other plants
including temperate grasses. The grasses that we
showed to have similar products of photosynthesis
as sugar-cane are all of tropical origin. Hesketh and
co-workers (Hesketh & Moss, 1963 ; El-Sharkawy &
Hesketh, 1965; J. D. Hesketh, personal communica-
tion) found that the maximum rates of photo-
synthesis at light-saturation for all tropical grasses
were approximately double the rates for temperate
grasses and several dicotyledonous plants.
Attempts to explain these differences in terms of
resistance to carbon dioxide diffusion were incon-
clusive. However, the absence of detectable
photo-respiration from the tropical grasses (El-
Sharkawy & Hesketh, 1965; Forrester, Krotkov &
Nelson, 1965) may be indicative of & more efficient
process for fixing carbon dioxide. Clearly, further
studies will be necessary to establish the significance
of the sugar-cane type of photosynthetic pathway
in the tropical grasses in relation to these observa-
tions.

We thank Dr H. T. Clifford and Dr B. H. Most for identi-
fying some of the plants used.
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