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ABSTRACT

The mechanism of utilization of organic acids in light in absence of CO, by Hydrilla
verticillata has been studied using C1¢0,, NaHC140j, acetate-1-C14, acetate-2-C14 and malic
acid-2, 3-C1¢. Evidence is presented to show that malic acid is utilized.in light as a substitute
for CO, in photosynthesis in two different ways : (i) by decarboxylation to CO; which is then
fixed along the conventional photosynthetic path with the evolution of O. which comes from
water participating in the reaction, and (ii) by a conversion of malate to carbohydrate through
phosphoenol pyruvate. The rate of decarboxylation as indicated by CO. evolution may be
higher than that of CO. fixation and such acids as citric, succinie, fumaric, a-ketoglutaric,
aspartic and glutamic may also be used in the same way.

The utilization of organic acids as a substrate for photosynthesis by a number of
succulent plants has been a matter of controversy for several decades (Rabinowitch
1945). It has been suggested that the acids are reduced photochemically to carbo-
hydrates directly or by a primary oxidation to CO, which is then fixed along the
conventional photosynthetic pathway. Bose (1924) argued that it was “‘unreason-
able to suppose that when the plant can assimilate or reduce so highly oxidised
an acid as H,CO, necessitating a large expenditure of energy it should not reduce
the less oxidised organic acids”. Working with Hydrilla verticillata an aquatic
plant which accumulates acids in summer months, he was able to show that malic
acid could completely substitute for CO,, and photosynthesis—as evidenced by
evolution of Oy—could continue in total absence of CO,. The availability of isotopic
tracers has made possible a re-investigation of the problem and a systematic
investigation was undertaken, the results of which are presented below.

MArEeRIALS AND METHODS

Hydrilla varticillata was grown in the tanks of the Bose Institute. Before
each experiment the twigs were washed thoroughly with sterile distilled water and
cut into small pieces. Only green apical regions were used.

BaC1*0,, NaHC10,, Acectate-1-C4, Acetate-2-C'* and Fumaric acid-2, 3-C14
were purchased from the Radiochemical Centre, Amersham, England. The C10,
was generated by the action of lactic acid on BaCl4Q, inside the experimental jar.
Malic acid-2, 3-C was prepared from fumaric acid-2, 3-C* by the method of
Raha and Sen (1958).

At the end of each experiment the tissues were extracted in hot 80 per cent
ethanol. The extract was filtered and the residue washed repeatedly with hot
80 per cent ethanol until the filtrate was free from any radioactivity. The combined
filtrates were evaporated to dryness under a draft of air, dissolved in a small volume
of distilled water and centrifuged. An aliquot of the clear supernatant was chro-
nmatographed two-dimensionally on Whatman no. 1 filter paper with water-saturated
phenol and n-butanol-acetic acid-water {4:1: 1) as the developing solvents (Sen
and Leopold, 1956). Radicautographs of the chromatograms were prepared by
exposure to Ilford or Kodak X-ray films for 3-8 weeks depending on the amount
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of radioactivity present in the sample chromatographed. Radioactivity measure-
ments were taken with an end window Nuclear Chicago halogen) counter connected
with a Tracerlab Autoscaler. The compounds were identified from their migration
characteristics in a variety of solvent systems and by co-chromatography, wherever
possible. Starch was isolated according to the method of Calvin et al. (1949).

Experiments on the evolution of carbon dioxide were performed in closed
Warburg vessels with N NaOH in the central well. The C!40, trapped in the
alkali was estimated as BaC!'%0, and its specific activity determined. In experi-
ments with non-radioactive organic acids of the Krebs cycle, the gas volumes were
measured manometrically.

EXPERIMENTAL

The normal products of CO, fization in Hydrilla.

The preliminary experiments were concerned largely with a study of the
products of photosynthetic CO, fixation in this aquatic plant, with a view to finding
out whether there is any deviation from the conventional path of carbon in photo-
synthesis demonstrated in a variety of plant tissues. Hydrilla twigs were incubated
with 30x C of NaHC™ 0, (sp. activity 3.7 mg/mC) in phosphate buffer of pH 6.8
for 15 sec., 1 min., 5 min. and 15 min. At the end of each period the twigs were
killed and extracted in boiling 80 per cent ethanol followed by paper chromato-
graphy and autoradiography. The distribution of C!* among the products of
photosynthesis for a 15 sec. period is shown in Table 1. Bulk of the C'*-activity
was located in the “nucleotide area” of the paper chromatograms and phospho-
glyceric acid. No appreciable radioactivity could be detected in malic acid. Label
in sucrose, malic acid and alanine appeared later and activity increased with increase
in time. Similar results were also obtained with gaseous C'*0Q,. The path of CO,
fixation in Hydrilla thus appears to be normal.

TasLE 1

The distribution of C14 in 15 sec. photosynthesis in Hydrilla verticillata

Compound 9% total Clt.activity
“Nucleotide area” 55
Sugar phosphates 14
Phosphoglyceric acid 31

Utilization of dark CO, fixation products.

Bose (1924) had observed that utilizarion of malic acid for photosynthesis
occurred during the months of April-July when the plants were “acid”. In aqueous
extracts malic and oxalic acids were detected. He suggested that large amounts
of malic acid are formed in darkness and this is utilized as a photosynthetic gubstrate
when the day breaks.

To study whether organic acids are formed due to dark CO, fixation Hydrilla
twigs were allowed to metabolise 1004 C NaH(C™ 0, in darkness for 15 hrs. One
half of the twigs was then immediately extracted in 80 per cent ethanol ; the other
half was washed in 10 changes of distilled water and subjected to high intensity
light provided by two 1000 watt photoflood lamps at a distance of 13 feet at 26°C
for 4 hrs. and then extracted in ethanol in the usual way.
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In darkness only small amounts of C*0, were fixed. C* -activity was detect-
able primarily in phosphate esters, and citric-isocitric acid. When the twigs were
exposed to light for 4 hrs. radioactivity appeared in malate, sucrose etc.

Utilization of Acetate-1-Ci* and Acetate-2-C18,

Dark CO, fixation, however, may not necessarily make a major contribution
to the synthesis of organic acids in darkness in Hydrillo and attempts were therefore
made to study organic acid metabolism in these tissues after feeding the twigs
with C!* -labelled acetate which is known to be a key compound in the metabolism
of organic acids. Both acetate-1-C1* and acetate-2-C!4 were used.

The experimental twigs were divided into two groups and allowed to meta-
bolise 2004 C acetate-1-C14 (sp. activity 37 mg/mC) in darkness for 12 hrs. in small
beakers containing 1 ml. M/150 phosphate buffer. At the end of the dark treat-
ment one group was killed by pouring boiling 80 per cent ethanol and the other
exposed to direct sunlight for 15 min. at 25°C 80 per cent ethanol extracts after
removal of unreacted acetate were plated on stainless steel planchets and counted.
A 43 per cent loss of C¢ -activity wes detected in samples exposed to 15 min. light.
The distribution of C!*in the products of metabolism of acetate-1-C'* is given in
Table 2. It is clear that while (it activity in several compounds decreases during
exposure to light probably due to decarboxylation reactions, it increases sharply
in sucrose and starch,

Tasre 1T

The distribution of C1% in the products of acetate-1-C1* metabolism
in light and darkness in Hydrilla verticillata

cpm in the extract
corresponding to each
mg. of tissue
(fresh weight)

Compound

Dark Light
Sucrose 10,701 35,887
Glutamic acid 65,750 20,090
Aspartic acid 26,100 11,745
Glycine + 6,655
Citric-Isocitric acid 82,330 13,780
Malic acid 11,745 45,140
Starch* 4,331 23,490

-+ traces; *cpm/mg. of starch.

To demonstrate the actual liberation of €40, during exposure to light experi-
ments with 67xC acetate-2-C (sp. activity 14.9 mg/mC) were performed in Warburg’s
vessels, the alkali being introduced to the central well immediately before exposure
to light. During a 15 min. exposure 17.3 per cent of the total C'4 activity supplied
could be trapped as CO, indicating an active decarboxylating process. The products
of acetate-2-C!* metabolism in darkness and in light are presented in Table 3. The
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methyl carbon was found to be metabolised at a rate {th that of the carboxyl
carbon in darkness. In light the rate increases to §. In starch in both darkness
and light, the methyl carbon is incorporated at a rate twice that of the carboxyl
carbon. Sucrose, hexose phosphates and starch considerably increased in light
as revealed by the C!* incorporation data.

The products of acetate-metabolism in Hydrilla are thus rapidly decarboxylated
by relatively short exposures to light. A part of the CO, liberated, is fixed back
into the plant along the normal photosynthetic pathway.

TaBLE IIT

The distribution of C1t in certain products of acetate-2-C14
metabolism in light and darkness

cpm in the extract
corresponding to each
mg. to tissue
(fresh weight)

Compound

Dark Light
Hexose phosphate + 59,960
Sucrose + 1,462
Glutamic acid + 2,035
Glycine + 1,722
Unidentified compds. I & II. 39,228 4,489
Starch* 799 3,375

+ traces; *cpm/mg. of starch.

Utilization of malic acid-2, 3-C'4,

In the above experiments with acetate-C!'* malic acid was found to possess
some radioactivity but since a large number of C'4 -labelled compounds are appa-
rently metabolised at the same time it was not possible to measure the contribu-
tion of malic acid to sugar or starch synthesis during the experimental period.
Conclusive answers to this question can be obtained in experiments involving the
use of malic acid-C'%. TIf carboxyl-labelled malic acid is used an appearance of
C4.activity in the carbohydrates would merely mean photosynthetic fixation of
CO0, after decarboxylation but the possibility of the incorporation of carbons 2 and
3 of malic acid in sugar synthesis, cannot necessarily be ruled out since in that case
no radioactivity would be detectable in the sugars due to carbons 2 and 3 whic hare
aon-radioactive. If onthe other hand, malic acid-2, 3-C'* is employed, an appear-
ance of radioactivity in the sugars or starch may be considered as a contribution
of that part of the malic acid molecule which is not susceptible to the decarboxy-
lation reactions. Hydrilla twigs were accordingly incubated with 124C of malic
acid-2, 3-C* (sp. activity 22 mg,/mC) in 6 ml. M/180 phosphate buffer of pH 6.0
in sunlight at 25°C for 1 min., 5 min. and 60 min. respectively and the C4labelled
compounds analysed as described previously. No radioactivity was observed in
sucrose but hexose diphosphate and starch were found to contain bulk of the (4
metabolised. It was found that with increase in time C!4. activity in starch
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increased but that in the sugar phosphates gradually decreased (Fig. 1). Phos-
phoenol pyruvate was also found to possess Clt.activity.
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Incorporation of C14 into starch and hexose phosphates from malic acid-2, 3-C14 during
a 60 minute period.

Discussion

An understanding of the relationship between deacidification and photo-
synthesis is apparently complicated by the effect of light on respiratory processes
in the tissues studied. It is now generally well known that certain amount of
CO, is evolved when plants are illuminated (Decker 1957 ; Weigl ¢t al. 1951 ; Krotkov
et al. 1958; Gyr 1958 ; Soldantov and Ivanova 1955) and the extent of reassimila-
tion depends on the nature of the plant. In the marine flagellate Dunaliella
euchlora the entire amount of CO, liberated is fixed back into the organism by
photosynthesis (Ryther 1956). From the observations recorded in the present
paper it has been made abundantly clear that Hydrilla has a very high rate of
CQ, evolution when illuminated. With acetate-2-C it has been found that about
one-sixth of the total amount of C -supplied can be recovered as C1*0, during
a 15 min. exposure. It should be borne in mind that this CO, is the net difference
between the fixation and the evolution processes. That the C1Q, evolved was
fixed into photosynthetic products was shown by the sharp increase of radioactivity
in sucrose as also starch during this 15 min. period. Most of the organic acids
present in the plant including malic acid is subject to the decarboxylation process
but to what extent malic acid itself was decarboxylated cannot be deciphered
from the data on acetate-C1* metabolism since malic acid is also known to be
produced from CO, in relatively short periods of photosynthesis. If, however,
the utilization of malic acid in photosynthesis is purely by way of decarboxylation
then it could be predicted that when malic acid-2, 3-C'4, in which the carboxyl
groups are unlabelled is used as & substitute for CO, in photosynthesis the sucrose
formed would have no radiocactivity ; but if other parts of the molecule also con-
tribute to the process the carbohydrates formed would be tagged. It was found
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that sucrose itself which is on the CO, fixation pathway is non-radioactive but
both sugar phosphates and starch were tagged with C1. Kinetic experiments in-
dicated that the specific activity of starch increased with time as activity in the
sugar phosphates declined. The only other compound on the chromatograms
which was found to possess significant C'-activity was phosphoenol pyruvate.
These observations are in agreement with the following concept of malate utilisa-
tion in photosynthesis : Malic acid is utilized for photosynthesis in two different
ways—(i) malic acid is decarboxylated and the CO, liberated is fixed photosyntheti-
cally along the conventional pathway associated with the liberation of oxygen
which comes from the water molecules participating in the photosynthetic reaction
and (ii) the conversion of malate to carbohydrate through phosphoenol pyruvate
followed by a complete reversal of glycolysis. The conversion of malate to phos-
phoenol pyruvate in plant tissues has been demonstrated by Davies (1956).
Evidence for the occurrence of the Utter Kurahashi reaction now considered as
a major pathway for the conversion of malate to carbohydrate in plant tissues,
has come out from the recent studies of Beevers on the conversion of fat to pyruvate
(Beevers 1956, 1957 ; Kornberg and Beevers 1957) in the castor bean. That
organic acids can be converted into carbohydrates has also been demonstrated
by Krotkov et al (1954). for tobacco leaves. The mechanism of starch synthesis in
Hydrilla is not known and on the basis of available data it is not possible at
present to speculate on the reaction sequences by which malate is converted to
starch without the appearance of any significant activity in sucrose. The latter
pathway does not involve any evolution of O, ; it is therefore likely that the two
processes continue simultaneously.

Malic acid however is not the only organic acid which is metabolised during
illumination in Hydrilla. Such acids as acetic, fumarie, succinic, citric, a ketoglu-
taric, aspartic or glutamic are also broken down and ‘gas’ is evolved. This gas
apparently is a mixture of O, and CO,, the CO, coming from decarboxylation
processes and the O, from photosynthesis. The process of decarboxylation under
steady state conditions is however very weak as was also found by Kursanov and
Krynkova (1957) for Phaseolus and the process, thus, is only of limited use for
photosynthesis to the plant. Malic acid also is not the major organic acid of
Hydrilla. The major organic acid has been found to be a substance which
moves with the solvent front when extracts of Hydrills twigs are chromato-
graphed in ethanolammonic-water (80: 5: 15). This substance still remains to be
identified.
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