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ISOTOPIC TRACER STUDIES OF CARBOHYDRATE

METABOLISM IN FRUITS
INTRODUCTION

Considerable attention has been focused on the fascinating
variformed group of plant organs known as fruit, ever since an
apple reputedly inspired a seventeenth century physicist to formu~-
late the laws of gravitation: In spite of a multitude of studies
carried out on all varieties of fruits which were primarily aimed at
practical solutions to problems of preservation and usage, today many
pertinent questions concerning the metabolism of fruit remain un-
answered, particularly the factors which govern the chemical and
physiological transformations occurring during the ripening process.

The availability of radioactive isotopes and the subsequent
development of tracer methodology in combination with the new
analytical techniques such as chromatography and radioautography
have become powerful and effective tools in attecking many difficult
biclogical problems. Thus, in the past few years tracer technology
has met with remarkable success, elucidating, for example, the path
of earbon in photosynthesis and bringing to light a number of new end
largely unsuspected pathways of glucose metabolism,

The present study deals with the appliecation of tracer techniques
toward the solution of some of the more baffling problems concerning

the metabolism of fruits.



Carbohydrates and fruit respiration. OSugars, constituting the

major portion of the carbohydrate materials in fruits, are manufec-
tured in the leaves of higher plants by the process of photosynthesis
and are translocated into the fruits. The free sugars of fruits
consist mainly of D-fructose, D-glucose and sucrose. Starch is the
common form of sugar atora@ in plants, and is formed in the actively
growing fruit during the time when carbohydrate material is trans-
ported into this organ in quantity. As growth slows down and matura-
tion oeccurs, starch’ rapidly disappears.

Williems and Bevenue (115, pp. 472-474) have examined the specif-
1o carbohydrate composition of ripe tomatoes and found that the free
sugars, comprising over 60 per cent of the solids in tmtben, were:
D-fructose and D-glucose in a ratio of 1.2 to 1, a small amount of
sucrose and a trace of ketopentose. Polysaccharides made up only 19
per cent of the total tomato solids and consisted of: 22 per cent
pectie substances, 17 per cent A -gellulose, 17 per cent protein
material, 13-23 per cent of materisl yielding D-xylose + D-glucose
on hydrolysis and 21 per cent araban-galactan material showing
L-arabinose, D-galactose and glucuronic acid upon hydrelysis. They
were unable to find starch in tangible amounts.

Fruits oxidize organie materials such as sugars, organic scids,
and fats first to certain intermediate compounds and ultimately to

carbon dioxide and water. Respiration in fruits serves two chief



functions, as it does ubiquitously in all living cells: (a) to pro-
vide energy for endergonic cellular process and (b) to oxidize
materials suech as carbohydrates into various organie acids ete. which
are needed by the fruit for synthetic purposes: The overall equation

for the complete oxidation of glucose may be represented as:
Cgi1o0 + 60p —> 6C0g + @HgO + energy (1)

The respiration rate of a fruit is not constant, but'ohangu with
maturation of the organ. If one examines the life history of each
fruit, the following four périods become apparent, namely: (a) a
growth period of high respiration rate with extensive ecell division,
characteristic of young fruits; (b) s period of much lower respiration
rate during which cells enlarge enormously; (e) a maturation period,
of essentially constant respiration rate, terminated by a sudden rise
in respiration, which has been termed the "climacterie”™ by Kidad
{57, p. 327), marking the onset of fruit ripening; and (d) a decrease
in respiration during the senescence and breskdown of tissues.

The marked rise in oxygen uptake and carbon dioxide evolution,
the elimacteric, is a characteristic phenomenon of the ripening
process, transitions from greeness to ripeness taking place in
certain fruits during or immedistely following the climacteriec
(16, ps 180). 1In contrast to this, ripening lemons and oranges do
not show a climacteric rise of COg production in air but do so under

concentrations of oxygen exceeding 33 per cent (15, pp. 301-309).



Cenerally speaking, external factors which increase the respi-
ration rate of fruits also hasten the onset of the climecteric and
therefore, ripening, while factors which deerease respiration
eorrespondingly delay ripening. These factors inelude: concentration
of oxygen and carbon dioxide in the external atmosphere, tempersture,
nutrition of the fruit ahd the effect of stimulating chemicals such
as ethylene.

It is not surprising that the partizl pressure of oxygen plays
and important role in the respiration and growth of plant organs
since it is one of the reactants in the process of respiration., Kidd
and West (58, pp. 467-504) reported that oxygen concentration influ-
enced the time of the omset of climacterie in apples and Claypool and
Allen (28, pp. 103-113) observed lower respiration rates of apricots,
plums, peaches, pears and grapes at oxygen levels lower then air. If
the oxygen concentration of the atmosphere surrounding the fruits is
reduced below the critical value of 0.5 to 5 per cent oxygen at 15° Cey
anaerobie respiration would result, as indicated by the increased rate
of carbon dioxide evolution (18, pp. 412-445). On the other hand
when oxygen concentration is increased above 21 per cent, the respi-
ration rate of fruits is considerably increased (58, pp. 467-504).

In general, the respiration rate of fruits decrease with in-
ereasing eoncentration of €O, in the surrounding atmosphere
(100, pp. 371-402 and 102, pp. 453-458). The mechanism for this

phenomenon is yet undertainm although it might be conveniently
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explained by the law of mass action. It has also been suggested that
the presence of COp displays an effect on the pi of fruit fissue which
might also effeet respiration (100, pp. 371-402). In controlled atmos-
phere storage of fruits, use is made of the foregoing observations by
employing high concentrations of °°8 and low concentrations of oxygen
to slow respiration and delay ripening.

It has long been recognized that the respiration rate per unit
weight of sections of plant organs (carrot root, beet root and potato
tuber) is 3-6 times higher than that of the intact organs. Scott
(91, pp. 1-150) showed that this phenomenon is not due to oxygen dif-
fusion but rather is the result of relatively higher internmal COp
pressure inside the plant orgens. Denny (31, pp. 383-396) has demon-
strated that large amounts of COp are retained by plant tissues
especially at higher temperatures.

The temperature of the fruit markedly affects the concentration
of oxygen and COp in the intercellular spaces of fruits., At higher
temperatures when the cells of the fruit are actively respiring,
oxygen cannot diffuse into the fruit as fest as it is being consumed
and similarly, COg cannot diffuse out of the fruit as rapidly as it
is being produced. Hagness (67, pp. 308-316) has found that in
apples at 30 C. the internal oxygen concentration is only 3 per cent -
while the internal COp concentration has risem to 21 per cent.

The respiration rate of fruits is generally proportional to the

temperature, increasing with an increase in temperature. A measure of



this inerease in respiration rate for any ten degree change in
temperature, is the temperature coefficient (Q,lo). The Q;, for
respiration of frults varies with variety, age of the fruit,
temperature, composition of the atmosphere etc. In avoecado

(16, p. 192) the value of Qyy in the range of 5-15°C. chenged from
approximately 3.5 in the preclimscteric phase to 7.0 at maximum
respiration. In general, however, the Qo for most green fruit is
in the range of 2-3 but this value may increase markedly with
ripening.

The volume of carbon djoxide produced divided by the volume of
oxygen consumed in a living system is defined as the respiratory
quotient (R.Q.) and it may be seen from equation (1) that in the
complete oxidation of glucose, the R.Q. is unity. The R.Q. reflects
the proportion of oxygen as compared with carbon in the material
being oxidized, having values of less than 1 for oxygen "poor"
materials such as fets and values of greater than '1 for oxygen "rich"
orgenic acids. |

Not only does the R.Q. vary with the age of the fruit (inereasing
with age) but it also varies considersbly with temperature. Thus,
Gerber (37, pp. 1-279) has obtained the following data for grapes:
between 0° and 20° C., the R.Q. is 0.7; around 20° it becomes 1.0;
et 30° 1t 15 1.2; end at 35° C. 1t reaches 1.6, These fects have
been interpreted by Gerber to indicate that under 20° 0. sugars are

incompletely respired and malic acid is formed, at 20° ¢. sugars are



completely metaebolized, at 30° C. malic acid is chiefly oxidized and
at 35 C. tartaric acid also is burned.

Until recently, it was thought that hexose was converted to
pyruvie acid in higher plants only via the classical Embden-Meyerhof-
Parnas glycolytic pathway (®MP) and that pyruvie acid is further
oxidized via the Krebs tricarboxylic acid (TCA) eycle through the
intermediary of the common organic plant acids t§ coz and Hg0
(ai, pp. 167-218),

However, early studies by Warburg (111, pp. 157-205 and 112,

Pp. 287-295), Lipmenn (65, pp. 588-589) and Dickens (32, p. 1057)
indicated that there was a mechanism in yeast for the oxidation of
glucose to carbon dioxide which did not involve the RMP-TCA pathway.
After the lapse of many years, ribose-S~phosphate was identified as

an oxidation produet of this reaction (90, pp. 509~530) and ribulose~
S~-phosphate was established as the primery decarboxylation product (49,
pp. 383-396), Isolation end identification of hexose monophosphate
and diphosphate (34, pp. 258-253), heptulose monophosphate and
diphosphate and ribulose diphosphate (14, pp. 703-716) occurred in
rapid sequence in both plentj and animal systems. The cyelie nature of
this pathway, variously called the "hexose monophosphate shunt", the
"direct oxidative pathway", the "pentose cycle", the "Farburg-Lipmann--
Miekeas pathway" or more precisely "phosphogluconate oxidation pathway",
has been established (51, pp. 214-219 and 84, pp. 141-182). Enzymes

of this pathway have also been isolated and characterized in higher



plant tissue (8, pp. 619-634; 11, pp. 115-122; 12, pp. 322-324; end
38, pp. 34-39).

Horecker et al., in recent investigations with rat liver prep-
arations (51, pp. 393-403) end with pea roots and leaves (41, pp. 8l2-
820), have determined the isotope pattern in the hexose monophosphate
formed from pentose~Cl4 end found the distribution to be in sgreement
with the proposed pathway.

In the EMP-TCA eycle both C~1 and C-6 positions of glucose are
converted to the methyl groups of pyruvate and tl:crurtor metabolized
identically. Thus the order of appearance of the glucose earbong in
the respiratory COp from the operation of the EMP-~TCA pathway is

glucese —*-002(5-‘) o 002(3-5) * 002(1:5) (2)

However, in the phosphogluconate oxidative pathwey as well as othai'
alternate pathways of glucose catsbolism (35, pp. 853-862; 39, pp. 689~
694; and 43, pp. 871-875), C-l of glucose is preferentially converted
to coz and consequently C-1 and C-8 are metabolized at different rates;
the fate of the carbon skeleton of glucose is illustrated in Figure 1.
Because of this difference, the most important contributions to an
evaluation of alternate pathways has come from isotope studies. Using
glucose labeled with carbont? at various positions on the molecule, a
number of investigators have studied the pathways of glucose metabolism
and found evidence for operation of one or more alternative pathways in:
yeast (13, p. 640; and 109), Penicillium digitatum (74, pp. 14-58),

memmalian tumors (61, pp. 70-76), mammalian liver (19, pp. 555-563; and
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55, pp. 853-868), corneal epithelium (60, pp. 72-73) and higher
plants (41, pp. 343-347)., These experiments are based upon the consid-
eration that the mechanism of glucose breakdown will determmine the
relative rates of conversion of radiocactive glucose ca:bon into respir-
atory COp; thus, if the EMP-TCA pathway alone is 6§orn$1n¢. the per
cent radiochemical yield of  ¢l40, from glucose-6-014 daivided by
the per cent radiochemical yield of C140g from glucose-1-014 (G-6/G-1)
will be unity. However, if the phosphogluconate oxidative pathway or
other alternative pathways are in operation, the C=6/C~l ratio will be
less than one. The smaller this ratio, the greater the contribution
from pathways other than the classical EMP-TCA,

Calculations which have been devised to assess the relative
importance of the alternative pathways to the overall catabolism of
glucose, have met with varied success (1, pp. 31-38; 2, pp. 773-779;
19, pp. 555-563; 20, pp. 6093-6097; 55, pp. 853=868; 61, pp. 70-76;
64, pp. 273-286; and 109). These calculations are based upon a
number of assumptions which, in general, appear to oversimplify the
extremely complex interrelationship between the various metabolie
pathways. However, certain of the proposed methods of calculation
seem to offer a promise of circumventing this objection.

Orgenic acids are intermediates in the oxidation of glucose to
C0p and water in plants, and thus occupy e central position in the
metabolism of fruits (26, pp. 91-114). It is well known that in

growing fruits the general pattern is one of progressively increasing



organie acid content followed by a decrease during the ripening
process., Furthermore, the organic acid content varies also with
external factors, such as climate and temperature. For example,
Peynaud (80, pp. 177-180) has demonstrated a correlation between
climate and tartaric acid content of grapes, the acid inereasing

in rainy periods and decreasing in dry sunny periods. The effect

of temperature on organic acid metabolism has been demonstreted in
leaves of Bryophyllum (83, pp. 123~132). The relatively lower night-
time temperstures stimulate production of organic acids, whereas
temperatures higher than 30"0. cause acid levels to decrease.

Di- and tricarboxylic acids are very abundant in fruit tissue,
reaching as much as 7 per cent in peeled lemons (94, p. 146). The
principle acids of fruit are: melic (pome fruit), citric (citrus
fruit), tartaric (grepes) and isocitric (blackberries). Using
¢olumn chromatography, Bulen, Varner and Burrell (25, pp. 187-190)
found the acid content of ripe tomato fruit expressed in milliequiv~
alents x 102/10g, fresh weight to be: acetiec 2.1, formic 0.9, lactic
1.0, trans-aconitie 3.9, malic 4.2 and eitric 66.

The biosynthesis of these acids has recently been investigated in
fruits by means of radioisotopes. Wang et al. (108, pp. 683-683) have
shown that, following injection of sodium acetate-1-01% into mature
green tomatoes, radioactivity appears in the respiratory COp, protein,
organie acid and certain other fractions isclated from the homogenized

fruits. Degradation of citric and malic acids isolated therefrom,
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indicated the formation of eitric acid and the active operation of

the tricarboxylic acid cycle as the major pathway of acetate
metsbolism end the biosynthesis of citric acid in tomato fruit.
However, ihou authors point out that this cycle alome could not
account for any net synthesis of plant acid and therefore, some other
mechanism is availaeble for synthesizing the required G‘ acids. Such
synthesis could occur by the Wood-Werkman reaction (116, pp. 377-388),
by the "malic fixation" scheme (76, pp. 979-1000), or by a Cp~Cp
econdensation of the Thunberg type (101, pp. 1-91); these possibilities
would all lead to exclusive carboxyl earbon labeling in maliec acid, as
Wang and coyorkers have observed.

Allentoff et al. (5, pp. 231-234 and 6, pp. 234-238) studied the
fixation of c“o, into mature, stored MeIntosh apples kept in the derk
and found that approximately 64 per cent of the incorporated radio-
activity appeared in malic acid. Upon degradation of this acid, 99 per
cent of the activity was found to be equally distributed between the
carboxyl carbons of the isolated malic acid. The hypothoﬁh was
advanced that OQ8 fixation into malic acid represents a significant
contribution to the accumulation of acid in the ripening fruits. The
rate of malie acid production was also found to be proportional to the
internal COp concentration.

Fruit ripening and ethylene. The ripening of fruits is accompa-
nied by & group of characteristic physiologicael and chemical changes

which are similar for different species of fruits. Typical symptoms
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of the ripening process are: deerease in fimness due to pectie
transformations, disappearance of pigments such as chlorophyll and
the appearance of new secondary pigments, a decrease in seidity,
conversion of polysaccharides to simpler sugars, and a change in the
respiration rate. Sando (89, pp. 1-38) found that, in general,
throughout the ripening period in tomatoes there is an increase in
moisture and sugars and a decrease in solids, acids, total nitrogen,
starch, pentosans, crude fiber and ash, The most striking change is
that undergone by carbohydrates; sugars increase from 25.7 per cent
(dry basis) in fruits 14 days old to 48.3 per cent in ripe fruits.
Starch decreases in the same interval from 15.8 per cent to 2.65 per
cent (dry basis). During the early stages of the ripening process
the sucrose content is low but increases sharply during the final
stages.

Application of ethylene gas in concentrations as low as 1 part
per million accelerates the onset of the climacterie in fruits if it
is applied while the fruits are in the pre-climacteric stage (16,

p. 195). In afteus fruits, whioh 4o not displéy a climasterie riss
in air, the respiration rate is stimulated by ethylene (29, pp. 322-
329). On the other hand in fruits with a ¢limacteric rise, ethylene
does not modify the normal respiratory pattern except to shift the

time axis (16, p. 192). Ethylene exerts a stimulating influence on
subsequent ripening of tomatoes, within the limits of concentration

from 1:1000 to 1:30,000, the optimum concentration being 1:8000
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(88, pp. 315-322). Ethylene also accelerates ripening in Bartlett
Pears (105, pp. 257-264) and in apples (34, pp. 637-643).

Hansen (45, pp. 145-161) has investigated the effects of
ethylene on chemical changes in pears and observed an inerease in
the rate of starch hydrolysis, higher sugar content and acceler~
ated transfer of protopectin to pectin. ZEthylene is also known to
reduce the acid content in apples (3, pp. 381-441) and hasten
lycopene formation as well as chlorophyll decomposition in tomatoes
(104, pp. 929-955). All of these changes occur during normal ripening
and, in fact, Biale (16, p. 192) states that nearly all the changes
brought about by ethylene treatment were changes that would occur
during the regular course of ripening. |

Ethylene has been identified as a prominent constituent among
the volatile emanations from many plants. Hansen and Christensen
(46, pp. 403-409) using a quantitative microbromination procedure,
determined the amounts of ethylene produced by several varieties of
apples and pears during ripening and found it to be within a range of
0.001 to 0.28 ml./kg. fruit/hour. Ethylene is also produced by
bananes (71, pp. 357-361), turnip and rutabage roots (30, pp. 431-438),
detached leaves (81, pp. 16~18) and the fungus Penicillium digitatum
(117, pp. 304-310). It is interesting to note that not all fruits pro-
duce ethylene in ripenins;‘Bialo et al. (17, pp. 168-174) have con=
fimed previous observations that orsnges and lemons, fruit which

display no climacteric rise in air, do not produce ethylene.
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The biosynthetie pathway leading to the production of ethylene
is rather obscure. Hall (44, pp. 55-65) has studied the effect of
different substrates upon the production of ethylene from erude
extracts of apple juice and Penicillium digitatum and postulated that
ethylene arises by enzymatie degradation of a number of active
substrates during respiration. Maximum stimulation of ethylene produc-
tion was observed by the addition of arabinose, ethanol, pectin, pectie
acid, pyruviec aeid, fructose or galactoss to the tost*ayé’tcm. However,
this work has been seriously criticized because of a 1aoi:‘ of specific-
ity in the method used to dctoét ethylene (17, p. 172).

At a certain stage of maturity, fruits by their own metabolism
produce ethylene but it remains to be clarified, whéther ethylene
actually induces the cli.;uetorio rise in a type of autostimulation or
is merely a by-product of the ripening process. Recently Biale et al.
(17, pp. 168-174) studied the relation of ethylene production to the
climacteric rise in 14 species of fruits. In general, they found no
definite evidence whether ethylene production precedes or follows the
onget of the respiratory rise and sdvanced the hypothesis that ethylene
is a product of the ripening process rather than a causal agent.
Heansen (47, pp. 543-548) showed that ethylene production was not
diéoctly related to respiration in pears. With an increase in temper-
ature beyond 2000., respiration continued to rise and ethylene produc-
tion dropped until at 400 C. no significant emanation could be

detected.
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It has been suggested that concentration of phosphate acceptors
and not ethylene may be the controlling factor of the climacteric.
Thus, Robertson and Turner (87, pp. 92-107) proposed that the respi-
ration rate in plant tissues may often be limited by the low concen-
tration of phosphate acceptors avﬁilablo when the phosphorylations
from respiration are more rapid than the dephosphorylations of
synthesis. They suggest that the climacterie is brought about by the
inereased production of some phosphate acceptor rsnultihg in & more
rapid utilization of energy-rich phosphate. Millard et al. (70,
pp. 521-531) on the other hand suggest that the climacteric resulte
from the uncoupling of oxidation from phosphorylation duo‘éo the pro- -
duction of a natural uncoupling agent. Pearson and Robeftson (79,
ppe 1-17), using smaell disecs of apple tissue, observed that 2,4 di-
nitrophenol -(DNP) and adenosine triphosphate (ATP) increased the
oxygen uptake of preclimacteric fruits and that nelther compound had
an effect on postelimacterie fruits. Millard et al. (76. pp 521-531)
verified these observations using mitochondrial particles from pre-
climseteric’ end elimseteric avocedos and observed that addition of a
phosphate acceptor, adenylate, increased the respiration of the
particles from immature but not from mature fruits.

In view of the confusion or lack of 1nfbrmation'oonporn1ng the
various pathways of carbohydrate metabolism in fruits, the present
investigation has been carried out in respect to'the following scheme

(a) the primary breskdown patterns of glucose, qualitative and
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quentitative studies; (b) the fate of the glucose breakdown products;
(¢) the influence of external factors on (a) and (b); and (d) the

origin and mode of action of ethylene.



EXPERIMENTAL AND RESULTS

Groen Somise TFeLie ey UlOR 4 e’ nsor past G slLe work as
the test system, however, in some instances, other fruits have been
employed for comparative studies on certain aspects of "oarbphydmto
metabolism. ‘ ‘The tomatoes used in sarly studies were greenhouse
grown end picked at the mature green state; field grown tomato
fruits were also used in later experiments. The mon cncumbora and
ripo orangn and lme ulod in other oxpcﬂmonti; were purchasod on
the loecal mqum |

A oritd.eal roquirmnt for studies of the pumt typo is the
unitomity ar tho oondition- under which results are »ob!hmad and

compared. In actual pmneo, it has been a ditﬁeult tack_ in

obtaining fruits which are oompmblo in respect to Vhoi,;\ age of
maturity uul yhysiolosical condition. Although offorta‘
minimize theu variations, fruits of approximately oqual wlsh%. size
and shape picked at tho same state of mturity boing md in each set
of experiments, nevortholou, one must realize otrtain nmitatim are
inherent to the smpling problem in experiments :lmlvin& biological
systems.

Other methods or'clreumnnting the limitations imposed by sample
variations have been reported. Thus, aliquots of a homogenate prepared
from a single fruit may be employed as test system in a given set of
experiments. Aside from the difficulties involved in the preparation

of an active plant homogenate, however, no feasible method could yet
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be devised to keep such preparations free from microbial contamination
during the long experimental periods required for the presant studies.
The same limitations also apply to the application of tissue slice

techniques.

A. Detection of Carbohydrate Breskdown Patterns:

For these studies, small amounts of various specifically car-
bon“-laboled‘gflucoas samples were introduced into intact, excised
fruits end the respifatorj COg collected. By comparison of the rates
of utilization of the different glucose substrates in an air atmosphere
as indiceted by the rate of 61‘03 evolution, it was possible to detect
end estimate quantitatively the pathways of glucose metabolism normally
oceurring in fruits.

Due to the nature of ihe development of techniques 13 ‘the present
study, the earlier versions of these procedures suffered from various
shortcomings. The results obtained, nevertheless, provide qualitative
information which led to the perfection of the experimental mtﬁod and

are, therefore, included here.
1. Introduction of labeled substrates:

Glucose-1-C14, glucose-2-C14 and glucose-6-01% were purchased
from the National Bureau of Standards; glmu’mo-t!—(!M was purchased from
Tracerlab, Inc., all on allocation from the Atomie Energy Commission.

For most experiments, labeled glucose was diluted with a calculated
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emount of nonradiocactive glucose so that uli glucose substrates had
identical specific activities. |

In preliminary experiments, the labeled glucose, in solution,
was injected into thn}rrnit- by means of a sterile needle and syringe
(104, pp. 741-745), however, this technique has proved unwieldy and
subject to error. Géi-oquontly, a technique has h.ln'QOV©iop¢d which
enabled the operator to rapidlyyintroduzo solutions of>1§$;lod sub-
strate with a high degree of accuracy and at the same time the dif-
fusion of labeled material into the fruits was greatly improved, as
indiecated by trials with colored dyes. »;

In practice, the region of the fruit leioottd‘fag,troatment
was first disinfected with 95 per cent ethamol (if this preceution
was not taken, extensive mold growth occurred in the viecinity of the
drilling site within 48 hours). A sterile cork borer was then used
to drill into the center of the fruit leaving, after removsl of the
plug of flesh, a eylindrical well approximately one ineh in depth.

The desired amount of redioactive solution was next pipetted into
this cavity by means of a sterile drawn-out pipette and the opening
finally sealed from the air with paraffin waxe.

With these precautions, no noticeable mold growth or rotting
has been obgerved over a period as long as 169 hours following intro-
duction of labeled material.

To further ensure maximum possible penetration of the labeled

substrate, the treated fruits were placed in an evacuated container for
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S5 minutes prior to the actual start of the experiments.

2, Collection of respiratory COp:

~a)e Closed system with internal COp collection:

The fruits, after introduction of labeled substrate, was
placed in a 1500 ml. wide-mouthed dark brown bottle. A 50 ml. beaker
containing 20 ml, of 50 per cent KOH for collection of respiratory
CO0p was also placed into the bottle and the latto} was then sealed
with a large rubber stopper into which had been inserted a short
piece of glass tubing equipped with a rubber viel seal. The
apparatus is illustrated in Figure 2. Usually a battery o_r 2ord
bottles was employed in each experiment, each bottle containing a
fruit into which had been introduced a different glucose substrate.

The bottles were evacuated by means of a hypodermic needle
inserted through the vial seals and then were comnected to manometers
to test for leakage, after which, pressure inside the bottles was
restored to normel by venting to air.

At the end of the .oxpermontal period, the vessels were
opened, the COp trapping solutions taken out and the respiratory COp
from the respective fruits recovered as BaCOg by thg addition of 1 N
BaClg plues 1 N NH,Cl solution, followed by filtration.

In a trial experiment using this equipment, an orange
fruit was placed in the respiration chamber for 84 hours and, at the

end of this period, the residual COp was swept from the bottle with



Figure 2 Static System
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COg~free air and trapped in e eonvontioﬁal sintered glass scrubber
with COp~free NaCH. Appx;oximtoly 1 per cent of the metabolie COg
was found in this external trap, the remaining 99 per cent being
recovered in the intermal KOH trap. This suggests a very high
trapping efficiency for an internal trap of this sort, hence
respiratory COg could not have accumulated to any great extent

in the system. ‘

However, this procedure still suffered from several serious
disadvantages. In this system, there was a constant doou‘;u in the
oxygen partial pressure inside the experimentsl flask sinc;j no attempt
was made during the experiment to r.ﬁlonuh the exygon taken up by the
fruit (COg was being continuously absorbed by the trap solution, hence
a partial vacuum dnelopsd)-. Of a more serious nature was the accumu-
lation of volatile fruit emanations such as ethylene which might have
serious effects on overall fruit metabolism. |

In an effort to overcome or at least reduce the effect of
these factors, the internal KOH trap solutions were periodically
replaced with fresh solutions at approximately 10 hour intervals,
the atmosphere inside the bottles simultaneously boing replaced.
Furthemmore, a second beaker containing a solution of mercurie per-
chlorate (118, pp. 551-555) was introduced into each bottle in order
to trap any ethylene gas produced by the fruits and thus prevent it
from accumulating in the aﬁten.

In a typical expériment employing all of the above
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modifications, two mature green tomato fruits of approximately equal
weight (weights 118 and 121 g.), color and diameter w’org selected; and
into the first was introduced 0.05 ml. of a solution of glucose-1-14
(specific activity 3.55 x 107 o.p.n;/uolo) containing 99,500 c.p.me
using the téchniqnc deseribed in Section 1. 4An _tdenti‘cal amount of
glucose-6-014 having the ssme specific activity was then added to the
second tr\nt. Bach fruit was placed in a bottle of the .typo deseribed
above and allowed to stend at room temperature (zo-zs 0.). the KOH
tupping solntion being replaced at 9, 16.5, u. 35 m (5 hourn.
respectively. _
i The BaCOg samples m“ond from the trapptng solution in
the gluoou-l-cu and glueou-e-c]" experiments nm nountod on
standard flat plmhota using special Atalnb-xutoin dumntablo
eentrifuge tubes (The Atomic Center, New York) and counto& o a
X peintad S e S per cent under a shielded thin window GM tube
(Tracerlab, Inc., llodd TGC=-2) in the conventional menner with
corrections for background 'and self-absorption properly applied.
The resulta from this experiment are tabulated in Table I
along with the results of similar studies carried out on grun

cucumbers.

b). Intermittent sweeping and trapping of metabolic COo:



Tabie I
Oxidation of Glucose-1-C1% or Glucose--cl4 to cléo,

-~ _ by Fruits in Closed Systems

Exp. Exp. Type of Glucose® - Level Activity ﬁor Total __G-_g_b
_No. Duration Fruit Label Used mmole BaCO Aotivity G-1
' (hours) (epm) (epm x 152)5 (epm)
1 48 Cucumber G=1 - 49,800 13.5 10960
: (22%)
- s i G=6 o 8.69 6550 0.60
(13%)
2 45 Tomato G=-1 75,000 14.8 6128
: (7.6%)
” » ” G~6 » 9.57 4455 0.73
(5.6%)

a % radiochemical yield

Specific activity of glucose~1-Cl4 and glucose-8-cl4 wog 3.55 x 107 ¢.p.m./mmole glucose.
b G-8/C =1 is the % radicchemical yield from glucose-6-C+%4/4 radiochemical yield from glucose-1-cl%

114
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Subsequently, a modified procedure was developed which
permitted gualitative comparative studies to be made simultaneously
on several different species of fruits under Vafying oxﬁerinontal
conditions. The test fruits, after introduction of labeled sub-
strates, were placed in a battery of 1500 ml. wide-mouthed brown
bottles equipped with rubber stoppers and two stopcocks each. The
bottles were next evacuated to test for leakage in the manner out-
lined previously and meanwhile permitting better diffusion of the
administered labeled glucose throughout the fruits. After a period
of 5 minutes, the bottles wor; restored to normal pressure and allowed
to stand at room ttmporntniﬁ during the test period. !bilowing a
suiteble time interval (usually three hours), the bottles were con-
nected t0 a NaOH scrubbing tower and flushed with Gozdrroo air end
the respiratory cbgftrlppod as NaglOz. The bottles were swept as
rapidly as practicable (200 ml. eir/minute) for a standard period of
15 minutes, and upon completion of the sweeping period, the stopecocks
were closed agein until the next sweeping.

After examination of the radicactivity of the BaCOyg samples
recovered after each sweeping, it was possible to compare in a quali~
tative manner the internal. accumulated radicactivity in the respiratory
Cog from the respective ¢cl4.1abeled glucose substrates, throughout the
experimental period.

Since both COp and fruit emanations such as ethylene were

allowed to accumulete in the bottle by this procedure (the GOz in
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even greater amounts than in the closed system) one could not expect
to obtain the completely normal picture for the oxid@tion of the
labeled glucoses: Iowever, it is nevertheless possible _“ amass
valusble date of & qualitative nature by means of this technique.
The results from a number of experiments of this type are given in

Table I14

e¢)+ Continuous sweeping snd sbsorption of mmt_m S0pt

The 'Wrm@tu technique was further improved by the in-
novation of continuous sweeping of the respiratory COp. In this pro-
cedure, flasks of the type described previously were hﬁt@d to NaOH
traps and a stream of COp-free air (100 ml. air/minute ) ‘iu;s led
through each bottle o flish the metabolic CO, of the fruits and trap
1% in CO,-free NaCH solution; a photograph of the experimental appsra-
tus is shown in Figure 3. At suitable intervals, the trapping solution
was replaced and BaCOgz precipitated from the solution in the manner
previously deseribed.

The use of a continuous stream of fresh, COg-free air elimi-
nates certain of the difficulties encountered in the edi'licr experi-
ments. The accumulation of any biologically active fruit emanations
(ethylene) and of CO which might alter the pattern of carbohydrate
metabolism was circumvented. Also, the production of 03-408 could be
followed more closely by changing the NaCH trapping solutions at short

time intervals, hence minimizing any possible time laf between the



TABLE IT
a

OXIDATION OF GIHCX)SE—I-GI“' GIBCOSE-G-C OR GWGOSE-U—OI“ T0 01“02

BY FRUITS WITH INTERMITTENT SWEEPING

30 hour ® 45 hour
Exp. Type of Level % Radiochemical Yield 8-6 % Radiochemical Yield G=6
CePel,

3 Lm 83.000 12."" u.‘& - 0.35 -~ Ny B | -
b Orange 195,500 - - 10.6 - - o 398 v
- | : " 78,200 ' 10.9 4,2 - 3 0.39 XS 7.7 - O.bj

' 6 " 94,500 7.2 8.5 - 0.74 k.0 9.5 - 0.68
7 " 47,500 9.8 6.5 - 0.66 p 7 SR T SR A 0.63
8 " 163,000 3.2 1.9 - 0.52 6.8 2.3 - 0.34
9 Cucumber 83,000 2 0% SR - 0.4k - > i A
10 Tomato 156,000 6.3 2.8 - 0.4k A R T S et 0.50

8specifie activity cig mwu-lcm glaeeu—é-cu was 3.55 x 107 ¢.p.m, /mmole glucou; specific activity
of glucose-U-C*" was 1,39 x 10 e.p.n./mh glucose.
B3-6/G-1 1s the per cent radiochemical yield from glucose-6-C¥/ per cent radiochemical yield from glucose-1-C



Figure 3 Continuous Sweeping System
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actual time of c“oz production and the time of trapping. The closed

system described under (a) and to a lesser extent, the intermittent
sweeping system (b) bc;th yield B&G’-‘o5 from respiratory GO# which has
been released b'y the fruits over a fairly long time interval. Thus
there is a "totalizing" effect in which 01‘03 of relatively higher
specific sctivity, released during the early hours of the ixporigontnl
period, is mixed with that of lower specific sctivity prgai;ooa at a
later time, jtho net result bcing a reduction in the ov'_n'r-ﬁil specific
activity, which does not represent the true picture of the distribution
of specific activity. In the continuous sweeping system there is no
such problem since the specific activity of the respiratory 008 being
produced in any given time period is known with a fair dm of
accuracy.

In Table III are summarized the results from three separate
sets of experiments carried out on green cucumber fruits using the
three different experimental procedures. It is apparent from these
data that the relative conversion of labeled glucose to 002 is affected
by the experimental procedure employed and that gluoou-ﬁ-cl‘ is the
most sensitive to these changes. Table IV gives the data from a
number of separate experiments on fruits utilizing glucose-1-Gl4,
glucose-2-C14, glucose-6-C1% and glucose-U-¢l4, The interval radio-
active recovery and cumulative radioactive recovery in the respiratory
coz from two experiments of the continuous sweeping type with green

tomato fruite, are presented in Figures 4,5 and 6 respectively. In
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TABLE III

OXIDATION OF GLUCOSE-1-C-Y oR GLUCOSE-6-02* mo cu‘c:2 BY CUGUMBER FRUIT

| b
Exp. Type of Exp. Position Level W{“’ per Total % Radiochemical a=6
Mo,  Progedure labeled Used e . che o G
: hours eopolo) -2 CoeDoeMe :
) : (e.pems x 107°) -
1 Closed 48 o-1 49,800 13.0 10,960 22.0
Systen
0.60
" " # G=6 " 8.0 6,550 13.2
9 Tntermittent 30 G-1 83,000 23.1 17,500 21.1
Sweeping
. 0.“ .
. . - -6 . 33 7,600 9.2
1z Contirmous | 30 G-1 3,000 19.5 13,900 ~18.8
Sweeping ' ! ;
0.32
: R " a-6 " 7.7 1,500 5.5

‘ ‘apociﬁo activity of glucon-l-clu and glueoae-é—cl“ was 3.55 x 107 ¢.p.m./mmole glucose.
bg-6/G-1 is the per cent radiochemical yield from ghwn-&cl“/por cent rediochemical yield from mun-l-cu "
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TABLE IV

OXIDATION OF GLUCOSE-1-C>", GLUCOSE-2-C>' , .GENCOSE-6-C1' OR GLUCOSE-U-C-' 70 o,
BY FRUTTS USING CONTINUOUS SWEEPING PROCEDURE

: 30 hour d e
Exp. Type of Level % Radiochemical Yield =6 ﬁ 4
ey W88 i
2 ' G
11 ; m 80.000 606 - 302 - °o“9 - -
a ; . : i
12 Cucumber 83,000 16.8 - 5.5 - 0.32 ~ -
a
13 Tomato 80.000 908 7.3 “..’ - 0.“5 1.“ -
b
1“ " 80.000 9.1 6-8 5.2 - 0058 1‘32 -~
b
15 . 80,000 8.7 6.8 5.0 = 0.58 1.39 -
h e P
16 » - 105,000 ; 7.5 - B kb - 9.8 0.57 1.00 19.5

(10.9)®

‘Spooiﬁc activity of glncou-l-cl:. glucose=2- : and glucou-é-cn' 3.55 x 10; e.p.m, /mmole glucose,
“Sweiﬁc activity of glucou--].--t)1 s glucose- % and glueo 3.28 x 10 ;ﬂ.l‘./ﬂl‘ cose.
Cspecific activity of glucose-1-C¥, glucose-2-C1*, glucose glucose-U-C' " 1,85 x 10/ ¢.p.m./mmole glucose,
/G=1 is the per cent radiochemical yield from glueco b/por cent radiochemical yield from glueou—l:gl A
©G.2/G-6 is the per cent radiochemical yield from glucose-2-C1¥/per cent radjochemical yield from glucos
fG-B is the 30 hour per cent radiochemical yield caleula or gluco by Equation 3.
&In a parallel experiment, 6 times as much glucose-U (6.3 x 10”7 e.p.m.) was introduced into this fruit.
hl"i.olc:l grown tomato fruits were used in this experiment.
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Table V are listed the radiochemical recovery in the respiratory COp

with respect to time for a representative tomato experiment.

3. Incorporation of glucose activity into fruit constituents:

Upon completion of one of the tomato rup!.ﬁtiohhoxporlmcntu
diaoribod above, an attempt was also made to examine thc distridbution
of the glucose radioactivity incorporated into the fruits, particularly
that into the organic acid mﬁuu. The fruits were sliced and homog=-
enized with equal weights of diltu;od water in a Waring »blpndor for
approximately 3 minutes. After centrifugation and riltration,. aliquots
of the agueous extracts from the respective fruits were plated on stain-
less steel planchets by the "direct plating” technique and their radio-
activity measured in the conventional manner. The rminipg solutions
were acidified with sulfuric acid and subjected to exhaustive ether
extraction after which the organic acids were recovered from the
ether by alkali extraction, Aliquots of the respective acid solutions
were assayed for radioactivity as deseribed above.

The distribution of radiocactivity derived from glucose

among various fractions of the tomato fruits is given in Table VI,

B. Fate of Glucose Breskdown Products:

Pyruvic acid occupies a central position in the metabolism of
carbohydrate and is thus a compound of unusual biological interest.

Pyruvate may arise from glucose via either the Embden-Meyerhof-Parnas



Table V
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Oxidation of Glucose-1-014%, Glucose-2-cl4

Fruits Under Continuous Sweeping

and Glucose-6-C1% o 01402 by Tomato

Experiment 14

S 0-8° ' gt

Tirs G-l G2 G=-6 G-1 G=6
ira) . R Al Y TR L B
3 0.29 0.08 0.19 0.87 0.42
8 1.5 0.82 0.43 0430 1.91

9 3.1 1.9 0.85 0.27 2.27
12 4.5 3.2 1.3 0.29 2.44
15 5.8 4.2 2.0 0.35 2.10
18 6.6 5.0 2.8 0.42 1.77
21 7.3 5.5 3.5 0.47 1.59
24 8.1 6.0 4.1 0.51 1.45
28 848 6.7 4.9 0.56 1.36
35.5 9.7 7.6 6.2 0.64 1.23
45.5 10.5 8.4 7.0 0.68 1.19

oo

cifie Activity of slncoso-l-cl‘, glucou-z-cl‘ end glucose-6-
014 yas 3.28 x 107 ¢.p.n/ mmole glucose; 80,000 ¢.p.m. was the

level used.

Per cent radiochemical yield

G-6/G-1 is the % radiochemical
chemical yield from glucose-l-Cl4,

G=2/G=6 is the % radiochemical

eld from glucose~6-C14/% radio-

chemical yield from glucose~-1-C*%,

ﬁold from glucose 2-014/$ radio-
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TABLE VI

DISTRIBUTION OF RADIOACTIVITY IN TOMATO FRUITS UTILIZING

a
GIBCOSE—l-Clu OR GLUOOSE-&Olu

Experiment 13
Exp. Position Rupgznt.oryb Aqueous Organic
hours 225
95 G-1 17.1 46.2 3.6
" G-6 11.0 48.0 3.5

Specific activity of glucose was 3.28 x 10 ¢.p.m. /rmole glucose;
80,000 e¢.p.m. total activity used in this experiment.

» % is the per cent radiochemical yield.
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glycolyrtfie‘ pathway or the pon_;to-o eyele., Pyruvate may be converted
to alaninc, to fats, to aeotati. to acetaldehyde, %0 nalatn. to
onlucetate or oxidized complntoly to COg through the tric:arboxylic
acid oyclo. ' _'
Iu ‘order to rollow the produetl of glmoan mataboum, the
metabolically related oubatrqtoa crgol4ocoom, cloy nnd Oty

were unploytd in studies on tmto fruits. whanenr no«asary.
1solation and degradation of rrnlt constituonu has bcen earriad

1. Introduction of labeled compounds:

a)s Carbon*4 dioxide:

Mature green tomato fruits (6 fruits, total welght 657 g.)
were placed in a desiccator under slightly reduced pressure and exposed
to 1.4 x 10® ¢.pum. of 0140, which was genersted internally by in-
Jeeting 20 per cent perchloriec acid into & small vial co‘za“taining
Ba0 0, (obtained from Osk Ridge Netional Laboratory; speeific activity
9.27 x 108 c.p.m./mmole).s The tomatoes were kept at room temperature
for 48 hours in the dark (a period detemmined by piolimiury experiment
to give optimum incorporation), at which time the system was swept with

COg~free air and any residual 01402 was trapped in COp-free NaCH.

b)e Pymnte-&-@l‘:

A solution of CHzC140C00H (obtained from Tracerlab, Inc.;
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specific activity 1.02 x 10° c.p.m./mmole) containing 0.134 mmole

pyruvate dissolved 1n 3.5 ml. of water n@; adminuulrod into the

locules of 5 maturé@groen tomato fruits (;’,otal weight 987 g.) by

. means of an mjectiién technique (108, pp.--i':vu-'m). The fruits

- were placed in' a lgrgo vacuun deaiccntor,ti;protoct'edn-,o:nft:lio light

and allowed to ltuul ét room temperature. The ﬂiptﬁtofy C0p was

ﬁpt continuously tren the system with déz-fro__n: nir and @¢ollected

in coz-rm NaOH uéiution. The trap n‘e’luhon iaa-fo‘placbd periodically

with fresh NeOH and carbonate recovered ;; BaCOy tor:raaid;ctivo assay.
The specific activity of the rq;biratory cOg*).%"a'é?lfxod a max-

imum in approximately 15 hours (Figure 7). In order to emmro a

lto_ndy state with rﬁpect to the incorporation of radlaacf‘tuty into

various components of the fruits, the oxporimnt was terminated after

46 hours at which time the cumulative activity curve of the metabolic

COp had leveled off in the manner illustrated in Figure 7.

¢). Sodium acetate-1-Gl4:

Since incorporation of acetate into tomatoes has been
carried out previously (108, pp. 741-745), the present work was
devoted to the time course study of the utilization of acetate for
the formation of organic acids and amino acids. '

Two freshly picked mature green tomato fruits were sliced
in such a manner as to give 8 segments having approximately equal

weights (12g.). Onto the freshly cut surface of each slice was
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pipetted 0.05 ml. of a solution of 'cascl“ooua {prepared in our
leboratory from BaCOs; sﬁooiﬂe activity 5.15 gm.oa ¢.p.m./mmole)
containing 2.6 x 10° c.j:.n. The slices were tiion allowed to stand

in air at room temperature.

2. Examination of the incorporstion of labeled substrates into
fruit constituents:

a). Carbon dioxide fixation g_x‘mrmht:

At the termination of this experiment, vtlho fruits were quick-
ly sliced and homogenized in a Waring blendor. The juice was next
separated by centrifugation and the pulp washed three times with water,
followed by ethanol and then ethyl ether, dried and stored. The com~-
hined juice and aqueous washings were rapidly passed through an Amber-
lite IR-120 ion exchange column to remove amino acids; the effluent
was next concentrated and passed through an Amberlite IRA-400 anion
exchange column. The orgenic acids were recovered from this resin by
means of HC1l elution. The eluate, after concentration and removal of
HC1l, was acidified with sulfuric acid and subjected to exhaustive
ether extraction to recover the organic acids. After removal of
ether, these acids were redissolved in water. Alicjuots of the
various tractiona were assayed for radioactivity by direct plating

techniques and the distribution is presented in Table VII.

b). Pyruvate utilization experiment:



Table VII

Distribution of C14 Activity in Fractions

Isolated from Tomato Fruit

Fraction 00y, Experiment 17 Pyruvate
Experiment 18
sp. act. total act. sp. act, total aect.
(cpm/mmole) (epm.) (epm/mole) (epm. )
Activity
administered  9.27 x 10° 1.4 x20°  1.02 x 108 1.37 x 10"
Respiratory 9
Cog 4.26 x 108 3.17 x 107 6.32 x 104 2,11 x 10°
Orgenic Acids . 8,95 x 10° - 1.92 x 108
amino Acids - 1.1 x 108 - 0.40 x 10°
Sugars - 0.01 x 108 - 0.26 x 10°
Fat - 0 - e
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The procedure for isolation of the fruit acids was modiriod
from that used above due to the detection of interaction of fruit
sugars with the strongly basic ion exchenge resin TRA-400 resulting in
production of large amounts of lactic aecid (23, pp. 481-482). Con-
sequently, the combined julce and aqueous washings from the homog-
enized fruits was passed through an Amberlite IR-120 exchange column,
the effulent concentrated, acidified with sulfuric acid and subjected
to exhasustive ether extraction. The ether was removed from the com-
bined extrscts and the residual mixed organic acide made ur,i to volume
with water.

The distribution of radiocactivity among the various com-

ponents is given in Table VII.

¢). Time course study in the utilization of acetate:

s et

Following the administration of the labeled substrate, slices
were dropped at intervals into boiling absolute ethanol after 15, 30,
45, 60, 90, 120, 150 and 180 minutes, respectively. After homogeniza-
tion in a VWaring blendor, each mixture was reheatéd to boiling and
held at this tlnporature‘ for 5 minutes. Upon filtretion of the
ethanol extracts, aliquots were teken for radiocactivity measurements
(acetic acid first removed by steam distillation) end ethenol was
next removed from the remaining solution under vacuum in the cold and
the residue dried completely over Py0g in vacuo,

The extracts from the 30, 60, 120 and 180 minute samples,



efter redissolving in water, were each passed through Amberlite
IR-120 ion exchange columns in order to remove amin» aeids, The
effluents from these columns were concentrated, acidified and sub-
jected to exhaustive ether extraction. The ether extracts were
evaporated to dryness in vacuo to remove the solvent and any residual
acetie icid; organic acids were then extracted with NaCH. Amino acids
were eluted from the columns with HCl, the eluates concentrated and
evaporated to dryness over .0, and XCH pellets in vacuo. The recovery
of radicactivity in the various samples is summarized in Table VIII.
Aliquots of the amino acid fraction were chromatographed on
peper with 80 per cent phenol:water (114, pp. 238-243) and n-butanol:
acetie acid:water (4:1:5) (95, pp. 696-697). The organic acids were
separated on paper using n-butancl:acetic acid:water (4:1:5) (66, pp.
98~111) and isopropyl alecohol:tert-butyl alcohol:benzyl aleohol:
formic acid:water (99, pp. 413-415) as solvents. The compounds were
identified by the usual spraying techniques and the radioactivity
estimated by radioautography with EZastman "No-Screen" X-ray film,

The results from these studies are given in Table IX,

3. Isolation and degradation studies on fruit acids:

a). 1Isolation procedure:

A portion of the aqueous solutions of mixed organic acids

from the cog-ﬁntion and pyruvate experiments were taken to dryness
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Table VIIT
Time Course Utilizetion of CHgzCl400Na®

by Tomato Slices

Experiment 19
‘xtlunol Extract Amino Organic Neutral
Elamgu:l“ :‘:m (Acetie aiid removed) __A_%g_g A?u)ln ;rra:ty:n
is5 - 2.4 - - -
30 4.0 0.7 2.5 1.8
45 7.0 - - -
60 10,8 1.4 3.7 5.5
90 15.2 - : - -
120 20,1 3.0 7.9 9.2
150 26.4 - - -
180 29.9 9.5 12.6 11.6

a 2.6 x 109 c.p.m applied to each slice; spegific activity 5.15 x

108 Copem,/mmole
b % ie per cent radiochemical yield.



Table IX
Relative Distribution of Rsdiocactivity in Tomato Slices
Utilizing oasc’-‘oona‘_

Experiment 19

Time in minutes =

Aspartic scid - PRI S i * .
Glutamic acid - - * * - ok *okk
Glyclnn-aoriﬁt - - - pee * *x
Histidine - - - s o x
Phenylalanine - - % & Ty *
Tryptophane - - - > - *
Tyrosine - - - vy AT *
Lactic acid - - * * ‘s *
Trans-aconitiec

acid * % o *k ok k%
Citrie acid *ok ko Aeskokok Kk sk bk oeskekok

Nalié acid - * ok *K *% sk

a 2.6 x 105 ¢.p.m. applied to each slice; spoo.iﬁc activity
5.15 x 108 ¢.p.m./mmole; **** very heavy labeling; *** heavy
labeling; ** moderate labeling; * detectable,
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over Pglg in vacuo ﬁcuo, acidified with a little sulfuric acid and both
subjected to nilica gol column ohmtography using n—butanol and
chloroform as . aolven'u according to the method of Bulon. _V‘amr and
Burell (25, pp_.' 187-190). The J.oention and conoonmtion dt the

' component acié@ were determined by t?.tration of ‘Ao uolid santent in
the 1nd1v1auai*tractio£a with 0,02 ﬂixaan; The 1aantt£y and purity

of all rracticas was establighed by pap.r chromtography uing ethyl

1) abhenrabetic @ aaid:wltor (54, pp. ascﬁssa), 1~pontanolss % TE——
formic acid (sz pp. 489-491) or n-butanol:acetie acida' 3 (4:1:5)
(66, pp. 98-111) and radioautography on Easm'm»-‘Scnbn X-ray film,

| The content of citric and malic scids in the original mixed seids
fraction and pure acid fractions obtained in tﬁo"ehrbm&og‘gaphie
separation were estimated colorimetrically using the notlwﬁ of Pucher
et al, '(Bé. Pps 288-291) for malic acid and that of Spoekgg_ al.

(98, pps 119-144) for citric acid: ;

Melic acid was purified through its lead salt with subse~-
quent removal of lead ion with hydrogen sulfide. Inert carrier malic
acid was then added and the diluted malic acid was further purified
recrystallization from a solution of dry benzene and acetone.

Citric acid was isolated as its calcium salt after appropri-

ate dilution with inert carrier acid.

b): Degradation procedures:

The total esctivity of malic acid was determined by dry
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combustion to carbon dioxide, since wet combustion techniques gave
consistently low recoveries of CO,., A portion of the acid was de-
carbonated with concentrated sulfuric acid sccording to the method of
Recusen and Arpnoff (85, pp. 25-40); the CO, after conversion to CO,
by passage over hot copper oxide, giving the specifiec uti‘dty'or
carbon 1. A third semple of malic acid was oxidized with potassium
permanganate according to the procedure of Wood et 9?_1_5.~"-(116, PPe 577-
888) yielding €O, from carbons 1,4 and acetaldehyde corresponding to
carbons 2,3. 'The aldehyde was converted to icdoform, giving the
specific activity of carbon 3 directly and carbon 2 by difference.
The molar specifie sctivity of the citriec acid was obtained
by either dry combustion or persulfate oxidation. Other samples of
eitric acid were treated with concentrated sulfuric acid according to
the Martin and Wilson modification of the method of Weinhouse, Medes
end Floyd (113, pp. 691-703) to yield CO, COp from carbon 6 and carbons
1,5 respectively. The acetone obtained in the same reaction was oxi-
dized further by the wet combustion method of Van Slyke and Folch
(103, pp. 507-541) giving the specific activity of carbons 2,3,4.
Acetone was also obtained from carbons :2,3,4 as the mercury-
ascetone complex by the dichromate oxidation method of Lewis and Wein-
house (63, pp. 2500-2503). The mercury-acetone complex was converted
to lodoform to give the specific activity of carbons 2,4 directly and
that of carbon 3 by difference; a portion of the ths complex was

also oxidized to carbon dioxide for the total activity of carbons 2,
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3,4. As a further verification of th;o degradation results, eitrie
acid was degraded by the method of Martin, Wilson and Burris (68,
PP+ 103-111) to give the total mu_vit_‘jr in carbons 1,5,6. The penta-
bromoace tone t:mn m three central ou'bon atoms was converted to
» 8iving tha m of carbons 2,3,4.

: All mpln were counted as ;barlu- cerbonate in thc con=-
ventional manner to a standard error ot 8 per cent and eorreetod for
background and uzr-auorpuon. |

Tho dlstribution of the mearporatod activity 1nto malie

and eitric acids is given in Table X.

| n ‘the Utilization of gw ~labeled
Glucose, Sodium Acetate: Aootuto-l-cl‘ Sodium __ME—G“ m ‘Sodium
Phosphate~F°? in Fruits:

Experiments have been carried out to test the effect of ethylene,
n;trogon, oxygen, dinitrophenol or temperature on the utilization of
various substrates by fruits. In thoﬁo studies, either the respiratory
CO0g was collected or else the radiocactive distribution was determined

among several fruit constituents.

1. Effect of sthylene upon the utilization of CHsCl400Na by
mature orange fruit:

One ripe Valencia orsnge (222 g.) obtained from the local

market was placed in a large closed desiccator along with a 100 ml.
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Teble X
Isotopic Distribution Pattern in Malie and Citric Acids in
Tomatoes Utilizing CHyC1400008 and cl4o,

cl40, Experiment 17 CHgz0140C00H Experiment 18

Carbon Atom Sp. activitf % total Sp. activity % total
(epm x 104/ (cpm x 10%/
mmole) % mmole)

Maliec Acid
Gl 24.9 35 23.7 40
Cc-2 0 0 - el 7.9
C~3 0 0 2‘.0 3.4
C=4 40,1 57 26.8 46

Whole molecule 7C.5 100 58.7 100

Citric Acid

C~1l + C~5 12.2 43 6.97 87

02 0 0 0.13 1.6
Ce3 0 A 0 0.13 1.6
Cwd 0 0 0* 0
C~6 15.3 54 1,32 16.4

Whole molecule 28.4 100 8.04 100

* based on theoretical consideration
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beaker containing 60 ml, of 50 per cent KOH, A second fruit (weight
230 g.) was plac_aod in a desiccator smilarly equipped, which was then
evacuated and air containing ethylene gas at a comentﬁtim of 1 in
1000 parts was introduced. The two fruits wers allowed to stand in
their respective atmospheres at room temperature for 84 hoﬁia.

At tho end of the -xpo"rimﬁl period, both fruits were
removed and a soiution ‘of 03301‘0051 (lynthuizedv in our laboratory
from Bacl“os; specific sctivity 5.14 x 1()8 ¢.p.m./mmole) containing
188 x 107 ‘gipim was introdiissd Lito ansh PRife by the Yeobnique
previously described. The control fruit was returned to its desic~
cator with its air atmosphere and the KOH trapping solution replaced
with fresh solution. Concurrently, the ethylene treated fruit was
replaced into its desiccator, the KOH trap replenished and the
ethylene atmosphere renewed (1 to 1000 in air). The two desiccators
were again allowed to stand at room temperature for an additional 71
hours.

The fruits were then removed, peeled and a simplified fractiona-
tion of econstituents of the peel and pulp of each fruit was carried
out as follows. The peelings were homogenized with 80 per cent ethanol
in a Waring blendor, the resulting mixture was heated and filtered.
After removal of the ethanol, the agueous extract was acidified and
subjected to exhaustive ether extraction. The ether was then extracted
with NaOH solution to recover organic acids. The fruit pulp was

treated in a menner similar to that of the peelings.
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A The various fractions were assayed for radioactivity in the
usual menner. The distribution of radicmctivity ir the two fruits is
' given in Table XL

Paper clxmtogrm and radiomompha by the techniques
outlined earlier shmd no detectible diﬂorenoas in distribution of

,'(,

radioasctivity anong the ormic acidu tm th. m rmits*’“

°f£‘m_.\zx
’ m o fruits:

. Effest of ethylens upon the ut 1

A aolufio'n containing 1.61 x 10‘ Cepom é't Mi‘xh"’acotato-
2-01% (purchased tron Tracerlab, Inc.; speoific actiﬂty 4 x 10°
o.p.n./mln) was introduced mto two green tomato trni l ut equal
weight (97.5 g.) by the method described in Section A. lntl ‘the fruits
were then placed in large dark bottles. One mflo, designated as the
control, was swept continuously with a stream of COg-free air, the
respiratory t:(?,z being trapped in cos-rrae sodium hydrbnéo; The
second bottle was swept with a mixture consisting of 1 part oxygen
and 4 parts nitrogen éontaining ethylene gas in a concentration of
1 part per 1400 parts of nitrogen and the metabolie C0g was trapm
as above. The sweeping rate was maintained at 125 ml/minute for both
unploi and sweeping continued for 49.75 and 50.5 hours, respectively.
During the experimental period, the NaOH solution in the traps was
periodically changed and the carbonate precipitated as baﬁm carbonate,
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Table XI
Distribution of Rediosctivity from CHyCl400Ne® in Normel

and Ethylono‘ Treated Orange Fruits

Experiment 20°
Comtrol " ' Ethylene fjl‘z_-eat;d
Rediochemieal ' ' Radiochemical
Fraction diocactivity Yiel - 'Radiosctivity Yield
Lopam x 10*) %;S ) (3]
Peel ;
Ethanol '
extract 6.7 3.7 28 y 1.2
Ether j
extract 4,0 2.2 0.69 ; 0.4
Organic i
acids 1.4 0.8 0.65 0.4
Ether
goluble
neutrals 2.3 143 0:.22 0.1
Pulp
Ethanol '
extract 14.5 ) 8.0 17.8 9.5
Ether
extract 10.2 546 7:7 4.2
Organic
aclids B:1 2 2.8 4.5 2.9
Ether
goluble

neutrals 0.75 0.4 0,74 0.4

a Specifie activity 5.14 x 108 ¢.p.m./mmole; applied activity 1.82 x
107 ¢.p.m.; ® Bthylene in air 1:1000; ¢ Experiment duration 71 hrs
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then plated and counted.

As may be seen in Tigure 8, the interval ra,(_liochmical
recovery of the respiratory coga reached a maximum 4 the end of 21
hours in the case of the ethylene treated fruit and at 30 hours for
the control. | :

After temmination of the experiment, the fﬁ#t‘a"ﬁn homog=
enized in aiaring blendor, the juice separated from ‘;t'hai'mp by
centrifugation end the pulp washed with water. The ‘soibined Jutce
and washings from each frult were acidified and subjected to exhemstive
ether extraction, the organic a’éma being recovered rron the othbr by
extraction with NeOH. The distridbution of radieaeﬂuty is shown in
Table XII. ‘

Seanning of paper chromatograms prepared from the two acid
samples using a Geiger~iineller counting tube showed no appreciable
difference in the distribution of radiosctivity among various fruit

constituents.

3. HEffect of ethylene upon he utilizstion of lebeled glucose
by fruit:

Experiments of 'the type described under section A were
carried out on green tomatoes and cucumbers and ripe oranges and
limes, However, in place of an air atmosphere in the experimental
bottles, a mixture of ethylene in air was introduceds In the statie

system (Section A2a) and intermittent sweep system (Section AZb) this
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TABLE XII
DISTRIBUTION OF RADIOACTIVITY FROM 01"3300011‘ IN NORMAL

ARD mxmuzb TREATED TOMATO FRUITS

Experiment 21°
CONTROL
Per cent
Radiochemical Specifie
(eop.-o X 105) \ e'?"' “O ms.
BaC0,) BaC0,)

Aqueous extract 5.5 34.0 - -
Organic acids 3.0 18.7 - -

ETHYLENE TREATED

Respiratory CO, 0.96 6.0 76.5 1258
Agqueous extract 4.7 29.2 - -
Organic acids 1.5 9.3 3 1

" Specific activity 1.4 x 1.08 c.p.m./mmole;total activity 1.61 x 106

b copo‘.
BEthylene in air 1:1000.

©® Experiment duration 50 hours.



was accomplished by reducing the pressure and refilling with pure
ethylene to the desired pressure. Two techniques were employed in
the continuous sweep (Section A2¢). TFirst, when a mixture of ethylene
in nitrogen (1:1400) became available, studies were carried out inm
which the respective fruit were swept continuously with 100 ml/minute
of the ethylene-nitrogen mirtﬁro and 25 ml/minﬁte of oxygen, flow
being rigidly controlled by mesns of low pressure reduction valves
and flow meters. More rooenf experiments employed continuous sweeping
with a specially prepared ethylene-air mixture (1:1000). |

The specific activity and radiochemicel yield in the respir-

atory COp from these experiments are presented in Table XIII.

4. Effect of nitrogen upon the utilization of labeled glucose
by fruit:

The experimental technique is the same as that described
previously under Section A, However, nitrogen gas was used instead
of air in providing the atmosphere of the closed watgn and as the
continuous sweeping gas. The results from these studies on green
cucumber and tomato fruits are listed in Table XIV along with the

results from concurrent control experiments.

5. Effect of oxygen upon the utilization of labeled glucose
by fruit:




TABLE XIII

OXIDATION OF m..ucoss-l-cl“ amcosm.z.cl" OR oom:-é-cu T0 'c"“oz
BY FRUITS EXPOSED T0 .

- 45 hour B b5 hour Accumulated
Exp. Type of Level Gas % Radiochemical Yield M ' Speeifie Activity
Ho. Lt T% ~Uged _ﬁ%‘ A% %g.. ..kl. W’ﬂ:ﬁ_
7 Orange 47,500 air S e 9.1 0.62 6.6 ¥ 3.5
" " . ethylene 13.9 - 7.0 049 4.8 - 2.2
8 " 163,000 atr 6.8 - 2.3 0.34 15.5 " 5.6
" " " ethylene 5.7 . 1.8 0.31 15.1 A 3.9
1 Tomato 80,000 air 12.1 9.9 &8 am ks 8.2 5.0
" " " alr 11.3 3 6.9 0.61 8.3 - .9
d |
1k " S air 10.5 8.3 7. 0.68 9.2 8.9 5.6
0 " " ethylene 11.0 6.8 6.8 0.62 9.2 3.9 5.0
d ' (i ,
15 " . " air 10.3 8.3 7.5 0.73 8.6 6.8 4.8
" " " ethylene 10.8 8.1 4.8 0.43 7.9 , ¥ TS 1

*Bthylene in eir (111000);, P0-6/0-1 is the per cent radjochemical yield from a‘;; s0-6-C1%/per cent radiochemical yield
from glnoou-l-cl“ CIntermittent sweeping. ntimouvs sweeping. its exposed to ethylene-air mixture
- (1:1000) for 10 hours and then swept contimuously with CO,-free air, -



TABLE XIV

OXIDATION OF GLUCOSE-1-CY"' OR GLUCOSE-6-C™' 70 ¢*"0p BY TOMATO AND CUCUMBER
FRUITS EXFOSED TO NITROGEN OR OXYGEN GASES

f 45 hour e 45 hour Accumlative
Exp. Type of Level Gas % Radiochemical Yield ﬁ Specific Activity
CePollie CoPoMe /Mo )
a ' : ; ' Bz
Pl Cucamber 49,800 air 22.0 13.2 0.60 6.6 4.1
s " » nitmg.n 1608 ’ 3.1 °o18 : \ ‘ 8.8 1‘9
" " " oxygen 22.0 16.5 0.75 67 543
b >
13 Tomato 80,000 air 12.0 7.# 0.57 8.9 500
L L ¢ " nitrogon 9.6 7.“ 0078 12.6 10.3
" " " oxygen 16.0 10.0 0.63 10.2 8.0

Sstatie system; specifiec activity of glucose used 3.55 x 107 ¢.pem,/mmole,
beont.imm- sweeping system; specific activity of glucose used 3.28 x 107 ¢.p.m./mmole
®3.6/G-1 is the per cent radiochemical yield from ;luoou-&cu/pr cent radiochemical yield from gl.ncoao—l-cm .
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The method enmployed was the ssme a8 described in Section A
'with the exception that oxygen gas replaced air in _'provi‘dixig the
atmosphere in the system, The date from thqasks‘ﬁ'x;li!‘es ‘are also

compiled in Table XIV.

glucose
by tomato fruit, with and without gthylene gas:

6. Effect of tempersture on the wtilization of labsle

a). Control experiment (without otl;&iaﬁg):

In order to evaluate the crfoet of fanm;turo upon the
utilization of differentially carbonl4-labeled gl'uobu’ subitratn by
green tomato fruit, continuous sweeping type experiments mn carried
out at different temperatures using the continuous mpink'tochnim
previously deseribed in Section AZs.

The experimental bottles, containing the respective glucose
tagged fruits, were pladed in a themmostatically contrclled water bath
maintained st 32° C. throughout the experimentel period, while COg-
free air was passed through the bottles at a rate of 125 ml/minute.
Periodically the NaOH trap solutions were replaced and Q;cos recoverad
for radicactive assay.

A plot of the intervel radioactive recovery sgainst time is
presented in Figure 9 and the data are presented in Table XV.

b). Ethylene experiments:



Experiment 24
INTERVAL RADIOCHEMICAL RECOVERY IN
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Table XV
Effect of Temperature® and Ethylenme Upon the Oxidetion of
Glucose-1-C14" Glucose-2-c14  Glucose-6-014 or

Glucose-U-c1% to c40, by Tomato Fruits

Experiment 24
Gas Used 18 hour Accumuleted
Radiochemical Yield cific Activit
: @) io.p.n. /ug. Becos)

Mr « . P DER R L

G~-1 6.7 T 9.8

G=2 13.3 23.0

G-6 6.2 842

G-U 14.8 24,6

G-3° 25.0 -

G=6/G=1 0.938 -

G-2/G-6 2.14° -

Ethylene (in air 1:1000)

G-1 7.4 8.9
G-2 4.8 6.4
G-6 2.3 ' 3.0
G-U 9.7 19.8
G-3 19.5 -
G~6/G=1 0.30 -
G-2/G=6 2.14 -

Temperature 32°C. b. Glucose specific activity 1.85 x 107 ¢.p.m./
mmole glucose; level used 105,000 c.p.m. ¢. G=3 ig the 18 hour

% rediochemical yield calculated for glucose-3-Cl4 using Equation
3. d. G=6/G-1 is the % radiochemical P'ld from glucose-6-Cl4/

% radiochemical yield from glucose-1-C%, e, G-2/G-6 is the %
radiochemical yield from glucose-2-C14/%4 radiochemicel yield

m ‘lu””-s‘ol‘o
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The experimental technique is the same as described in
‘Bection AZe. A mixture of ethylene in air (1:1000) was passed
through the respiration chembers maintaiv‘i;iad at 32°¢. in order to
mep the mtabolﬁ-ca‘rbon dioxide from the respective 'f’_mn-. The
interval radimti}ﬁ recovery with respect to vmu ,mw in
 Figure 10. TYor cﬁpnria’on-purpbua, in .ngure‘;ii’ll, th- ‘;mmlatiw
radioactive reeov.ry curves of the control cmtmarta ‘are compared
with the cunulative’ radiocactive recovery c'nrﬁ& from thi‘ d%hyxonc

treated set. The experimental dats ave J.‘I.ind. in Table XV& ,

7. Bffect of ethylens and dinitrophencl on the Wtilizetion of
sodium phosphate-F2 by tmgé fruits:

By means of the techni’quo described in Section A, 0.1 ml.
of a solution of sodium phosphate~P52, pH 7,0, conteining 1.82 x 107
¢.p.ms was introduced into each of 8 mature green tomato fmits. Four
of the fruits were then placed in separate dark brown bottles and
flushed with a mixture of ethylene in air (1:1000) and then allowed to
gtand at room tempesrature. The remaining 4 fruits were sllowed to
metabolize in air at room temperature. At intervals of 1, 4, 6.5
and 23 bours, respectively, one fruit from each set was removed for
radiocactive sssay. In a similar experiment 1.5 mg. of 2,4 dinitro-
phenol (approximately 10™% M/fruit) was administered to esch of two
fruit along with sodium phosphate-P32 containing 1.82 x 107 c.p.m.

These tomatoes were allowed to stand in air snd examined after 6.5 and



800

(2]
o
o

Counts per minute /hour

65

Experiment 24
INTERVAL RADIOCHEMICAL RECOVERY IN.
RESPIRATORY €O, OF TOMATO FRUIT
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Figure 10
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23 hours, respectively.

Each fruit was homogenized in a Waring blendor with an
equal weight of water after which the agueous extract was 'momd by
centrifugation. A 2 ml, aliquot of the filtered o;traot‘ was taken for
separation of inorganie phosphate from soluble orgenic. phosphate
according to the procedure of Nielsen end Lehninger (72, pp. 555-570).
This pro“da?e relies on an isopropanol-benzene extraction of the
orthophosphate in the form of phosphomolybdie acid from the agueous
layer ceontaining the orgsnie phosphate.

The separation procedure was carried out for each fruit
and aliquots of the original juice and of the separated orgaenic phos~
phate were counted in a GM counter in the manner previously described.
The distribution of radiocasctivity between orgenic and inorganic phos=-
phate is given in Table XVI.

D. Incorporation of Ethylene-1,2-¢'* into Fruits:

Since it has been demonstreted that ethyleme indeed has an effect
upon the pathways of glucose utilization in frult, it wes of great
interest to investigate the mechenism of its physiological effect and
the mode of ethylene production in different rmn_s.'- Consequently,
experiments were carried out with cl4-1abeled ethylene in an attempt
to study the possible incorporation of ethylene into fruit constituents
by way of an exchenge resction or reversidle process which might reflect

the nature of the ethylene precursor or the site of its action., It was



TABLE XVI
EFFECT OF ETHYLENE® AND DINITROSHENOLY® UPON THE UTILIZATION
OF SODIUM PHOSPHATE®S® BY TOMATO FRUITS

Experiment 254
Dinitrophencl Ethylene
Control Treated : Treated
 Elepsed Organic® Inorganie Organiec Inorganiec Organic Inorganiec
Time Phosphorous FPhosphorous FPhosphorous Phosphorous FPhosphorous Phosphorous

“(hours) # €3] %) # €9) ()
1l & 94 - - 4 96
4 15 85 - - 12 88
6.5 36 64 39 61 24 75
23 52 48 49 51 : 48 52

Ethylene in air (1:1000)

Dinitrophenol 1.5 mg/fruit

Per cent of totel water soluble phosphorous activity
Level used 1.82 x 107 ¢.p.m.

Ao O

89
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reasoned that if the ethylene gas evolved by fruit is an end product
and is in equilibrium with some unknown precursor (EtP), ioarbonl‘-
labeled ethylene in the surrounding atmosphere might be incorporated
into the precursor (or active site) if the equilibwium constant of

the reverse reaction (kg) were of reasonably large value:

Etp =2 A W
ky

1. Introduction of labeled substrate:

The fruits were exposed in large desiccators to portions
(2.8 x 107 g.p.m.) of 1,2-C14-1abeled ethylene gas (obteined from
Tracerleb, Inc.; specific activity 1.4 x 10® ¢.p.m./mmole) in cone
centrations of 1 part of o;:hyl‘ona to 1000 parts of air st normal
pressure. BHach desiccator was equipped with a besker of K(H solution
to absorb the respiratory carbon dioxide. Periodically reduction of
the oxygen tension within the system, as indicated ﬁy an attached

menometer, was restored with oxygen gas from a e¢ylinder.

2., Examination of the fruit constituents for incorporated
radiocasctivity:

Experiments of the above type were carried out on green
apples, pears, tomatoes, grapes, ripe oranges, avocados, papayas and

limes, A small amount of ethylene radicactivity was found to be
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incorporated into avocados and pears, mainly into the organic acid
fraction, and a slight amount was ineorporated into papayas. OSub-
sequent experiments carried out in an atmosphere of ‘oxygen or
nitrogen failed to improve the extent of incorporation,

In a typical experiment, two ripe avocado fruits | (total
weight 604 g.) were exposed at room temperature to eth;lene 1,2-
¢14 in the manner outlined sbove, for = period of 10 days. At the
end of the experimental period, the radiocactive ethylene was swept
from the desiecator and trapped in mercuric perchlorate solution
(118, pp. 551-555). The respirstory COp was recovered from the KU
trap solution as BaCOs, plated and counted in the connntiénal manner,
It was found to be not labeled.

The fruits were mechanically separated into three portions
(seed, pulp, and peel), '-nd each section was treated in the manner
previously deseribed (Ssction B2) in order to ascertain the distribu-
tion of radioactivity which is compiled in Table XVII.

The results from a similar study on green pears are also

listed in Tule‘XVII.

3, Isolation and degradation of fruit aeids:

After exhaustive ether extraction of the combined pulp
organie a¢ids, they were concentrated and chromatographed on silica
gel column using increasing concentrations of n-butanol in chloroform

(25, pp. 187-190). The fractions representing the acid peaks were



TABLE XVII
“a.b
INCORPORATION OF RADIOACTIVITY FROM ETHYLENE 1,2-CF
INTO PEAR AND AVOGADO FRUIT

AVOCADO: Experiment 26

Seeds
Ethanol extract 1700 ec.p.m.
D-persitol 200 e.p.m.
Peelings
Aqueous extract 3000 ¢c.p.m.
Organic acids 2740 c.p.m.
Pulp
Aqueous extract 9000 c.p.m.
Organic acids 6850 e.p.m.
Respiratory 002 0
PEAR: Experiment 27
Peelings
Ethanol extract 5000 c.p.m.
Organic acids 3520 c.p.m.
Pulp
Aqueocus extract 8000 c.p.m.
Orglnie acids 3520 CoePeMe
Amino acids 0
Sugars and other neutrals 540 e.p.m.
0

Respiratory 002

& poplied radiosctivity 2.8 x 10° c.p.m.
b Ethylene in air 1:1000,
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combined and concentrated. Fumaric and auccixi’ic acids were isolated
therefrom in the pure state. The purity and fden:iity of all acid
fractions was established by paper chromatography in l-pentencl:5 M
aqueous formie acid {22, pp. 489-491) or n—buf@ol:aoefic acid:water
(4:1:5) (86, pp., 98-111). |

The epecific sctivity of fumarie aeid waé determined by wet
ecombustion. A portion of the acid was degraded according to tho.
method of Allen and Ruben (4, pp. 948-950) and Foster et al. (36,
pp. 663-672), in which fumaric acid was oxidized with scid perman-
genate at low temperature resulting in conversion of all of the
carboxyl carbon and half of the middle carbon atoms to*coz, leaving
the remaining half as formic acid. The latter was steam distilled
from the reaction mixture nndoxidize; to 00g by the procedure of
Horowitz and King (52, pp. 125-128),

The activity of the entire succinie acid molecule was
determined by wet combustion. Thé acld was degraded by high tempera=-
ture pyrolysis, m’mord-ing to Kushner and Weinhouse (62, p. 3558),
yielding Blﬂos from the carboxyl carbons. The activity of C-2,3 was
obtained by difference.

All samples were counted as BaGO‘s,

Model SC-16C Windowless Tlow Counter, to a statistical accuracy of

using a Tracerlab, Inc.

2 per-cent. Results from the degradation studies are presented in
Table XVIII.



TABLE XVIII
DISTRIBUTION OF RADIOACTIVITY IN FUMARIC AND SUGCINIC ACIDS
ISOLATED FROM AVOCADO FRUIT TREATED WITH

ETHYLENE 1, 2cl4®®
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Specific Activity Per cent

¢.p.m./ mmole of total

Fumarie Aeid
COCH 89.7 38.4
!m 27.0 11.6
<|m 27.0 11.6
cl}OOB 89.7 . 38.4
whole molecule zm 136'.'5

Suecinic Aecid
COCH 40.1 38.4
}ﬁg 12.0 11.5
CH, 12.0 11.5
i i R
whole mclecule 104.0 - 100.0

e Activity supplied 2.8 x 107 cpm
b Ethylene in air 1:1000
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DISCUSSION

It can be seen from the experiments deseribed above that efforts
~have been mede in elucidating the metabolic pathways of carbohydrates
and their related intermediates in fruits with the aid of radicactive

tracer techniques.

A. Carbohydrate Catabolism in Fruits:

Teing uniformly labeled glucose as & rotgr’éinc'a substrate, it
appears that only 10 per cent of the applied radiosctivity is found
in the respiratory €O, of tomato fruits after 30 hours (Table IV) and
only 11 per cent in the coz of orange fruits after the same time period
(Table II). This low recovery of glucose metivity is due to either (1)
continuous dilution of the labeled glucose by unlalﬁod glucose (or re-
lated oeltpounés) newly formad from polyucchnridos. or (2) utilization
of the applied glucose for biosynthetle purposes.

Metabolic pathwaywise, it is readily apparent from the results of
the studies carried out on fruits using specifically carbonl4-1aveled
~glucose samples (Tables I, II, III, or IV), that fruits nfo capable

‘or metabolizing glucose by some route other then the classical
pathway consisting of the Eubden-ileyerhof-Parnas glycolysis (EMP)

' nnd.trioarboxyno acid eyele (TCA). With fruits the G-5/G-1 ratio
(per cent radiochemical recovery in COg from 5111005--6-01‘/1»1' cent
radiochemical recovery in COp from glucose-l-ou) which is cus-
tomarily used as an indication of the relative contribution

of glycolysis and alternate pathway participation in higher plants
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(41, p. 345), varies from 0.32 to 0.74 (Tables I, II, III and IV)
indicating considerable contribution from an altornntivo pathway
toward overall glﬁooso catabolism in fruits. Of the fruits tested,
cucumbers oxidized the greatest amount of labeled glucose substrate
to 01402 which may reflect a lower glucose content or htghor enzy-
matie activity (7, pp. 675-684).

The G-6/G=1 ratio of the metabolie 01‘08 changes as the experi-
ments progress, thus, as given in Table V, the observed ratio changed
from a value of 0.27 to a value of 0.68 during the course of the exper-
iment, It is well established that the rate of conversion of the
individual ecarbon stoms of glucose to metabolic 008 varies according
to the metabolic pathway involved. Degradation of glucose according
to the alternate pathway probably involves £ intermediate compounds
before glucose C-l1 becomes 008' on tho other hand, the same conversion
following the EMP-TCA cycle pathway would require 20 intermediate
steps. It is therefore essential to select a time at which the cume
ulative radiochemical recovery curves from the various labeled glucose
substrates have leveled off, only at which time the G-6/G-1 ratio
reflects a true comparison. With this concept in mind, the results
from the present studies are generally compared after periods of 30
or 45 hours.

The time course plots of interval radiochemical recoveries in
respiratory COp from Experiments 14 and 15 (Figures 4 and 5) furnish

additional evidence for the operatior of zn gltownate pathway of
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glucose catabolism in fruits. If glucose were metabolized solely
via the EMP-TCA pathway, one would expect the highest peak to be
that from glucose carbon number 2 (C-2) while those from glucose
C~1 and C-6 would be smaller and of equal size. Moreover, glucose
¢-2,5 should have been converted to respiratory C0p earlier than
that from glucose C~l,6.

It is evident that this was not the case in the fruits tested.
Appreciable amounts of glucose G-l activity rapidly appeared in the
respiratory °°8 elong with lesser activity from glucose c-é and
least from glucose C-6. Furthermore, the order of appearance of the
interval radiochemical recovery peaks of G140, differed from that
expected if the EMP-TCA cycle alone was operating (thus, in Figure 4
peaks in the interval recovery of cl40, from glucose C-1, 0-2 and C-6
was observed after 12, 15 and 30 hours, respectively).

The rapid appearance of glucose C-1 in the respiratory cog could
be the result of the participation of the pentose eyele, the Entnere
Doudoroff pathway (35, pp. 853-862) or some other alternate pathway of
glucose transformation. Judging by the well demonstrated function of
pentose cycle type utabolin in the vegetable kingdom in combination
with the fact that the Entner-Doudoroff pathway has been detected
only in a few microorganisms, it is likely that the alternate pathway
of glucose metabolism in fruits probably belongs to the pentose cycle
type.

The pathway which 1is responsible for souversion of C-2 of glucose
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%o 002 cannot be definitely established in the proient experiments.
Carbon atom 2 of glucose can be converted to co8 by way of either
glyeolysis-TCA eycle route or the pentose cyclic pathway; the latter
pathway would give rise to 008 from the glucose e¢arbons in the order
-1, C~2 and C~3 (Figure 1). Since operation of the TCA cyele hes
been established as one of the major pathways in respiratory function
and hydroxy aecid biolynthcais‘ln fruit, it is reasonable to assume
the bulk, if mot all, of the ¢l%, from glucose-2-Cl4 1s probably
the result of EMP-TCA cycle metabolism,

This is further evidenced by the findings on the ratio between
the cl40, derived from glucose-2-Cl4 end that from glucose-6-014
(G=2/G-6 ratioc) in the present studies. In conventional glysolysis
the key intermediate, pyruvate, would be labeled in the methyl carbon
from glucose C-1,6; the carbonyl carbon from glueose C-2,5; and the
carboxyl carbon from glucose C-3,4, respectively. Similarly, the
methyl carbon of acetate would be derived from glucose C-1,6 and the
carboxyl of acetate from glucose C-2,5. Combustion of acetate accord-
ing to the tricarboxylic acid cycle pathway would then result in the
immediate conversion of acetate carboxyl carbon (glucose C=-2,5) to
metabolie COp followed somewhat later by the appearance of acetate
methyl carbon (glucose C-1,6). If one were to examine the G-2/G-6
ratio in the metebolic COy (enalogous to the comparison of the carboxyl
carbon atom to methyl carbon atom in acetate), one could then expect

to find & variation in this ratio with time, in the following sequence:
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(1) during the early stages of the experiment, acetate earboxyl
carbon (glucose C~2) is a chief source of respiratory 002 hence the
G-2/G~6 ratio would be high; (2) with extensive TCA eyeling, acetate
methyl carbon is gradually converted to rsapirntéry GO8 and results
in a lower G-2/0-6 ratio; (3) subsequently, acetate methyl and care
boxyl aetivity will contribute cquuliyfto the metabolie cog and the
ratio will then be unity.

As may be seen from Table V, the G-2/G-6 ratio for tomato fruits
increases during the first 12 hours to a maximum of 2.44 uﬁd thence
decreases to 1,19 after a period of 45.5 hours, in the manner pre=-
dicted above. With a change in this ratio with time, it is again im-
portant to allow sufficient time for the various pathways to reach an
equilibrium state before the G-2/G-6 ratio attains qualitative signif-
icance.

In the foregoing discussion it is essumed that the C-6 of glucose
is converted to COp only by way of the EMP-TCA eycle. However, it is
entirely possible that the recombination of two moles of triose by way
of the aldolase reaction would give rise to glucose molecules with the
original carbon atom 6 now relocated at the C-1 position. The opera=-
tion of the direct oxidative pathway of glucose catabolism will then
result in the preferential conversion of C-6 of glucose to coz. Al
though the contribution of this possible route can not be defined in
the present study, it is unlikely to be extensive as indicated by the
rapid utilization of pyruvate by tomato fruits (Expirimont 18) and the

negligible incorporation of pyruvate into glucose (Table VII) in the
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msc“ocom experiment.
Weng and coworkers (109) hayt»rocontly presented a method for

estimating the ooﬁtrtbution of 1ndividua1 pntﬁﬁty? in overall glucose
‘metebolism of mieroorgenisms, based on the relhbive contribution of
the individual glucose carbons as indicated by the radiochemical
yield from gluoon-‘-l'-cu. glucbso-swl‘, glucowsdcl“ aﬁd- v"gluoon-U-
Cl4 in the respiratory COp, On the basis of a few basic assumptions,
it is possible to calculate the comtribution of C-3 of gluccse to
metabolie CO, according to the following equation:

6G, - (G, + 26, + G.)
& Mg 0y 4 Wyt By 1)

where GU. Gy» 02, Ga and G; represent the radiochemical yield in the
respiratory 002 from glucose-U-c1%, glucose-1-0%¢, glucose-2-c¢,
glucopo-aécl‘ (calculated value) and ;1uooae~5-cl‘, respectively. One
may expect that the exhaustion of the administered labeled glucose in
the cells would be directly reflected by the disappearance of C-3 of
glucose from the respiratory COp which will be indicated by the
leveling-off on the time-course curve of the cumulstive radiochemical
yields in cl%0, from glucose ¢-3.

In a system such as fruit, the continuous supply of nonlabeled
glucose from polysaccharides dilutes the administered labeled glucose

gradually to the extent beyond one's means of detection. Under these



circumstances, it is only practical to estimate the total labeled

glucose metabolized by the following equation:
T = G — G + G (4)

It is evident that these equations are bqﬁod on the following
major assunptiénn: (1) the sdministered glucose is mutub@iizod only
via phosphogluconate decarboxylation and glycolysis in oehﬁnnetion
with the TCA cycle (these pathways are the only ones so fa? detected
in higher plants which carry out this function); (2) tﬁo pentose
resulting from phosphogluconate decarboxylation is not further
metebolized extensively by way of the pentose cycle or other pathways;
(3) the removal of C-l from glucose via phosphogluconate déoarboxyla»
tion and the oxidative decarboxylation of pyruvate (loss of glucose
C-3,4) formed in the glyedlysis both occur promptly (this assumption
is supported by the rapid appearance of glucoso--l-cl4 and glucose-U~
014 activity in the respiratory COp); and (4) very little hexose is
formed from triose (as substantiated by the 65301‘0000H experiment).

Although these assumptions may not be entirely valid in fruit
systems and hence the significance of the subseguent calculations
based on these assumptions may have only limited value, nevertheless,
they represent the marginel limits of the estimations of these
pathways.

The calculations for the estimation of individual metabolie

pathways can be made according to the following equations:
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(1) Fraction of glucose metabolized by phosphogluconate

decnrbo:ylation (Gp) t

h=% ,
Gb = ity (5)
T ' '
(2) Fraction of glucose metabolized by the glycolytie ?ntl;wqy
Gt
- ”
Gg=1-6 (6)

 (3) Fraction of acetate carboxyl converted to 00y (Ry):

RI‘.= ?f;. ' (7)
Gy . ‘

(4) Fraction of acetate carboxyl utilized in biosynthesis (sc)’

SG i R' (B)

(5) Fraction of acetate methyl converted to 60y (Bh)’

Ry = % | (9)
Gy
(6) Fraction of acetate methyl utilized in biosynthesis: (Sl)z
=1 - Ry (10)

In Taeble XIX are listed the results from sauch ealculations per=-
formed with the experimental date from Experiment 16, a time course
study on the utilization of glucose by green tomato fruits. It
appears that the contribution from phosphogluconate decarboxylation

reaches an early maximum of 27 per cent after 6 hours end subsequently
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TABLE XIX
AN ESTIMATION OF THE RELATIVE CONTRIBUTION OF THE PATHWAYS
OF GLUCOSE METABOLISM IN TOMATO FRUITS IN AIR
Experiment 16

o w W H
27

C
o

6 73 e & # -
12 18 82 s - P “
18 15 85 “ - & 25
24 16 8l 23 77 18 82
33 1 86 - " - a2

welt is the fraction of glucose metabolized by phosphogluconate

P decarboxylation; G, is the fraction of glucose metabolized by
the glycolytic patgny: R, is the fraction of acetate carboxyl
converted to 002; s is tfe fraction of acetate carboxyl
utilized for biSsynthesis; R, is the fraction of acetate

methyl converted to CO,; and S_ is the fraction of acetate
methyl utilized for bi%aynthu!a.



83

declines to 14 per cent after 33 hours. This observed trend may stem
from the previously mentioned differences in reaction rates between
glycolysis and the phosphogluconate decarboxylation. Nevertheless,
it is clear that the direct oxidative pathway does play an essential
role in the catabolism of glucose in tomato fruits.

The calculated values of Rys S5y Ry and § are given only for
24 hours in Teble XIX, at which time the radiocactivity recovered in
coz from glucose C-3 had leveled off. The relatively highor contri-~
bution of acetate carboxyl carbon to total respiratory 002 and the
relatively higher contribution of acetate methyl carbon in bio~-
syntheslis are in good agreement with what has been reported in yeast

(109) and Streptomyces griseus (110) as a result of the operation of

TCA eycliec processes in these organisms.

In Table VI may be seen the distribution of radiocactivity into
various fractions isolated from tomato fruits used in Experiment 13.
There is no noticeable difference in the distribution of activity

from glucose-1-C14 and glucose-6-C1%4 among various fruit comstituents.

B. The Nature of the Metabolic Pathways of Glucose Breakdown Products:

The fate of some of the major glucose breakdown products in
tomatoes are demonstrated in the experiments on the incorporation of
cigo}4ococi, cl4o, end cif,Cl400Na.

The distribution of incorporated activity into various frections

of tomatoes as derived from cxacl*ocooa and 01402 is given in Table
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VII. The incorporated ¢l%

activity from either substrate was found to
occur to the greatest extent in the organie acids with smaller smounts
present in the amino acids and sugar components. Wang et al. (108,
pp. 741-745) found that approximately 45 per cent of the CH 514008
activity appeared in the metabolie C0p at the time of saturated
utilization in contrast to 15 per cent recovered in the present
pyruvete-2-C** experiment at an equivalent time. This suggests that
pyruvate is not oxidized to the same extent as acetate but instead, is
utilized more extensively by the fruits for biosynthetie purposes.
Nevertheless, the activity incorporated in the organic acids in the
present pyruvate experiment and that of the acetate stnéy by Weng and
coworkers are more or less identical (14 and 10 per cent, respectively).

The isetopic distribution patterns of malic and citric acids iso-
lated from the coz and pyruvate experiments are given in Table X. 1In
view of the difference in the quantity of acids present in the fruits,

» the labeling level of various carbon atoms was corrected for the pool
size of each acid in the fruit used in the present experiments. This
eorrected specific activities as well as the pool size of maliec and
citric acids are given in Table XX.

From 01402, as expected, one finds the activity located exclu-
sively in the carboxyl groups of the fruit ascids. The considerably
heavier labeling in C-4 of malic aeid as compared to that of C-1,
indicates that the mechanism of COp fixation in tomatoes belongs to

the Wood~Werkman (116, pp. 377-388) or malic enzyme (76, pp. 979-



Table XX
Distribution of Radiosetivity in Citric and Malie Acids from Tomato
Fruits utilizing CHzCl40C0CH and 0140, Corrected for

Pool Size

cldo, Experiment cusc“ocboa Experiment

Carbon Atom Sp. activity Sp. activity
epm * 105/m mole epm x 109/m mole
Malie jeid -
found in the fruit 645 m mole 2.3 m mole
Cc-1 1.6 0s55
C=-2 0 0.1
C-3 0 0.05
c-4 2,6 0.7
Whole molecule 4.6 l.4
ottrie Astd
found in the fruit 15.3 m mole 15.2 m mole
C~-1 + C-5 1.9 1.1
C=2 0 0.02
-3 0 0.02
C=-4 0 o*
C=6 2.3 0.2

* assumed to be unlabeled
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1000) type. It is interesting to note that the partial randomization
of the malic acid carboxyl groups observed here (probably as a result
of equilibration with fumarate) is in contrast to the recent report on
COp fixation in apples (5, pp: 231-234 and 6, pp. 234-238) where com-
plete randomization was realized. In citriec acid, the tertiary car-
boxyl carbon was significantly more heavily labeled than the primary
carboxyl carbon atoms. By assuming that (a) C-5 of citric acid is un-
labeled as shown by the sbsence of Cl%, activity in the fat fraction
(Table VII), hence the "acetate™ unit; and that (b) the C, condensing
component in the citric acid synthesis is symmetrical as indicated by
the equal labeling of C-2 and C=3 of eitric acid in the pyruvate exper-
iment, one could then assign the activity of primary carhoxyi carbon
atoms to C-l alone and expeet to find equal labeling in C-l1 and C-6 of
citric acid. The observed excessive labeling in the tertiary carboxyl
carbon atom consequently reflects the occurrence of some other coz
incorporation mechanism such as the formation of isocitrate from
alpha-ketoglutarate and COp (10, pp. 68-71; 42, pp. 461-465 and 75,
PPe 133-157).

Since the demonstraticn of the cécurrence of cl-+ Csieondensation
(with COg) in tomatoes does not necessarily imply the quantitative
significance of this reaction in the overall acid biosynthesis, the
pyruvate experiment was therefore carried out. Pyruvato-z-cl‘, a key
intermediate in the glycolytic scheme, is capable of giving rise to c4

acid with labeling mainly in C-2 and C-3 by way of €0y fixation. On
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the other hand, this compound can also be converted to acetate which
is in turn used to synthesize a 64 acid through Thunberg-type conden-
sation (101, pp. 1-91) with labeling confined to C-1 and C-4. Com-
parison of the specific activity of the C-2 and C-=3 with that of C-l
and C~4 will then provide a direct indication of the extent of the
operation of the cs-r cl reaction. Thus, in yeast which was utilizing
pyruvate-2-C14 as sole carbon source, Wang et al. found 62 per cent of
the activity in C-2 and C-3 of aspartic acid and coneluded that the
63-+ cl type reaction is responsible for the metabolism of as much

as 70 per cent of the available pyruvate in the yeast.

In the present experiment, the deteection of labeling in the non-
carboxyl carbon atoms of malic acid and citric acid subqtantiatos the
fact that 002 fixation occurs in this fruit. However, the presence of
only 11 per cent of the ¢14 activity in the C-2,3 of melic acid indi-
cates that 00a fixation with pyruvate is probably not a major pathway
in the biosynthesis of maliec acid in tomatoes under these conditions.
Judging from the specific activity curve of the respiratory 002,
(Figure 7) it is reasonable to believe that a steady state in labeling
had been reached at the time the pyruvate experiment was terminated;
yet the specific activity of malic acid was higher than that of the
maliec acid skeleton in citric acid even after pool size is taken into
consideration (Table XX). This fact implies that malic acid was
synthesized from pyruvate prior to citric scid through a pathway un-

related to the citric acid eycle. Although the nature of this pathway



cannot be defined in the present work, it is possible thaf conden-
sation of two c2 units of the Thunberg type might play an important
role in the overall acid biosynthesis in this fruit. In Aspergililus
niger, as much as 40 per cent of the citric acid was reported to
originate through the Cgo=C, eondensation pathway (93, pp. 68-80).
Seaman and Naschke (92, pp. 1-12) have recently desecribed a reversible
cleavage of succinate to acetyl coenzyme A in Tetrahymena which is
DPN, CoA and ATP dependent, and also report its presence in mammalian
and other microbial systems.

The isotopic distribution pattern of citric acid in the pyruvate
experiment is in good agreement with that of malic acid. Thus, if one
assumes that C-1, 2, 3, 6 in citric acid are derived_fran the carbon
skeleton of malic acid by way of the ccnventional citric acid bio-
synthesis (108, pp. 741-745), the activity of C-1, 6 and of C-2,3
will then be 9 per cent of and 91 per cent respectively of the four-
carbon fragment in citrie acid. These figures compare favorably with
11 per cent and 86 per cent respectively observed in malie acid.

It is also interesting to note that C-2 snd C=-3 of citric acid
are approximately equal in activity. Since these two carbon atoms are
equivalent to C-2 and C-3 of the 64 condensing component in the classi-
cal citrie acid biosynthesis, it is therefore indicated that the 64
compound must be symmetrical in respect to its labeling pattern. In
view of the fact that malic acid isolated from the same fruit is not
symmetrically labeled it is-unlikely that oxalacetate could have been

the condensing partner. This is true since randomization of the latter
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by equilibration with a symmetrical C, aeid (sueh as fumariec acid)
would have involved malie acid as an intermediate. It thus appears
that avsynmotrical c4 acid such as fumarie or sucecinic acid is
probably participating in the citric acid formation in tomato fruits.

In the time course study of acetate 1ncorpor§tian into tomato
slices, it is apparent that the administered acetate is rapidly ﬁatab-
olized since approximately 30 per cent of the Qppliad radicactivity
appears in the acetic acid-free ethanol extract within a period of 3
hours (Table VIII), the incorporeated activity being detected in the
organic acid and amino acid fractions. However, it is interesting to
note that appreciable amount of activity from the acetate carboxyl
carbon was also incorporated into the neutral fraction. The nature of
this fraction is yet undetermined.

Among the orgenie acids, C1% activity was detected in citric and
trans-aconitic acids after 30 minutes, at which time no activity was
yet detectable in malic acid (Table IX). This is very interesting
especially in view of the fact that in tomatoes, the normal citric acid
content is 3-7 times greater than that of malic scid (25, pp. 187-190).
After 60 minutes, activity was detected in maliec acid and at 90 minutes
activity had appeared in lactie acid. These results imply that acetate
condenses with oxalacetate to form labeled eitrate which is then sub~
sequently converted to labeled trans-aconitate and'finally malate by
the operation of the TCA eyele. This is slso evidenced by the fact

that the relative activity in citrate was higher than that of
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malate throughout the experimental period. Incorporation of radio-
activity into lactate probably oeccurred by decarboxylation of oxal~
acetate to pyruvate wifh subsequent reduction of the resulting
pyruvate. 7 : |

The distribution of activity among the vs!ious amino acids is
also in line with the foregoing discussion, thus, activity appeared
first in glutamic acid and subsequently in aspaétié'acidt At the end
of the experimental period (3 hours) detectable radiocactivity finally
appeared in glycine~serine, histidine, phenylalanine, tr&ﬁiophano and
tyrosine.

It is understood that the incorporation paitern observed here is
primarily the result of labeling by way of exchange rsactions which
does not necessarily reflect biosynthetic pathways and econsequently
does not rule out the occurrence of a Cy,~Cy, condensation in C4q acid
biosynthesis. However, the rate of labeling in these acids does
reveal interesting information concerning the rate of reactions in

the Krebs cycle sequence in tomato fruits.

C. Effect of External Factors on Metabolic Pathways in Fruit:

Studies were also madb in testing the effect of éfhyleno, nitro-
gen, oxygen, dinitrophenol (INP) or temperature upon the utilization
of glucoao-l-cn, glucose-z-cu, glucoso-s-cl4, glucosa-v-cl4, sodium
scetate-2-C1%4 or sodium phosphste~P®2 by fruits in an effort to colleet
additional information for the elucidation of the nature of the meta-

bolie pathways of fruits.
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1. Effect of temperature upon glucose metabolism in tomatoes:

In the early studies on fruits utilizing differentially
cl4.1abeled glucose substrates disecussed previously, no attempts were
made to control the temperature and consequently during the course of
a given experiment, the tempersture varied from 20—-25° Ce Therefore,
in an effort to ascertain tho'ortectl of temperature, if any, upon the
assimilation of labeled glucose by fruits, s study was performed on
green tomatoes at controlled temperature (Experiment 24, 32 °c. s 38

The glucose assimilation pattern of tomatoes was fouad to
be extensively altered at elevated temperatures (Figure 9). Thus, in
respect to the specific activity snd radioohemic’a_l recovery of respir-
atory 31‘02, much higher values were observed in the 01402 derived from
glucose-2-C4 ot 32 °C. than that obtained at room temperature (Tables
IV and XV). Since the COg production of the fruits was alsc increased
(approximately double that of experiments at room temperature), it
appears that the pronounced inerease in contribution of C-2 of glucose
toward the respiratory GO, is probably the result of increased TCA
ecyecle activity.

It is interesting to note that the increase in t‘.%(),’z production
did not lead to an apprecisble incresse in the radicchemical recovery
from glueoso-l-cl‘ in the metabolie 002 as compared to similar experi=-

ments conducted at lower temperatuves (in the high tdnporaturo Experi-

ment 24, the radiochemical yield from glucose C-1 in reapiratory C0g
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at 30 hours was 8.7 per cent as compared to 9.8, 9.1 and 8.7 per cent
in Experiments 13, 14 and 15). However, the recovery from glucose-6-
¢14 was substantially increesed (8.0 per eent at 30 hours in Experi-
ment 24 as compared to 4.4, 5.2 and 5.0, in Exporlmonﬁs 13, 14 and 15,
respectively), resulting in a marked increase in G-6/G-1 ratio: after
18 hours the G-6/G-1 ratio in Experiment 14 was 0.42 (Teble V) in con-
trast to a value of 0.93 in high temperature Experiment 24 (Table XV).
The ceontribution of individual eatubﬁlie pathways of glucose

in tomatoes at 32 °C. hes also been caleulated in the manner described
previously (Equations 3,'4. 5, 6, 7, 8, 9 and 10). The results indi-
cate that 98 per cent of the glucose is catabolized in tomatoes at
32° C. by way of glycolysis in conjunction with the TCA cyele (Table
XiI)e

2., The effect of ethylene upon fruit metabolism at room tempera-

ture:

In Table XI are presented the results from the experiments with
oranges in which the effect of ethylene upon the utilization of sodium
.not.t.-l-cl‘ was exnminad. Although there wss no appreciable differ-
ence in the fractions isolated from the pulps of the control and
ethylene~treated fruits, considerable difference was observed in the
quantities of radiocactivity incorporated into all rructioﬁn of the
peelings. Paper chromatographic examination of various fractions did

not reveal any qualitative difference in labeling patterns.
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TABLE XXI
AN ESTIMATION OF THE RELATIVE CONTRIBUTION OF THE PATHWAYS
OF GLUCOSE METABOLISM AT HIGH TEMPERATURE AND UNDER
THE INFLUENCE OF ETHYLENE

Experiment zub

ATMOSPHERE ¢
Gp G, R, S, Ry S

o glEaet e SRR e ey TR ¢ )
ué

air 2 98 54 25 75
ethylene 21 79 25 75 12 88
(in air
1:1000)

» Temperature 32%0.
b Values calculated from 18 hour data (Table XV).

© @ is the fraction of glucose metabolized by phosphogluconate
dgcarboxyhtion; G, is the fraction of glucose metabolized by
the glycolytic patfiway; R_ is the fraction of acetate carboxyl
converted to €0,; S, is the fraction of acetate earvexyl
utilized for bioqn‘ghuh; is the fraction of acetate methyl
converted to 002; and § 1is the fraction of acetate methyl

utilized for bioaynthu!s.
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It appears that ethylene reduced the incorporation of Gl4-
activity into peeling constituents. This observation can be ex~
plained on the basis of: (1) the enhanced production of acetate or
its related compounds from fruit -carbohydutos-‘. ihus‘ greatly diluting
the administered labeled acetate; or (2) possible effect of ethylene
upon the enzymatic processes in fruit biosynthesis. It is noteworthy
that much less oontmaf is observed in the pulp fractions ‘i'minod in
this experiment, which is possibly the result of the greatly reduced
ethylene concentration inside the fruit. I

In tomatoes (Experiment 27), a similar effect was also ob-
served in the reduced amount of incorporation of acetate activity in
' the orgenic acid fraction (Table XII). It is interesting to note that
although the intervel radiochemical yield in the respiratory coz is
higher in the ethylene treated tomato fruits (Figure 8), the specifie
activity of the respiratory coz is much greater in the control fruit
(Table XIIj. The latter finding is in line with the view that ethylene
stimulates the degradation of polysaccharides in fruits.

Preliminary studies on the effect of ethylene upon glucose
metabolism in oranges and tomatoes were carried out with the aid of
specifically labeled glucose, using the intermittent sweeping (Section
A2b) and continuous sweeping (Section A2¢) techmiques. It appears that
ethylene definitely displayed an effect upon the metabolic pathways of
glucose in these fruits (Table XIII). 1In general, the radiochemical

recoveries in the 01402 from C-1l of glucose is only slightly affected,
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On the other hand, that from C-2 and C-6 are noticeably suppressed.
It is also interesting to note that in Dxperiment 13, where tomato
fruits were exposed to an ethylene-air mixture ro;i 10 h’ouré prior to
introduction of labeled glucose substrate and thoﬁ swept 'cdntinuonnly
with a normal atmosphere, ethylene does not display any noticeable
"persisting" effect, as indicated by the specific activity end radio-

chemical recovery data in Tsble XIII.

3. The effect of ethylene upon ths metabolism of glucose by

tomato fruits _g_g_agf C.:

It was found that superior reproductability could be
ascertained with experimente on glucose metabolism in fruits when
carried out at controlled temperature. After the metabolic pattern
of glucose in tomatoes at the controlled tempersture under investi-
gation has been established, it is then possible to investigate the
effect of ethylene on the sssimilation of gluecose in these fruits.

At elevated temperature (32°C.), the presence of ethylene
in the atmosphere displays a much more pronounced effect onm fruit
metabolism than that obtained previously at lower 'tomporn-_tnrcs. The
interval radiochemical recovery patterans in c“oz derived from labeled
glucose becomes completely altered upon exposure of fruit to ethylene
(see Figure 9 and Figure 10).

In Table XV are given the specific activities and radio~-

chemical recoveries of C-l, C=g, C~6 and the calculated C-3 (Equation
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3) of glucose in the respiratory 002 of tomata‘i_";Exporm;ﬁ 24 after
18 hours. The reason for the presentation of ';‘esults ‘at 18 hours,
 stems from the fact that a pronounced leveling off of the 01408 cal~
culated C-3 recovery curve was observed at this time.,

It may be readily seen that upon ot@éy’éﬁfo' to ethylene the
radiochemical recovery 1£ 01»402 from ‘glucoae-léc“' is increased by 11
per conf. while that from glucoae-'z-cl‘ is drai“‘ttcﬂly reduced by
64 per cent, that from glueoaa-e-cl‘ is also r;duood 63 per cent, that

fron glucose-U-c** 15 reduced by 34 per cent and that fron‘glucospvao
cl4 (calculated) is reduced by 22 per cent, These changes are also
reflected in the marked alteration in the G-6/G-1 ratio from 0.93 in
the control fruits to 0.30 in the ethylene~treated fruits. No change
was observed in the G—a/M ratio (Table XV).

Quentitative estimation of the contributions of various
pathways according to the method given previously (Equations 3,4,5,6,
7,8,9 and 10) were also carried out on the results obtained from
ethiylens-treated tomatoes at 32 C. and are presented in Table XXI.
The values given in this table are calculated from the accumulated
radiochemical recoveries in c“oz of glucose carbon atoms after 18
hours (Table XV) at which time the "aveilable labeled glucose” was
exhausted from the fruite as indicated by the leveling of the cal-
culeted cumulative radiochemical yield of glucose C<3 in the respir-
atory 008‘

Examination of these values as well as the cumulative
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recoveries and specific activities of various carbon atoms of glucose
in ¢4, (Table XV) revealed the following:

(1) It is evident that ethylene did not affect apprecisbly the
phosphogluconate pathway as indicated by the dat& on clfoavrooov-riea
from glucose-1-C*4 (Table XV). The findings are in good sgreement,
nevertheless, more pronounced, with the results obtained in prelim-
inary experiments at lower temperatures (Table XIII).

(2) The radiochemical recoveries of glucose C-2, C=6 and C~3
(calculated) in c'%0, are greatly suppressed. This is in line with
the finding in the acetate experiments (Experiments 20 snd 21) that
the rete of degradation of polysaccharides in frute 15 stimilated by
the presence of ethyleme in the surrounding atmosphere resulting in
the dilution of labeled breakdown products of glucose.

(3) It is evident that the degradation produect of polysaccharides
could not have been glueose-l-phosphate, a direct product from the
hydrolysis of polysaccharides, as indicated by the asbsence of dilution
effect on the glucose C-1 recovery in cl‘Ogo

(4) Caloulated values of the efficiency of the conversion of the
acetate carbon atoms to Ooa,or fruit constituents (values R_, Sqv R,

c
and S, given in Table XXI) renders further evidence to the dilution

effect of the breskdown products of labeled glucose from fruit poly-
saccharides. -

Consequently, one tends to speculate that the presence of
ethylene in the atmosphere stimulates the degradation of polysaccha~

rides in fruits. This is in line with the well established fact that
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during the ripening process of fruits, polysaeccharides are known to
decrease in content while the monosaccharide content gredually in-
creases (73, pp. 199-236 and 89, pp. 1-38) |

In order to ascertain the true nature of this process, it
is first necessary to examine the transformation of sugars in plants
somewhat more thoroughly. In Diagram I are summsrized certain
relationships of hexoses in plants.

If ethylene stimulates the breakdown of starch to glucose-l-
phosphate or glucose in fruits, one would expect the specific activity
of glucose-G6=phosphate (derived from labeled glucose in the present
experiments) to be markedly reduced by the influx of unlabeled
glucose~-6-phosphate (Diagram I). This would result in a reduction
in the radiochemical yield of Gl‘t)g derived from 3;_1_ of the carbon
atoms of glucose. However, the present studies have demonstrated
that the ethylene otfaat. is selective in that ethylene reduces the
amount of labeled gluoos; metabolized via the glycolytic and TCA
eycles but does not affect thatundergoing phos\phogluconato decar-
boxyletion. Consequently, it appears that, either (a) starch
degradation was not accelerated in fruits exposed to ethylene
in the present experiments or (b) more likely, fruits exposed
to ethylene degrade starch by some pathway in which glucose-6-
phosphate is not an intermediate, for example, the nonphosphorylated
pathway of glucose oxidation present in certain mieroorganisms
(84, p. 176). '
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The concentrations of other polysaccharides change during
the ripening of fruits. Thus, of the chemical chanres assoeiated
with ripening, perhaps the most ohara‘dier:l‘:ti’o involves the
pectins. As fruit ripening sets in, water-insoluble protopectin
is rapidly converted 'ﬁrnt %0 pectin, then pectic acid and
ultimately galacturonic acid. The metebolic fate of the galact-
uronie acid thus produced is somewhat obscure, however, it probably
is eventually oxidized to 6.302 by way of the triearboxylic acid
eycle. acceleration of the breakdown of fruit pectins to galact-
uronic acid by ethylene might well explain the results of the
present study since galacturonie acid would be further metsbolized
via some non-glycolytie pathway in conjunction with fho TCA cycle.
The net result would be a dilution of labeled Kréb's ecyele inter-
mediates (derived from labeled glucose via classical glycolysis)
by an influx of non-labeled pectic degradation products. Phos-
phogluconate decar oxylation would not be affected end, therefore,
the radiochemical recovery in €0, from glucose C-1 would be
unchanged, This possibility would be in line with the observed
stimulation of pectic trn“nufomatio‘n in fruits exposed to ethylene
(45, pp. 145-161).

During the ripening of fruits, the starch content decreases
markedly and thet of sucrose increases in an inverse manner (89, pp.
1-38). Sucrose is probably formed from glucose-l-phosphate end fruc-
tose by the action of an enzyme such as sucrose phosphorylase, thus:

glucose~l-phosphate + fructose = sucrose + Pi
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Glucose-l-phosphate undoubtedly is derived from starch by the action of
phosphorylese (Diagram I), however, it is of great interest to examine
the source of the fructose used in suerose rbrmation.':ﬁhi fructose
content of fruits is somewhat lower than that qflglucoku (115, pp.
472-474) indicating that thq.lnrso quantitiocjgr fructose utilized

by fruits during the rlﬁontng process for ancrﬁao~ayhfhocii nust be
forned st that time by sctive blosynthesis. One may spsculate that
fructose slso is ultimately derived from starch and 1a‘§§ofubly formed
by the action of a phosphatase upon fructose-6-phosphate formed glyco-
lytically from starch (Diagram I1).

This "siphoning off" of fructose-6-phosphate for the pro=
duction of sucrose, would very adequately explain the observed effect
of ethylene on the utilization of labeled glucose by fruits. There
would, in effect, be a competition for fructose-6-phosphate between
this reaction and the remaining portion of the Hi{P- TCA eycle pathway.
This competition : .ould have no effect on hexose oxidized vie the pen-
tose eycle (since the pentose cycle and EMP-TCA cycle have a common
precursor, glucose~6-phosphate). Thus, upon exposure of fruits to
ethylene, one would find that the radicchemical recoveries from
glucose C-2, C=3 and C-6 would be deereased (more 0l4-act1v1ty being
shunted off for sucrose formation) while that from glucose C-1 would
be unaffected. This hypothesis is in line with the observation that
starch breakdown and suerose formation are accelerated in fruits ex-

posed to ethylene (45, pp. 145-161).
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The results obtained in the present study are not neces-
sarily due to the action of ethylene on a single key "s‘itAo& but ine-
stead may be the combination of a number of separate responses. Hore-
over, the physiological effect of ethylene is ﬂot nac‘asaéri.ly re~-
stricted to polysaccharides alone, but could involve any one of a
number of respirable substrates, Thus, in eddition to the possi-
bilities already mentioned, the reduced radiochemical recoveries
of glucose C-2, C-3 and C-6 in respiratory CO, {with no appreciable
effect on glucose C-1) could be csused by an lnﬂu of TCA cycle
intermediates as the result of ethylene stimulation of: (a) the
breskdown of fats to acetyl CoA; (b) breskdown of proteins to certain
amino acids which may be converted to TCA intemediates via trans-

amination; or (e¢) conversion of pentose to & -ketoglutarate in a

manner snalogous to that observed in Pseudomonas saecharophila (119,

pp. 607-624).

4. Utilization of labeled glucoge by fruits under nitrogen
atmosphere:

To further investigate the possible effects of environ-
mental conditions on the pathways of glucose catabolism in fruits,
experiments were carried out under anaerobie conditions with the
ordinary atmosphere surrounding the fruits replaced with nitrogen.

An examination of the mechanism of the classical glycolytic

process shows that the anserobic breskdown of glucose is essentially
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a self~perpetuating process, DFNH formed in the oxidation of glycer-
aldehyde-3-phosphate is utilized for the reduction of (a) pyruvie
acid to lactic acid or (b) acetaldehyde (produced from pyruvate by
decarboxylation) to o_thanol. When oxygen i‘a introduced, it becomes a
preferred hydrogen acceptor end the production of aleochol or lactie
acid is retarded, or entirely suppressed at sbove sbout 5 per cent
oxygen coneentration.

On the other hand, in the conversion of glucose-6-phosphate
to ribulose~S-phosphate, :by-uy of 6-phoephogluconate rdbcarboxylaticu.
two moles of THV are reduced per mole of glucose. Under aerobie con-
ditions, TFNH is reoxidized by nﬁlacular oxygen by way of the cyto=-
chrome system and the flavoprotein, TPN-cytochrome reductase. The
effect of anaerohnia on the operation of the pentose cycle in fruits
is, therefore, of great interest.

In a study of the glucose metabolism in yeast, Beevers and
Gibbs (13, pp. 640-641) have investigated the participation of various
catabolic pathwr s of glucose with the aid of labeled glucose and
found that unserated cultures showed & decrease -15 the per cent
recovery in 0Oy from glucose=-1-C14 amounting to év per cent as com-
pared to a decrease in radiochemical recovery of '7.2 per .cantr for
glucose-6-C14, The G-6/0-1 ratio thus changed frcm a value of 0.50
in the aerated controls, to 0.19 in the unserated samples. Blumenthal
et al. (20, pp. 6093-6097) have also observed a marked reduction in the
relative specific activity of the respiratory “’%‘ ‘derived from glucose~
1-01% and glucose-6-014 in Saccharomyces cerevisise and Torulopsis
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231515 anaerobically, the conversion of glucose C<6 to cl‘og being
most drastically curtailed. Calculations, according to the method
devised by these workers, revealed that glucose was metabolized al~
most exclusively by way or.thc BEMP process, -itﬁ a minute occurrence
of the pentose cycle under these conditions. Wang (110) has found
that in S, cerevisiae, the radiochemiecal recovery of glucose-6-c14
'in the respiratory 002 wag reduced during the early phases of an-
gerobigis on a growing culture but that the radiochemical recovery
from glucose-1-C1%4 was not significantly different from that of the
control., This results in a decresse in the G—G/G—i ratio during the
early phases of the experiment.

iIn the present fruit studies under nitrogen atmosphere,
cucumbers displayed a metabolic pattern remarkably similar to that
obtained by Beevers and Gibbs in yeast (13, pp. 640-641). Under
nitrogen, the glucose C-1 radiochemical recovery in respiratory COp
decreased by 24 rer cent after 49 hours in comparison to the control
while the glucose C~6 recovery decreased by 76 per cent (Table XIV). '
The specific activity data from the same experiment (Experiment 1),
howaver, ruveal some rather interesting findings. As expedted, the.
specific activity of the 01‘02 derived from glucono-&-cl‘ is decreased
under the influence of nitrogen but that derived from glnaoao'-l-cl‘
actually increases anaerobically. Concurrently, tﬁo total COg pro-
duction of the nitrogen treated cucumbers wes only'ono-half that of

the control fruits. With reference to the specific activity and
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radiochemical recovery data in Table XIV, it appears thﬁt (e) while
nitrogen reduces the radiochemical recovery in COp from glucose-l-
014, it also induces a more pronounced reduction in ondéganous coz
production, thus resulting in an actual increase 'in the spscifie
ectivity of the 0140, derived from gludose C-1, and (b) nitrogen in-
hibits the conversion of glucose-6-Cl4 to ¢140, more completely then
‘it does endogenous coa production, resulting in 'a doeroﬁao in the
specific activity of Cl140, derived from glucoss 0-6. It appears,
therefore, that absence of oxygen markedly curtailed operation of
the tricarboxylic acid ecycle. Of perhaps greater significance is
the fact that phosphogluconate decarboxylation apparently odeurs
under anasrobie conditionl'andfindioatos that 0uoumhorslaro equipped
with some suitable hydrogen acceptor which, in the absence of
oxygen, regenerates TPN,

In contrast to the above, are the results obtained with
tomatoes (Zxperiment 13) under nitrogen atmosphere. Thus, after 45
bhours, the sluooso C=1 recovery in the metabolie 008 was reduced some
20 per cent below th:t of the control but the rocovary tnal glucose
C~6 was not affected, hence the G-6/G-1 ratio increased (Table XIV).
However, after 95 hours both glucose C~l and C-6 recoveries in Cldog
were reduced by eimilar amounts (21 and 23 per eent of eontrol values,
respectively) and consequently, the G=6/C~l ratio was identiecal to
that of the control fruits. It is interesting to note that with
tomatoes, the specific activity of 0l40, derived from glucose-1-clé

and gluooco-&-cl‘ both inereased in the absence of oxygen (Table XIV).
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As oblorvid with cucumbers, the ihdogo”nm '002“ ‘ﬁr‘oduct.ion also de-
oveased, in nitrogen, to about one-half of that obtained from
control fruits. | |

These results substantiate the 'pmﬁdﬁu findingﬁg_}wﬂh
cucumbers and indicate that tomatoes are also capable 'oflr qarrymg
out decarboxylation of phosphogluconate under mﬁoroblc §§£d1tima.
However, the rosp’oﬁaa of tomato fruits to oxygen dop’laﬁbn differs
somewhat from that of oucnmbor‘ in that the conversion of glucose-6-
o4 to c*o, in tometoss is mot readily affeoted in chenging from
aerobic to anaerobic conditions. Since the observed reduction in
endogenous 008 produotién under anaerobic conditions is préhably the
result of inhibition of the TCA cycle, the lack of response in the con-
version of glucose C~6 to 01‘02 upon removal of oxygen suggests that
tomatoes may be able to oxidize the number & carbon atom of glucose to

C0p via some pathway not involving the TCA cycle.

5. Utilization of labeled glucose by fruite under oxygen
atmosphere:

Experiments in which pure oxygen replaced ;1r in the atmos-
phete surrounding the Trults revealed that oxyzen had 1ittle effect
upon the relative contribution of thi pentose and EMP-TCA pathways as
evidenced by the slight increase in the G-6/G-1 ratios in comparison to
that of the control experiments (Table XIV). The specific activities

of 133-‘08 derived from glucose G-l and (-6 were increased somewhat over
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control values in both cucumbers and tomatoes. The radiochemical
recovery from glucose-e-c“ in the respiratory C0g is increased to a
somewhat greater extent than that from alueoso-‘-l-cn in cucumbers and
tomatoes as compared to the respective controls. (Teble XIV). The
specific activities of C1405 derived from glucose 04l 'and 048 waie
increased over control values., These data support the view that the
increased oxygen tension enhances operation of the TCA ¢ycle thus
resulting in the observed increase in 00p production snd rediochemical
recoveries from glucose C-l1 and C-6. It is interesting to note that
phosphogluconate decarboxylation was not significantly favored over

glycolysis at high oxygen tensions.

6. Effect of ethylene and dinitrophenol upon the utilization of
sodium phosphate-P52 by tomato fruits:

Millerd et al. (70, pp. 581-531) have investigated the factor
which control respiration rate and hence the climacteric in fruit and
found that oxidativn of substrate by avocados is coupled to the oxi-
dative production of ATP. With the aid of the uncoupling agent di-
nitrophenol (DP), they found thet phosphorylation may be uncoupled
from oxidation in the preclimacteriec fruit but not in the climacterie
fruit.

In an effort to establish DNP-uncoupling in fnﬁ.ts, an ine
vestigation was carried out on tometoes using sodium phosphate-pPS2

(Experiment 25). However, this effect could not be demonstrated in
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pre=-climacteric tomato fruits since there was no detectable difference
in the incorporation of P°2 into the organic phosphate fractions of
control and DiP-treated fruits (Table XVI). Tho~appafent lack of
effect of DNP on oxidative phosphorylation in tomatoes, however, may
be merely due to the inability of dinitrophenol t¢ ponétrato the cell
walls (Millerd and coworkers used mitochondrial preparations in their
studies).

On the other hand, experiments of a similar nature indicated
that the incorporation of P52 into organie phosphate wag markedly re-
duced in fruits which had been exposed to ethylene (Table XVI). The
reduced incorporation of Pae-uctivity into organie phosphate is most
pronounced during the esrly phases of the experimént-and, after 23
hours, little difference exists between the control nnd'othylene—
treated fruits.

It is difficult to elucidate the exset nature of this effect
from the present experiment since the observed reduction of Psz-incor-
poration intc orgenie phosphate in ethylene-treated fruits could be
the result of several factors, namely: (a) increased utilization of
high energy phosphate for certain endoergonic pro;eaaeg, (b} reduced
produetion of high energy phosphate due to the slowling down of certain
metabolic processes or (e) uncoupling of oxidation from phosphorylation.

It is interestinz to note that, if ethylino accelerates the
conversion of starch to sucrose in fruits, one would expect a more
rapid turnover of phosphorous., Thus, in the formation of one mole of

suerose from glucose~l-phosphate and fructose-6~phosphate, two moles
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of inorganic phosphate are formed (from glucose-l-phosphate by sucrose
phosphorylase and from rﬁetoso-s-phosphnu by a phosphorylase). High
energy phosphate would not be utilized, in this transfcrmetion, Thus
the observed reduction of e incorporation into orgsnic phosphate in
the presence of ethylene might actually reflect a reduction in hexose

phosphate content.

D. The Biosynthesis of Ethylene in Fruits:

The mechanism responsible for the physicloglical effect of ethylene
on fruits and the biosynthetiec pathways leading to its production are
problems of major interest to plant biochemists. In an effort to gain
some insight into the mode of formation of ethyleme, studies have been
carried out on the incorporation of ethylene~l,2-C14 into fruits.

In the present study, it is impossible to distinguish clearly be~
tween (a) the incorporation of ethylens into its active physiological
gite or (b) the incorporation of ethylene into its immediate biosyn~
thetie precursors., However, in spite of the very low incorporation of
ethyleone activity into the fruits tested, uppronmatnly.o.l-o.z micro-
moles of ethylene must have bsen taken up by the n-iun (derived from
the activity deta in Table XVII). This is a fairly large quantity of
ethylene on a molecular basis, and suggests that since otﬁylm is
physiologically active such minute quantities, the observed incorpor-
ation of ethylene activity in the present experiment is probably the

result of an exchange reaction with its immediate biosynthetic

precursor.
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4As may be seen from Table XVII, the majority of the incorporated
activity is concentrated in the organic acid fractions of the fruit
peelings and pulp, suggestlng‘that ethylene is no:aally produced by
a route which is closely connected to organic éoid metabolism.

The fumaric acid isolated from Experiment 26 on avocado fruits
was approximately double the specific activity of the suceinie aeid
isolated from the same experiment. Interistingly enough, fumariec
acid had a higher specific dotifity than sueeith acid even after
correction for pool size. This might indicate that fumaric acid is
more closely related to the precursor of ethylene than suecinic acid.
In light of this close relationship between ethylene and the tri-
carboxylie acid eycle, it is interesting to note than Hansen (47,
pp. 543-558) has found that the ethylene production of fruits is
markedly retarded in the absence of oxygen. Moreover, Hall(44, pp.
55-65) has ropoftod that ethylene production in apple juice or
Perigillium digitatum is stimulated slightly by sddition of citrate,
succinate, malate or fumerate and is significantly increased by
addition of pyruvate. These observations are further evidence for
the ¢lose connection between oxidative processes (;.o. the TCA cycle)
and the production of ethylene.

Degradation of the isolated fumaric and succinie acids revealed
a very interesting labeling pattern (Table XVIII). Approximately three
times as much radioactivity was located in the carboxyl carbons of

these acids as was found in the middle carbon atoms., It is difficult
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to conceive of a mochuhiam involving the TCA eycle which makes uge of
a symmetrically labeled Cp unit (derived from ethylenme directly) which
could account for the observed pattern. It may be easily demonstrated
that, through the operation of the TCA eyecle, acetate carboxyl carbon
activity appears only in the carboxyl carbons of the C‘ acids while
acetate methyl carbon activity appears in &ll carbons of the c‘ acids,
with more activity appearing in the middle carbon atoms than in the
carboxyl carbons. The observed labeling pattern, in sﬁccinato and
fumarate, therefore, could not arise from symmetrically labeled
acetate. |

Consequently, ono.might'npccnlatc‘that'tho aymmntricglly labeled
carbon to carbon bond stemming directly from ethylene, must either have
been ruptured and the :rigmonta mﬁtabolizod‘topuratoly, or alternative~
ly, one of the labeled carbons has been "randomized"™ to & greater
extent than the other. For example, in plants the immediate precursor
of ethylene may be isoprens (or a related compound) and with the in-
corporation of the ethvlene unit,bone might find the following

reactions occurring:
* *
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Thus, it is apparent that, if the two carbon atoms derived from
ethylene are incorporated into a molecule in which one of the two
atoms may be randomized, it is then possible to obtain labeled
acetate in which the masjority of the activity is in the carboxyl
carbon,

Other intriguing possibilities exist. Iteconic meid, which
occurs in plants and microorganisms, is a very interesting compound
having no known biological function. Itaconic is readily formed from
eis~aconitic acid (or citric scid) by mild heating., If labeled
ethylene were incorporated into itaconic acid ( it would therefore be
the normal ethylene precursor) ohe might expect to obtaiﬁ symmetrically
labeled fumarate or sueéinato in the following manner:

% § *cag *c-——-COGH i - et

Clg = Gy —>*C — COCH —>c—coon —>  HOOC — CHp — CHp —COCH
¢—cooR ¢ — comH

The obeerved labeling pattern in fumaric and succiniec acids could arise
via operation of a pathiay of this type in conjunction with a second
pathway leading to carboxyl labeled acetate. It ig noteworthy in this
respect that the degradation of suecinic and fumaric acids is subject
to certain errors and, consequently, the ratio of aectivity in the car-
boxyl carbons to that in the middle carbons may be less than the ob-
served 3 to 1 ratio,
However, the greater activity in fumaric ascid (even after cor-

rection for pool size) suggests that activity was also incorporated
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into the organic acid trﬁetion by some route othof than via the con-
densation of scetate with oxalacetate. A

Hall (44, pp. 55-65) was unable to demonstrate inecreased
ethylene production in his test systems when glupouo was supplied as
the substrate, but found a marked increase in production occurred when
arsbinose, galactose, fructose, pectie ascid or pectin were supplied.
The mechanism for the observed atinnlaﬁién of ethylene production by
pectins and certain sugars (but ggﬁ_sluooao) is yet unknown, but may
be related to galacturonie acid metabolism.

The present study 1ﬁd19atcl:that labeled sthylene may be incor-
porated to a small extent in fruits, mainly into the organic acid
fraction. The unique labeling pattern observed in the isolated 04
acids suggest that labeled ethylene is not metabolized as an intact
Cp unit derived from ethylene directly, but instead is partially

randomized, then converted to acetate and ultimately the c‘ acids.
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SUMMARY

Carbohydrate metebolism has been studied in fruits with the aid
of glucose~1-Cl4, glucose-2-014, glucose-6-C14, glucose-U-cl4, 01‘02,
oz-cl4oc0ck, cl4ig000Ne, Ciigol400Na and sodiun phosphate~PSZ,

1. TFruits are capable of metabolizing glueose via conventional
glycolysis or via the direct oxidative pathway. Quantitative esti-
mstions suggest thet in green tomato fruits, approximastely 16 per cent
of the glucose is oxidized via phosphogluconate decarboxylation and
the remaining 84 per cent is glycolyzed.

2. Evidence has been obtained that COg fixation is not a major
pathway for organic scid synthesis in excised tomato fruit in the dark.
The incorporation of 01403 activity into the tertiary carboxyl ecarbon
atom of citric acid has also been observed.

3. Purther evidence for the occurrence of the tricarboxylic acid
eycle in fruit has been obtained.

4. at 32°¢. approximately 98 per cent of the glucose ig metabo-
lized glycolyticslly, indicating that the relative contribution of
glucose catabolic pathway in fruits varies with the tempersture.

5. HExposure of fruit to ethylene reduces the amount of labeled
glucose oxidized via the EMP-TCA pathway but does not affect that under
going phosphogluconate decarboxylation. The theory is advenced that
ethylene stimulation of sucrose synthesis creates a demand which com-

petes with the tricarboxylic aeid cycle for labeled glucose carbons,
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and results in the observed reduction in labeled glucose metabolized
via the EMP-TCA pathway. .

6. Experiments revealed that fruits are capszble of metabolizing
glucose via phosphogluconate decarboxylation even under ansercbic con-
ditions, suggesting that some mechanisms for the regeneration of TN
are present under these circumstances,

7. Experiments on’ fruits with ethylene 1,2-C*% demonstrated that
ethylene activity may be incorporated to a slight extent, mainly in the
organiec acid fraction. .iviﬂonco is presented which suggests that
ethylene is produced from some compound closely related to the tri-

carboxylie acid eycle.
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