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Somiie of the measturemiienits (descrile(l l)elow were
first made nmanly years ago (21; see 26, 27. 28) as part
of an investigationi of the occturrence of the Pasteur
effect in plant organis. Mlore recenitly, with the de-
\veIoIlloent of initerest in factors conitrollinig resp)ira-
tory mietabolismn, our attenitionl was re(lirected to 2
of the plant imiaterials originally sttudie(l. namely
rhodlodenidroni leaves for \Nvhich there xx-as evidence of
a mlarkedl Pasteur- effect and votung seedlings of
buckwheat, the one material uisedl for which nio evi-
dence of a Pasteur effect emerged. This paper (le-
scribes 1 lpart of this work anid is restricte(d to re-
suilts obtained with detache(d whole leaves of rhodo-
(lendron. MNany invrestigationis miia(le for conivenience
with leaf discs or slices w\ill be (lescribed elsewhere
later, for their relevance to mietabolism in the intact
leaf is still in some doulbt. T'he experiments described
here are largely conicernied with l)ro(lllction alnd con-
sutimptiotl of imietabolites in the leaves in air, in pure
niitrogenl, and( on retuirn to air after- a )erio(l in ni-
trogeii. Particular attention hias been (lirectetl to-
war(l transitory chaniges in concentrations of glycoly-
tic illtermiie(liates and(l keto-acids as guides to chaniges
of rates of glycolysis and of oxidative reactions of
the tricarl)oxylic acid cycle. 'I'lTese (lata hlav,e the
limitationi of all suclh measuremiients ini that they- rep-
resenlt average coliceiitratioiis for w hole cells wbiich
inay bear little relationi to changcs inl specific metabo-
lic pools associated with glvcolvsis and cycle oxida-
tionis but are nevertheless a necessary p)reinlinary to
fturther- work. Also, because of renewe(l ilnterest else-
where in the origin of the anaerobic CO., output (24)
and of the piossible constumiiption of ethaniol (9Q 10,
29), some attetntioni is given here to these aspects of
metabolism.

'I'l'ere is anl extenlsive amiount of literature oni
resl)iratorv mietabolismi in p)lant organls, but this is
now well (locillmeitedl in text books (4, 16. 25. 26) ani(l
chapters in encyclopedic works ( 14, 23) and n1o fuir-
thier- review will be attemnpted here.

Materials and Methods
r,eaves of Rhododdr(lron poll ti ouu,n were gatheredl

fromii local soturces, washed and (lried, and theni di-
videdl inito rand(lom sapl)les of equal freshi weight and
store(l inldarkniess.
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Gaseouts E.--clou,0. In early wx-ork, CO., outputs
were measure(l hb the Pettenkofer metho(l. the
Baa(OH)., solutionl being titrate(l at 3-hour intervals.
In more recenit exp)erimellts, the CO., otitptit anid ().,
uptakes have been coml)tlte(d fromii anialyses made ini
an open circuiit system ini wlhich dry CO().free air or

nitrogen was passe(l at a conistant rate over the
leaves, then, againi after (Irviii- throuighl aln inifrared
gas analyser (Grubb Parsols) and through1 a Beck-
man M\Iodel E2 oxyCgen analyser. 'I'he infrare(d gas
analvser wvas colnniected to a chart recor(ler to give ai
continiiotus recor(l of C(), outtl)put; the 0., conitenit of
the gas was read fromii the Beckmani ilnstrtimiieilt as

required and( plotted inantially. 'ro clhanige the at-
mosphere arounid the leaves, the new gas w%as flushed
through the inistritimienit at a ral)id rate uniitil the (0).,
analyzer recorded the O. composition of the eniterinlg
gas (tuisually abotit 10 min). 'T'he gas streanm as
then slowved to the standard conistanit rate (40 mnl/
nin). A fuirther )eriod of about 10 minitites was re-
quired for the establishment of e(quilibrium coni(li-
tioIns so that the first valid recor(ls of C()., an(l 0)..
exchange were obtained aboutt 20 minuites after-
chanige to the new atmosphere. Some recor(ds were
obtained for sinigle leaves tusing stanidard miiationmetrie
techniiques.

Auialives of ilet(obolitcs. Samples of leavei
(100-200 g) were remiioved at intervals for anialvses.
Ethaniol anl acetaldehvde were recovere(d by steam
listillation, oxidize(l With acid dichromiiate to acetic
aci(l aind estimlate(l bl titration (12). Acetaldehyde
was dleternlinel, tusing a portion of the steamii (listill-
ate, by the imietho(d of Clausein (7). Thouglh nonspe-
cific, these techlliiqties give very similar results for
rhodlo(lend(lroni leaves. to the estimationl of etlhaniol
wvith yeast alcohol lehly(lrogenase andl the esimlation
of acetaldehvde byv colorimletric technlii(ues (6).
FEthaniol and acetal(lehlvde emerging in gas streamns
were tral)l)e(l in conlcenitrated TILSO, ald determiinie(d
together by the oxi(lation proce(lure.

WVater soluble carbohydlrates (referred to later ats
sugars) were extracted by' the mietho(d of Porter alnd
Mlartin (20) and, after treatmenit of the extract with
absoltute ethantiol and animilal charcoal to remove in-
terferinig mlaterials, estimiiated uisinlg the anthrone re-
agent (8).

\VTater-soluble glycosides (other thani sugars)
were estimated by measuring the increase in the aln-
thronie reactioln of the extract following hydrolysis
xvith x-ICI for 30 iinuttes atn(d treatment with char-
coal.

1178



BOURNE AND RAN SON-RESPIRATION OF I)ETACHE) LEAVESS

Starch, wvhich remained in the cell debris after
the extraction of sugars, was recovere(l by 3 succes-
sive extractions with 30 % perchloric acid and es-
timated using, the anthrone reagent.

Organic acids were extracted b1 blending leaves
in boiling 80 % ethanol and by further extraction
with water. This extract was passed through cation
(H-form) and anion (carbonate form) exchange
resins and the acids recovered from the latter bv
elutioni with 3 N ( NH,)2CO. solution. The eluate.
concentrated by boiling and freeze-drying, was
analyzed by gradient elution from silica gel columns
usilng chloroform-tertiary amyl alcohol mixtures and
collecting the effluent in 2 ml fractions (30). To
avoid water-logginig of the gel. the chloroform was
only 80 % saturated with 0.5 N H.SO1 before mixing
with the amyl alcohol.

Keto-acids wFere extracted with cold 5 % meta-
phosphoric acid fromii leaves powdered in liquid ni-
trogen and converted to the 2,4-dinitrophenylhydra-
zones by the method of Isherwood and Niavis (15).
The hydrazones were separated by chromatography
on1 thin layers of Kieselgel G wvith a solvent composed
(v-/v) of 13 parts petroleum ether (B.P. 60-80°) and
7 parts ethyl formate to which was added acetic acid
to a concentration of 2 moles/liter (22). After de-
velopment, zones were scraped from the plates, ex-
tracted with 0.2 M NaHCO3 and the hydrazone con-
tent measured spectrophotometrically at 365 mu.

Phosphate esters were extracted and assayed en-
zymatically by methods very similar to those of Bar-
ker et al. (1). The leaves were dropped into liquid
nitrogen, powdered and extracted with trichloroacetic
acid. The trichloroacetic acid was then removed
with ether and, after neutralization and removal of
inhibitory substances with charcoal (Norit N.K.),
the various ester phosphates were assayed spectro-
photomiietrically at 340 mn after appropriate additions
of enzymes, coenzymes and cofactors.

Feeding Experinment. Samples (10 g) of leaves
were enclosed in large boiling tubes fitted with rub-
ber bungs with their petioles inserted into small
phials containing the C14 glucose solution (2.5 uc.
155 jug, in 1 ml water). CO-free NaOH solu-
tion was placed in the bottom of the tube to trap CO.
evolved. One set of samples was fed in air, an-
other immediately after transfer to pure nitrogen,
and the third immediately after return to air after a
20-hour period in nitrogen. The sugar was injected
by evacuation for 1 minute after which the tube was
refilled with the appropriate CO,-free gas. Re-
spired CO., was recovered as BaCO,, weighed. plated
on aluminum planchets and the C14 content assaved
by the scintillation technique. Corrections were
made for background and self-absorption.

Reagcents. Enzymes (including glucose-6 P and
6-phosphogluconic dehydrogenases, phosphoglucose
isomerase, glyceraldehyde-3 P dehydrogenase, aldol-
ase, lactic and ethanol dehydrogenases, pyruvic and
3-phosphoglyceric kinases), coenzymes, cofactors and
substrates were obtained from Boehringer Corporation,

London Ltd; Norit NK from Hopkin and WVilliams
Ltd; Kieselgel G from Shand(loni Scientific Companv.
Ltd. Glucose-l-C24 and glucose-6-C'4 were obtained
from the Radiochemical Center, Amershamii andi ad-
justed to a common specific activity (2.9 mc/
mimole) before use.

Results

Gaseouts Exchanige. Detached mature leaves of
rhododendron in darkness and in air at temperatures
around 200 evolved CO, for periods extending to
weeks without yellowing, browning, or other visible
injury. The respiratory activity in terms of fresh
weight decreased as the leaves aged on the bush, and
was in general much higher in summer than winter
for comparable leaves under comparable conditions.
Immediately after collection and sorting. similar
samples of leaves showed high but varied CO, out-
puts. In the course of the first day the CO, outputs
decreased relatively quickly to a more static level and
became more uniform. Respiratory quotients
(RQ's) at or near unity at the outset decreased,
often within the first day except in the summer
months, to values approaching 0.8 at which they then
remained for long periods. In part, at least the
varied CO, outputs at the outset can be attributed
to handling (11) and in some experimenits, where
numbers of comparable samples were required, they
were maintained in darkness in air for several days
before transfer to other environmental conditions.
By this time RQ's were between 0.8 and 0.9. andI
the CO., outputs were well below their initial levels
and decreasing relatively slowly. Such leaves are
referred to subsequently as starved leaves.

At all times of the year the leaves showed
markedly enhanced CO.2 outl)uts following transfer
from air to nitrogen, i.e. to anlaerobic conditions, and
again on return to air after periods in nitrogen. The
magnitude and duration of the increases following
the transfers were much more marked for starved
leaves than for relatively fresh leaves. In general.
when leaves were respiring at high rates in air be-
fore transfer to nitrogen, the increases were much
less marked than when leaves showed low respiratory
activities at the outset. Figure 1 shows a typical
response for leaves in the latter category. After
some 80 hours in air the CO2 output of the leaves
was in the phase of slow decline and the RQ steady
at abotut 0.8. In nitrogen the CO2 output rose to a
maximtum then rapidly decreased again within 6 to 9
hours. Later the decrease was slower but the CO.,
output remained above the air line value, i.e. the
comparable rate for leaves maintained in air, for the
remaindler of the 24-hour period in nitrogen. Estima-
tion of the anaerobic CO2 output (I) at the moment
of transfer from air to nitrogen by extrapolationi
from the CO., output record (5) suggests that the
transfer resulted in an increase of 80 % above the
aerobic CO2 output (N) in air at that time. Similar
analyses of several comparable experiments gave I/N
quotients between 1.9 and 2.2. Comparing meas-
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takes within the first 20 minuittes after retuirni to air
remainiedl uincertaini but it is clear that within 30 mIll-
utes they reaclhe(l their imiaximuitim values and(I thele-
after (lecrease(I (cf. fig 2). This post-anaerobic 0..
uptake reache(d its mlRaximllumll vell l)efore that of the
CO., otutput anid in the 20- to 30-minutte period after
tranisfer the RQ's were very low. In the experimienit
recorded the RQ rose within the first lhouir following
the returrn to air to a value niear nnit-, that is to the
valuie recorded in air before the transfer to nitro-ell.

01z _
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A
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Fr;. 1. ( ( 'ppcr) *'llle couI-se of (O., outputs (tuig/
100 g fr wt/hr) froml leaves in air, in nitrogenl, anid onl
return to air after 24 hours in nitrogeni (Q .C),
anid for leaves maintained throughout in air ( X - - -X ).
(Lower) Time course of ethanol (mg/100 g fr wt)
accumulation and depletion in leaves in nitrogen andl
on return to air ( X X ) and ethanol recovered from
air stream ((0 -- - (D3). Time scale in hours after
collection of leaves.

ure(l CO., outlputs in air and nitrogen over various
time inltervals, the minimuimii 1/I.\ (itiotielit recor(le(l
for a 24-houir perio(l was 1.2.

Oin rettirin to air, the C()., ouitlpit increase(l evenl
imiore rapidly to a highier maxllitlliu valuie in 3 to 6
houirs btit (lecrease(l e(luallv ral)idlv to a lower rate
within a furthel- 3 hours (Phase 1) and theni slowly
over a lerio(l of (lays (phase 2) towardls the air-line
value. A simiiilar resl)onise was obtained in ev-erx
case with starve(d leaves when the l)reviotis l)erio(l ill
nitrogen xx'as 24 hotirs or imiore. None of the leaves
showe(d injtirv at the enid of these long- experiments.

In somile experiments, in the simimiier imioniths
leaves were tranisferre(d to niitrogen w'ithin 24 hours
of collectioni when the Co., oitput was still higlh and(
the IRQ near unity. The rise in Co.. otltl)ut Oli trans-
fer was less marked (fig 2) iving an I/N (Iiotienit
for the momenit of trainsfer of abotit 1.2. After the
first rise the anierobic Co )., outipuit (leclihle(l tuintil
after 24 houirs it w-as less thani the air-linie value.
Tlhe 1/N qulotienit for the 24-holur l)eriol vas less
thanl uinitv in this inistanice. (O)n retill-u to air the
C()., output increase(l rapidly to a va(Iluie above the
air-line valuie, but the iniitial responise was mulch less
marked thani for the starve(l leaves.

Co2 outpuits in excess of the air-linie values wert
observed oni rettirin to air after perio(ls of (0 min-
tites in niitrogen, an(l a series of recor(ls for compar-
able leaves siuggests that the m1agnituide of the iniitial
increase on rettirn to air increased wvith the dutiration
of the previous period in nitrogeln tip) to 12 hoturs.
\Vith further extensioln of the anaerobic period the
effects were less clear ctit.

Because of the imethod (of meastirement. O., up-
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FI(;. 2. 0., uptake ( X -- -- X ) anlz( CO., output
(0(D i) of leaves (mg/100 g fr xt/hr ) in air, oo
transfer to nitrogeni and onl returni to air. Time scale
ii lhotirs after collectioni of leaves.

Other exl)eriments yieldedl slimilar resuilts to the
extent that within about 1 hotir after the retuirin to ailr
the RQ's rose ral)idly to values close to those recordle(d
lbefore the tranisfer to nitrogen w-lhether these w ere
niearer 0.8 or ulinity.

Etlt(hllol ACCiIllndaotii and JDplction. Tl mattiure
leaves undi(1er anaerobic conditions ethaniol accumulated
stea(lilv though at decreasiiig rates, the longest
leriod investigated was 3 days at 20° when the final
accumtuilation exceede(d 500mng/l00 g fresh w\eight. Tli
the exl)eriment withi starved leaves (fig 1 ) the esti-
iiiated rate of ethalnol acculimulatioln imimie(liately after
tranisfer to nitrogen was 11.7 nig/houir as coml)ared
with an initial rate of CO., output ( extralpolated
xvalue) of 20 mg-/hour so viel(liiig a molar ethanol/
Co. quotienit of 0.55. Compaarisonis of the measired
ethaniol accumulations anid Co., outputs over inicreas-
ing timi e interxals gax'e (luotients riisin to 0.8 a fter- 24
hotirs. In simlilar experimenits \ith leaves at variou.s
stages of starvation, the ethanol/CO., (qutotienit imi-
me(liatelv after transfer to nitrogen, inv-ariably lay
betwveen 0.5;5 and 0.6ati(nI ini imiost of these experi-
mienits xverv similhar values w,ere obtaine(l w!hen the
coml)arisons were mia(le for l)eriods exteniding to 48
hours. It appears therefore that consi(leral)lv niore
thian 1 Imiiole of CO., was release(l for each miole of
ethaniol accuniulated (Itirinig the first hotirs in nitrogenl
and, moreover, that the production of Co., in excess
of ethialnol persisted for long periods tlider aniaero-
biosis. The amount of acetaldehvde present niever-
exceedlecl 1 % of the ethanol contenit. Oin returin to
air the ethanol disappeared froml the leaves at a de-
creasing rate over a period of days. Figure 1 sug-
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gests that immediately after the returln to air the rate
of utilization was slow but whether this is in fact
the case is doubtful. Clarke (6) obtainied data in I
experiment with rhododendron leaves which indi-
cated that ethanol continued to accumulate for about
3 hours after the leaves were returned to air from
nitrogen and then immediately decreased again. In
the experiments described here the first ethaniol
measurements were made some hours after return to
air so that the phase of accumulationl in air would be
missed, if it occurred. In every experiment the
overall rate of depletion was less than the rate of ac-
cumulation; the maximum rate of depletion was on1
no occasion greater than 40 % of the maximum rate
of accumulation in the same experimenit. Some
ethanol escaped from the leaves in the air stream but
the amiiotunt detected in the H.,SO traps never ac-
counted for more thani 25 % of that lost from the
leaves anid it is inferred that milost of the ethanol wvas
consumeld in the leaves. Clarke (6) observed a
temporary increase in acetaldehyde oni return to air
but at its maximum level it represented onlv a few
percent of the ethanol content. In general (cf. fig 1)
the CO., output of the leaves returned to the air-line
value at about the same time as the ethanol disap-
peared.

Relative Rates of Sutbstratc Utilizationi i71 Air anid
Nitrogen. In the starved leaves (fig 1 ) the quo-
tient, anaerobic carbon loss in CO2, and ethanol/aero-
bic carbon loss in CO., when compiled from estimated
rates for the moment of transfer from air into nitro-
gen, was about 4. WVhen calculated from nmeasured
amounts of CO., evolved and ethanol accumulated
over a 24-hour period the value was 3. In other ex-
periments with leaves at a similar stage, the maximum
value was about 7 for the moment of transfer and the
mi-nmuni 2.6 measured over a period of 48 hours.
For fresh leaves (fig 2) the values for the quotienit
wvere much lower, namely 2.4 at the time of trans-
fer andi 1.5 for the 24-hour period in nitrogenl. These
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FIG. 3. Relative CO., outputs of leaves in air, 0.6 %,
1.6%, 2.4o%, 3.4 '/( and 5%o O9

figutres suggest that the presenice of O. exerts a coIn-
serving effect oni respiratory substrate in the leaves
andl that the coniservation Nvas miiore marked in the
starved leaves thani the fresher leaves.

CO, Evoluitioni anid Ethanol Accutmulationt in At-
niiospheres Containing Low O. Concenftrations. The
results of representative experimelnts are summarized
in figure 3. These measuremiienits in different O..
concentrations were made at differelnt tines on dif-
ferent samples of leaves with CO, output rates in
air at the time of transfer to the new atmosphere vary-
ing between 5 and 10 mg/100 g fresh weight per
hour, but they are here shown for brevity, against a
comiimon air rate of 10 mg/hour. In 0.6 % o., there
was a dlefined though slight increase in CO., outptut
for a few hours after which it declined anid remained
not very much different from that in air. Ethanol
accumulated slowly and steadily throughout a 50-
hour period in 0.6 % O2 anid ethanol/CO.2 quotients
for the period, lhowever computed, lay between 0.1 andl
0.2. In 1.6 % oxygen after a transitory and ill-de-
fined increase in CO2) output lasting only 2 to 3 hours
the CO., output fell markedly below that in air. There

Table I. Carbohy,drate Content antd C02 Outtputf; Ma!
Starch, sugar, and glycoside contents, (as mg glucose/100 g fr wt), CO, outputs (mg/100 g fr wt/hr) and RQ's

of detached leaves stored in darkness. Temperature 25'.

Time
(hr) Starch Sugar

Sugar +
starch Glycosides CO., output RQ

12
32
56
81
105
137
158

460
560
700
675
560
440
470

460
350

Start
25

Start 350
22 230

(in air)
1430
970
890
950
950
1050
1040

1890
1530
1590
1625
1510
1490
1510

In nitrogen (transferred from air
1430 1890
880 1230

In air (transferred from nitrogen
880 1230
1180 1410

43
41
37
38
41

38

1850
2070
2240
2230
1940
1750
1770

after 12 hrs)
1850
2100

after 25 hrs)
2100
2000

0.96
0.91
0.97
0.96
0.96

0.99

u!bwI
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AIR
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\ -as so.me slight ind(licatioln of ethanol accumulation
(5 mig/100 g fr xvt) ill the first fe\x- holulrs but there-
after nonie. On transfer froml air to 2.4 %. 3.4 %
an(l 5 % O., the CO., outputs decreased without any
)relinminar\ rise anid there were no detectable ac-

ctiliumlatioins of ethanol. 'T'he conclusionl is that some
O., concentration below 2.4 % but abo\-e 1.6 % was

adeqJuate to sustaini a coml)letelv aerobic metabolism.
C(arbon (Idratc Utili.vatio ill Air and(i Vitrogeii.

The chalnges in levels of soluble sugars anid starch
in leaves collected in Afya anid mainltailned in the
dark in air for several (lays are shoxvn in table T.
TI'he mlaini loss in sugar occurred onl the first day and(I
thereafter chalnges were slight. Starch al)peare(l to
increase for some (lays, thenl to decrease again. but
over the whole l)eriod there xvas little iiet change.
The interestin,g point is that after the first day there
was little chanige in total imieasure(d carbohydrates al-
though the CO., output conltiniued at only- a slow1l
(lecreasing rate. AMoreover the RQ reainmed virtu-
ally unclhaniged. Even for the first 20 hloturs the loss
of 360 mg of carbohydrate woul(d accounit for less
thani 70 % of the observed CO., outt)ut. Later it
would appear that carbohydrate contributed virtually
nothlinig to the CO., evolved in air. Ininitrogeni the
mean rate of depletioni of carbohydrate xvas nearly
50 % greater than in air. Even so if xve assume as
found in other experiments that the carbon appearing
in CO., and ethaniol in nitrogein in 25 hours wotild be
at least 50 % greater than that released as CO,, in
air, the decrease ini the carbohydrate (lid lot ac-
counlt for all of the CO., anid ethanol l)roduced.
Moreovrer, as shoxvn earlier the Co., outplut is
markedly enhaniced oln retuirni to air fromii nitr-ogeni
but in these leaves there xxas nlo al)parent loss of car-
bohydrate oni retuirnl to air. In fact the clhalnge re-
cor(le(I was ani inicrease. Clearly somiie carbohydrate
reserve other thani the starch or sutgars extracted ill
these exl)erimlents cotld(l be the source of C( '.,. There
appeared to be nio miiajor chanige howexver ill the
amiouinit of siugar bound in the w-ater-soluible -lvcoside
fraction.

Essentially simiiilar results were ob)tained for
leaves in the winiter months when the CO., otutptut ill
air was about 20 mig per hour. The starch of tlle
leaves did not at anv time exceed 5 nmg/100 g fresh
veight and therefore can l)e ignore(l. 'I'lTe suigar
loss in air over the first 64 hours was equtiivalenit to
less thani 50 % of the CO, otutput (table 11). For
the first 16 hoturs in nitrogeni the rate of sugar loss
was more than 4 times the mlaximiium rate of loss in
air and therefore probably great enotuglh to account
for the anaerobic CO., and ethallol production ill
that period. Later the rate of sugar uitilizatioln
(lecreased and after 41.5 hours in nitrogeii apparently
cease(l completelv though CO., and ethanol pro(luc-
tionl conltiiued. .\gain on rettiril to air the cliange
recor(le(l appeared to le somle inicrease in carl)ohydrate
conitent, not the (lel)letion required to accoulnt for the
ral)id rate of CO., output known to occur at this timiie.

Onle interestinig feature in both of these ex)eri-
ments is that the constumiiption of suigars appeared to
cease before the total contents of these in the leaves
wvere consumed and xvhilile CO., evolutioni conitilinle
actively.

Organiic Aci(ds. The plant acids present were
iinalic. isocitric, and citric together with smiialler
amotunits of succinate and fumarate (table ITI) but
taken together the overall concentrationl as lowv. v iz.
about 8 nmNt. Oln prolonge(d starvation in air iio
overall depletion was observed nor xvas there e\i-
(lence of rapid depletion of the acids as a w\hole after
tranisfer fromii air inlto nitrogeni or after tranisfer fromll
nitrogen inlto air. It is clear, therefore, that the eoln-
suml)tion of reserves of these acids at n1o timile made
anyimajor contribution to the CO., evolved. .Anv
clhaniges in levels of individual aci(ds sh1own1 in table
111 \xhich are less thani about 15 % are of doubtful
signlificanice. There is no (loulbt. however, that sute-
cinate accumuitilated throughout the first 12 hours in
nitrogeni and that oni return to air it was very quickly
conistumled. Lactate. similarlv, accumuilulated ininitro-
g,een and theni later was rapi(llv consumlied in air.
H1lowever, the mlaximiiumln lactate accui mutlationi xv 011(1.

Tlable Il. Solitbl C (Carbohydrat' Conitentt; J(anlrl,
Soluble carbollydrate asa ig glucose /100 fresh weig-lit oF (letache(i leaves .store(l in (larkiness. Temieraturi

250.

.\tmosphere Air

Time (hr) Glucose

12
29)
54
77
91
124
148
196

1780
1700
1640
1340
1370
1450
1150
1400

Nitrogen
( transferre(d after 12

hrs in air)
Time (hr1) Glucose

Start
16
41
64
87

111
135
184

1780
1040
590
600
640
770
730
610

Air
(tranisferre(d after 87

hr9s in nitro-en)
Time ( hr) Glucose

Start
10
24
50
74
99

640
940)
910
880
870
810
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Table III. Organiic Acid Conltent; May
Organic acid contents (,umoles per 100 g fr wt) of detached leaves stored in darkness.. Temperature 250.

Fumaric Lactic Succinic

In air
3.6 24
3.3 28
. . .

3.0

In nitrogcn (transferred;
24
48
64
74
78

101
97
103
117

In air after a period of
97
48
45
20
34
19
39
35

after 12 lhrs in
249
285
199
214
235
205
241
278
147

24 hlrs in
241
205

;25
178
258
241
302
286

nitrogen
103
127
134
97

131
116
155
140

lal)le IV. Icto--Acid Contents: April
Keto-acid conitents (pdnoles per 100 g, fr wt) ofdetached leaves stored in darkness. Temiperature 250.

a-Ketoglutarate
In air
200
177
137

In nitrogeni (transferred after 12 lhrs in air)
200
186
221
239
123
122
73
50
36
14

In air after a period of 24 hrs in nitrogen
36
41
42
65
80
109

-. 1621

Oxaloacetate

Time
(hr)

12
37
61
86

12
11
12
13

MIalic

249
223
241
301

24
29

Citric

82
91
80

122

Isocitric

335
437
437
378

Start
0.75
1.5
3
6
12
24
48
72

Total
cycle acids

701
789
795
842

12
12
15
16
12
11
13
12
9

3.6
10.3
9.1
9.4

25.5
27.6
17.0
15.2
13.3

air)
82
134
128
102
122
86
103
96
120

335
327
406
278
233
213
284
277
239

Start
0.75
1.5
3
6

12
25
49

701
806
812
684
682
616
738
766
632

13
11
12
8
15
12
15
29

17.0
4.1
3.6
2.4
6.1
4.8
7.2
7.6

284
389
412
307
297
303
365
374

738
780
857
611
736
693
876
864

rime

12 hr
36 hr
60 hr

Glyoxylate

16.5
12.7
8.3)

5.2
5.7
6.0

Py-ruvate

44
34
30

44
33
60
103
89
88
75
70
64
45

64
58
47
39
37
44
40
41

Start
5 nin

15 min
30 min
1 hr
2 lhr
4 hr
10 hr
24 hr
48 hr

Start
15 mimi
30 min
1 hr
2 hr
4 hr
10 hr
24 hr

16.5
12.0
10.0
8.5
6.3
6.2
4.3
3.5
2.5
1.0

5.2
3.5
4.2
4.2
4.2
4.0
5.2
7.2
9.7

11.0

2.5
3.7
3.7
4.2
6.5
8.0
8.0
.9.0

9.7
8.0
8.2
8.2
6.5
9.2
7.7
6.2
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BOURNE AND RAN-SON-RE.PIMRATION OF DEITACHED LE \WES

onl a miiolar basis, represent less thani 0.5 % of the
ethanol accumulated. Some significance may attach
to the suggestion of transitory chaniges in tricarboxy-
lic acids and malic acids on transfer into nitrogen
anid again on returni into air.

Keto-Acids. Pvruvic, oxaloacetic, a-ketoglutaric.
anid glyoxylic acids were all detected in the leaves.
the a-ketoglutaric at about the same colncenitrationi as
miialic and citric acids. The levels of all of the keto-
acids with the exceptioni of glyoxylic appeared to (le-
cline rather slowly oni starvatioln in air (table IN).

Oni transfer to niitrogeni the conceintrationi of
oxaloacetate dropped to onie-half within 1 houir and
thereafter more slowlv to a very low level. On re-
turni to air it returned slow,ly in the course of 24
hours to the air value. Pyruvate, after a possil)le
slight decrease in the first 5 miinutes, showed a 3-
fold increase withini 30 miiniutes. Later it decreased
slowly1 but even after nearly 2 days in nlitrogeni the
level remiiainied higher than in air. a-Ketoglutarate
showed a slight accumiulationi in the first 30 milinutes
but later it was rapidly depleted to a level about 10 %
of the correspondinlg air value. Oni returni to air
1)oth pyruvate and a-ketoglutarate returnle(d slowly
to their niormiial air values in the course of 24 hoturs.
Apart fromii a suggestioni of a temporary decrease
within 5 miiniutes of tranisfer to niitrogeni the changes
in level of glyoxylate were slow, possibly inidicating
that the chaniges inlto anid out of niitrogeni had little
(lirect effect oni its mietabolism.

Ester Pliosphates. The levels of glucose-6-P,
fructose-6-P, fructose-1.6-diP, 3-P-glvcerate, P-
enolpyruvate and 6-P-gluconate remainied fairly con-
stalnt over a 48-hour l)eriod in the dark in air (fig 4).
Oni transfer to niitrogeln there were very rapid de-
creases in the conicelntrationis of 3-P-glycerate. P-
enolpyruvate, anid 6-P-gluconate btut all of the hex-
ose l)hosphates showed marked inlcreases within ani
hour and theni decreasedl againi. Oni return to air
after 24 hoturs in niitrogen there were tranisienit but
marked inicreases in the level of all but fructose-1,6-
diP. anid all except 6-P-gluconate and(l fructose-6-P
had returned to somethinig like niormiial values for air
wvithin about 12 hours. The comilbinied total content
of all of these phosphates at nlo timiie exceede(d about
20 junmoles so that as conisumlable respiratorx sub-
strates they canl be neglecte(l. However, the transi-
ent changes of levels recorded on tranisfer from air
to niitrogen anid vice versa miiay. as miienltionied later,
lhave signiificanice in portrayinig flux changes througl
the glycolytic and related pathways of metabolism.

C'40. Yiclds froin GlhcoSe-j-C14 and -6-C14.
The barium carboniate recoveries (table VI) inidicate
reasoniable agreemenit betweeni samples and a steady
CO., output ovrer the 24-hour period for the leaves in
air. In niitrogeni the CO, outptut followed a trenid
similar to that showni in figure 2, being slightly
greater thani for the leaves in air in the first 3 hours
but less over the 24-hour perio(l. For leaves onl re-
tturni to air after a period in nitrogen the CO. outputs

Table V. U tilization of Glutcose-l-C'4 and Gliucose-6-C'4
CO., output (as mg BaCO, recovered) and C1402 yield (counts,/sec) from 10 g samples of leaves supplied in

darkness with either glucose-i-C'4 of glucose-6-C'4 (a) in air, (b) in nlitrogeni and( (c) in air immediately after a
20-hour period in nitrogen, and the quotient, C, /C1.

Glucose supplied CO., output C140,, released

1-C]4
6-C' 4

l -Cl 4

6-C 4

J-C1

6-C' 4

1-C'4
6-C' 4

6-C 4

6-C -l

1-Cl4
6-C'4
1-C 's
6-C 4

(a) In air
4.0
4.5
12.0
12.1

101
95

(b) In nitrogen
4.3
4.4

14.5
13.8
79
90

(c) In air after returni from nitrogen
9.5
9.1

25
32

69
34

1300
380
8800
5100

83
18

760
117

8600
3700

0.4

0.3

0.6

0.2

0.2

0.4

0.8

0.4

0.3

10
8
89
38

24 hr I -C 196 8300

6-C 202 2800

* C'40., yield from glucose-6-C14/C1O, yield from glucose-l-C'4.

Time period

1 hr

3 hr

24 hr

1 hr

3 hr

24 hr

1 hr

3 hr
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wN-ere. as to be expecte(ld, iuch ill excess of those of
the leaves retained in air after 1 lhouir and( remilainled
so after 24 hours.

In air it is clear that for the glucose sulpl)lied to
the leaves carbon atom 1 was release(d as CO, more
rap)idllv thanl carboni atomil 6f -hiclh sluggests that the
glulcose sut1)plie(l w\as coinsumiiie(l at least partially ill
reactions other- thani glcolysis. anti( possibly the par-
ticil)ation of the penitose phosphalte se(lueince in CO).,
release. Unider anaerobic conditions if the CO., liber-
ate(l is )roduced wholly froImi snigar in fermnentative
reaction1s 110 labeled CO, wk-ould be liberated fromii
eitlher C, or C(, labeled glucose. In this experinment
the yield of C'40.. fromii glucose-6-C' was less than
in air throughlouit the 24-hour period but it was never-
theless appreciable. This stuggests that there was
conisiderable stugar turniover in reactionis other than
those of glvcolysis and considerable ranidonmization of
the label inl hexose sugars as a restult. Alternlatively
it must be supposed that the reactionis of the TCA
cycle conitinuted in soimie wav ini the absence of O.,
or that the system Avas niot completely anaerobic. The
mileasured CO., outpuit is niot iniconisistenit with the
presence of a low percenltage of 0., (cf. fig 3). IPos-
sibly however, the C'4(). yields particularly for the
first lhours in niitrogeni miiay be takeni to inldicate that
the conversion of Cl of glucose to CO.. relative to
that of C,. was enihaniced. Onle possible explaniation
is tllat the enhanced carbohydrate conisumilptioIn which
occuirs oni transfer to aniaerobic co(lditiotns involves
a grreate- l)articil)ationi of the plentose phosl)phate se-
qtuelnce anl that this yields. ev entuallvy. pyrti\ate
which is av\ailable fol conversiOilioito ethanol with
tde release of miiore Co..

'I'lTe data for leav-es Onl retturni to air after a poriod
ill nitrogeni are possibly the miiost initerestinig in that
they ill(licatc that thouiglh the CO., output w-as
miarkedly enihanilced the labeled suigaliS presented to
the leaves conitribute(d Avery little to this CO.) in the
first few hours. This could be a restult of a slower
plenetration of the labeled sugars, aftel- a l)eriod of
anaierobiosis. to alIaprolpriate sites ini the cells or alter-
natively to lpreferential coilnsumlition of substrates
other thllal sugars. Thle fact that after 24 houirs the
y\ields of C' '0.. fromii the stugars were miiore nearly
comparable with those imieasured for leaves retailled
ini air stiggests that the latter alternlative mlav be the

0ore nlearly correct.

Discussion

ResPiration ini Air. Trhe analyses of carhohy-
drates preselit inl the (letached leaves suggest that
after the first 12 houLrs for which JlO data are avail-
able, carbohydrate uitilization accotunits for onlyv a
part of the CO2 ev\olved ant ill latteri phases of star-
v-ation for v-erv little if ainy of it. Carbohy-drate
tutilizatioln appeared to stop wheni there were appreci-
able am1otutits remaining inM the leav\-es anid the pre-
.sinption iS tlhat eithetr this carbohyd(Irate occurred in)
a forml, or iii lools. iiot readily .accessibl to the res-
)irator\- cnzvmes or that sonme otller substrate became

available after a tiniie anid then -was preferenitially
coinsuimied. No evidenlce was obtained that sugars
present in glycosidic combiniationis wvere utilized to
any extent durinig starvation but it remailns lossible
that some coomponienit carbohvdrate, not measured
by the techinitiques used, served as a respiratory sub-
strate. Ill illost of the experimiienits it is unlikely that
somie uii(leterniiniied carlbohydrate sulpplied the btulk of
the CO. for the R(Q)s (Irifted to values about 0.8.
H4owever ill I case ( talble 1) the Ro)s appeare(l to re-

nain near unitv for sol ie davs thouighl the carbohv-
(lrates measured show ed little change. -Nonvolatile
di- anid tri-carboxylic acids takenl together were lnot
present in a quantity which alone wvould suistaini the
CO2, outtput for more thani a few hours anid exven after
several days in darkniess there N-as no marked overall
dlepletion of acid. There are 11o obvious fattv res-
erves in the leaves and, as others have concluded
from experiiients with dletached leaves (see e.g. 18).
it appears probable that after a relatively short
period of starv-ationi. CO.. is (leri-edl ill inicreasing
prol)ortion fromii turnover ill tIle nitrogenous comllpo-
ients of the leaves.

A4nacrobic Rcspiratioii. Ill the absence of 02. the
CO2 ouitptut was enihaniced, at least for a period, and
ethaniol accutmuitilated. Respiratory activity appeared
to be at a Iuimlimumtiiil in tIle lpreseilce of about 2 % O2
when etlhalnol accumiulation xN-as stlilpressedI and the
CO2. output (lecliniel below the air-line valuie without
tlle iniitial enhllanicemiienit oblserved at lower telisiolls of

)., where ailaerobic nletabolisin w-as ilot completely
sill )l)resse(l.

Ti1 anaer)l)iosis thle ethan0ol accutmntilationi ill-
crease( as tllh C(). opltl)it c()iltilluied b)t tlle. imiolair
(luoticilt for ethanol acctiullation /CO. evolved re-
mainle(d fairly conistanit at values lear 0.6 throug-hout
long llerio(ls. Sonic acetaldellvde and(I lactate ac-
cllitilate(l sinilultaneotslsv but ileitller rej)resentedl
miiore thani 1 % of the ethaniol preseilt. Hence, if the
ethaniol w\ as produce(d in niormiial fermentative reac-
tiOlls from pyrtivate with the release of all e(tliinlolar
qluantity of CO, eitlher illore ethanlol Nvas l)ro(Iucedl
thani actuially accumutilated or somiie extra C(o. wxas
pro(luce(l in accoillnpaiviilg reactions. EthIlaol/CO.,
(ltiotielits less tllain tinity are of comimoni occurrence
il pllant ti.sules but thlere are sonlle which yield quio-
tici'ts nlear ilility ( see 4, 26. 217, 28) anld, ill tIle ab-
seiice of evidenice that etllaiol cani be coiisuilled ana-
erobicallv. it is uisnial1v accepted tllat the lows er (I1o-
tienits indicate the productioni of extra C( )9 in reac-
tiOlS otlther than those ilvwolved ill the pro(liuctioni of
ethaliol fromi p)yrti\vate. For some tisssues it alIpears
that tllis extra CO., productioll is a tranisielit lphenlo-
iiCe0ioil (see e.g-. 24 for (lata oil swede dliscs ) which
occtirs for a linmite(d period only following tIle trans-
fer- to anaerobic cond(litionis ain(l that thereafter CO.
aili( ethalnol aire prodticed iil equal anloulits. In the
dletached( rlio(lo(led(rolli? leav-es. however, as ill some
other orgals; we 1a ve iiivestigated ( R cI.rIw leaves,
seedlinlg-s of Cuic in1Pmto Pcho, and rgypruiii rciilcii-
thmi ) tIle rate of etllanol l)ro(luctili r1mlalled less
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than CO2 production for long periods under anaero-
bic conditions.

The rate of substrate consumption estimated as
carbon loss in CO2 evolution and ethanol accumula-
tion in nitrogen was greater than the carbon loss (as
CO2) in air. The difference was much more
marked for leaves showing low CO,, outputs in air
after prolonged starvation than for leaves showing
higher rates. The reason for this difference is not
clear; it could reflect a difference in the substrates
utilized in the 2 cases though there is no evidence to
support this in data presently available. Another
possibility is that the leaves showing high rates in air
were nearer some inherent maximum than those
showing low rates and therefore were less capable of
further increase on transfer to anaerobic conditions.
As pointed out by Thomas (26), however, compari-
sons of anaerobic rates of carbon loss with aerobic
rates in air do not assess the full effect of 02 in con-
serving substrate. Respiratory catabolism was at a
minimum and completely aerobic at the extinction
point, i.e. about 1.6 % 02 for rhododendron leaves.
Comparison of the anaerobic rates with the aerobic
rates at 1.6 % 02 would, therefore, show the full
conservation effects and these would be greater than
those assessed in the preceeding section, from rates
in air and nitrogen.

The measured rates of carbohydrate depletion
after transfer to nitrogen were greater than those in
air. In 1 experinment (table I), the average rate for
25 lhoturs in nitrogeni was 50 % greater than the air
rate but even assumiiing that the carboni loss was in-
creased by onily 50 % on transfer to the anaerobic
atmiiosplhere the observed carbohydrate depletion
would accounit for little more than half of it. This
estimate is based uponi the assumption that the molar
ethanol/CO2 quotient would be 0.6 as observed in
other experiments, but even if it were proposed that
the ethanol together with an equimolar amount of
CO2 were produced from carbohydrate and the re-
mainder of the CO2 from another source, the ob-
served carbohydrate depletion was only about 75 %
of the required amount. In the other experiment
(quoted here (table II) for leaves in the winter
months, the anaerobic sugar loss was for a period
several-fold that in air and for this period, therefore,
possibly adequate to sustain the anaerobic production
of CO2 and ethanol. Subsequently little further de-
pletion of carbohydrate was detected though there is
no doubt that CO2 and ethanol production would
continue at appreciable rates. It appears, therefore,
that for these starving rhododendron leaves there is
not only the question of the source of the extra CO2
to be considered but also the source, at times, of con-
siderable proportions of the total CO2 and ethanol
produced. The data presented here throw little light
on these problenms. For apple fruits Fidler (13)
found that the loss in acid which occurred in air con-
tinued unchanged in the absence of 02 and that the
loss of carbolhydrate plus acid accounited quantita-
tively for both the aerobic and anerobic produc-
tions of ethanol and CO2. The organic acid fraction

in rhododendron leaves showed no overall and sus-
tained depletion either in nitrogen or air and it mlav
be that, as for the leaves in air, turnover in nitro-
genous components accounted for a considerable frac-
tion of the ethanol anld CO2 production.

It has been suggested on other occasions (28)
that decarboxylations of organic acids may contribute
to CO, production, perhaps suppllying the extra CO.
comiponent, on transfer of plant tissues to anaerobic
conditions. In rhododendron it is clear that a frac-
tion of the CO2 may have arisen in this way. For
example, a-ketoglutaric acid decreased by apl)roxi-
mately 200 ,moles within 24 hours in nitrogen anld if
this represented consumption involving a single de-
carboxylation, the yield of 9 mg of CO2 would coni-
stitute about 1 % of the total evolved in this perio(l.
The succinate which accumulated might possibly be
produced in the course of these reactions. There is
also in the data for acid contents some suggestion of
an increase in total acids in the first 90 minutes of
anaerobiosis followed later by a decrease. The de-
crease was attributable largely to a decrease in tri-
carboxylic acids, which might involve CO., release.
In the absence of evidence about the way in which
these acids miiay be consumiied in the complete ab-
sence of O., it is not possible to estimate their conl-
tribution to CO. output vith certainty, but if the ob-
servedl decrease of about 200 /ulmloles represented the
conversioll, by reactions at present unknown, of
tricarboxylic acids to CO2, the yield would still rep-
resent less thani 5 % of the total CO., evolved.

For swede discs xvhere extra CO., is l)roduce(l
onily for the first hour of anaerobiosis, Simiioni (24)
lhas stuggested the inivolvement of organic acids but
in a different way. He obtained somiie evidence that
the extra CO2 in these discs camie ultimately fromi
carbohydrate reserves and involved anl oxidative de-
carboxylation. He pointed out that this oxidation
would of necessity be coupled with the reduction of
some cellular components; the amount of CO., liber-
ated ruled out the possibility that pyridine niucleo-
tides were the final hydrogen acceptors and lhe sug-
gested the possibility that acids might serv-e as the
ultimate oxidants. Changes in acid levels recorded
here for the first hour or so in nitrogen may reflect
this function of acids but nlo simple interpretation
along these lines can be attemiipted. Relevant also to
Simon's observations is the rapid depletion of 6-P-
gluconate observed in the leaves on transfer to nlit-
trogen. If extra CO, is derived from carbohvdrate
at this stage, therefore, it may be that the oxidative
decarboxylation occurs in reactions of the pentose
phosphate cycles.

Pasteuir Effect. Comparisons of relative rates of
carbon loss in air and nitrogen suggested the occur-
rence of a Pasteur effect in rhododendroni leaves and
though it is clear that onlv a fraction of the carboln
involved may have come from carbohydrate there is
direct evidence of the occuirrence of the effect in the
lata for carbohydrate conltenlts whiich iin(licates thlat
carbohydrate was utilized iiiore rapidly anaerobically
than aerobically. For the mloment, -we shall note
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lhere onix that the tranisielnt chlainges in levels of gly-
eolvtic il]terme(liates on trainsfer fromair to n'itroen
were in essenitials simiiilar to thoseobserved bx-Blarker.
Khani and Solornos (2) for pea see(llinlgs s xvhich
also show amarked Pastenir effect. NotablyI, there
was a very ral)i( (lepletion- of 3-1 -gl- cerate anld P-
enolpvrntivate and. slightly later, a rapid and(limiarked
inicrease in fructose-l16-diP. The stggestion in the
dlata for pea see(llings thatglncose-6-P and frtictose-
6-P inicrease at first oni tranisfei- to nitrogen is amply
snl)stantiated in the rhodo(lendlr-oni data where 1)oth
shox-edimarke(d initali ncreaes all(n thonghdecliniiig
later remiiainetI above the air-linie valnes for somne
lhotnrs. The interpretationgiveni by Barker et al. (2)
to their datais based oln the earlier sniggestio!n(17
19) that the rate ofglycolysis is conitrolledb1 levels
of ATP, ADPandcl Pi, hut they have elaborated iponl
this and (liscusse(l their restilts in terms of a conce)t
thatg,l-vcOlsis occnIrs x ithiii aglvcolv-tic grantilein
cells. It is postulated that thebhlk of the frnicto-
kinase, p)art of the phosphohexose isomiierase antI
hexokiinase. together xx-ith the other gl-colvtic en-
zvnmes are honsed in thisgranitile w-hichI is soLpposed to
hel)ermeal)le to.Al)TD fromii the rest of the cell hut
mnltch less permeable to ATP. Imlportance is at-
taclhe(d to their ohservation that the depletioni of 3-
P-glvcerate aind P-enolpyrnvatel)receede(l in timie the
inierease in fructose-1.6-diP. Thev stipposed that the
onset of anaerohiosis may first activate the conx er-
sion of P-enolpyruvate into pyrnvate, )ossibl l)he-
cause of increased availahility of ADP. so pro(lncing
ATP ( protected in the gralnuile froml consuimptioni in
general cellnlar processes) which -woulld theni stimul1-
late the first phosphorylative stages of glycolvsis and
helnce ilncrease the overall rate of glvcols-sis. In
rhodlodenidroni the increase in pyrtixvate followinig the
tranisfer to nitrogeni reached its peak at about the
same time as the P-enolpvruvate reaclhed its mini-
mnmtii1i valnie an(l so is conisistenit with the hy-pothesis.
However. tntil miiore iniformation is available for the
early stages of anaerobiosis about the chaniges in level
of acetaldehvde ethanol an(l of other intermedliates
(e.g. a-glycerol-P) of reactions which may par-
ticipate in the regelnerationi of NAD re(Itiired for the
conversion of triose-1' into 3-P'-g,l-cerate. coljectnire
about otlher interpretationis wxill be (leferre(l.
One further pollnt of note in the rhlododend(Ironi data

is the very rapid depletion of 6-P-gltconate onl tranis-
fer to niitrogen. This cotildI restilt fromii a miiarkedI
retardationi of its prodtictioni as might be exl)ecte(l if
it is produiced oxidativelx fromi gtincose-6-P. Con-
sistent xvith thi's vieNx is the ol)served acctimnitilationi of
gluicose-6-P. Alternatively the (lepletion of 6-P-gIni-
conlate miax result from an increase(d rate of con-
sunmption and agaiin other observations are consistent
xvith this viexx. For examiple. in the experiment
xvith labeled glucose, CO., wvas released imiore rapidlyx
from carbon atom 1 relati-e to that from carbon atomii
6 in the first honr i iinitrogeni thani it x-as over a
similar period in air. If the (dehyldrogenases piarti-
cil)ating in the p)entose phllosphate cycle are sIpitil-lly
'sel)arated from enzynmes of glvcoly si. acs max be tlle

caseif there is a glx colvticgranutile, anyvclhanige in
level of 6-P-gluconate miighit hear little relationi to
thechangec occurring in the totalglIicose-6-l)con1tenlt
of the cell.

Respiratory lfttabolisli 11 tlto-11 toi lio .
'T'hon-gh the CO. ontputNxxasminarkedlycelhanlce(d in
this eriodl the analyses of carbohvdrates shoxxeNI no
signs of their rapid(lelpletion. Inl fact in both sets of
dlata reportedlherle ther-e are indicationls of soiliein-
crease in sngiar contelt fol'loxx ing retnrln to air.

Again, also the total acid contenlt showedl no m-najor
change. Theon1e substancepresen)t in ap)precia)le
quantity and observed to (lecrease in this period\\,as
the etlhaniol. accumnitilatedl(dnring- the p)receding-.1ia-
erobiosis. Ind(leed (lisconniltinig thel)eak inCO( outpnt
in the first 3 to 6lhonrs oniretul-nr to air (fig I). the
CO., ontptut(lecline(d towards the air-line-alne roughly
in)parallel xith ethaniol contenlt. Tl he total CO., out-
put of thepost-anaerobic period wxas hoxveverg(reatlx
in excess of the possil)le p)ro(luction fromll etlhaniol
consumiiied. In the experimiienit illustrate(d (fig1 ) the
ethaniol consmnlptionxvas 164 miig xxhich wxounld yiell
aimcaxiimiuimii of 315 mg of CO.,. The total Co.. ontt-
pit\xxas abont 130( illmg i.e. about 67() mgm11or-e than
that recorded for leaves retainied in air. Discountine
thelpeak of the C(o., ontput in the first 6 honrs. the
excess CO. ontptut ( 500 mg) xvas still greater thcani
that to be derived fromii the ethaniol. Slightly better
agreenienit xvas obtained in simiilar analvses of other
experimeilts. As a wvorking hypothesis therefore, it
miiay- be stlll)posed that the total CO. otitptit is Coim-
pose(l of at least 3 comiiponients, namely a CO., otitpnt
derive(l fromii ethaniol colnstunmel, spl)eriml)ose(l on a

,ground relspiratorv CO., oult)ut,t anii snp)plenmelnte(l 1
a CO.. outlpuit fromii a tlhird sonirce p)articnlarlx' in the
first fexv houirs after returni to air.

The substrate tise(d in the gronndi(I C()., productioll
\\ as nlot (letecte(l in the l)reseiit study bnt the RQ of
leaxes after the first honir or so in air rettirnied to
about the samiie vxaltie as that recordedl before the
anaerobic perio(l. The inferenice is that in these
starved leaves it xvas derived, as in previotus p)eriods
in air anid niitrogeni, from tnrnover in the nitrogel]
fractioni.

Direct ex\idence that the ethalniol is oxidative1x
conistliileI to yield CO., in rhododend(Ironi leaves is
slight. Clarke (6 ) could find little evidence of the
oxidative conlsoimlptionl of ethan:ol from gas exchanige
measuremiienits x-heni he supplied it, in air, to discs
CUt fromii the leaves. Howxever. wheni he suipplie(d
ethanol-i-C14 to the leaves in air somne C14 wvas inicor-
l)orate(l inito aci(ds of the tricarboxylic acid cycle (and(1
inlto somlie uilnidenltifieI components ) iiplying that the
leaves possessed at least a slight cal)acitv for oxida-
tion of ethaniol in reactioins of the cycle. Similar ex-
perinients using ethanol-C'14 xith other plants (e.g.
9, 10) sutggest also that ethanol is oxidativelx coln-
suimed by xvay of the tricarboxylic aci(l cycle. In
the present experimiienits the RQ value-s after the first
hour in air rapitllv returned to valtues .( .8 til)xvarls)
similar to tli)ou recorded ini a-ir before anacrohiosiE
The rap)id oxidatiNxc consti 'p ti(1)n f etl ol xv01uld

I I 88S



I3OURNE AND RANSON-RESPIRATION OF DEITAChIIED L.E.\VES

have beeni expected to depress these values at least
for a period. Clearly experiments in which labeled
ethanol is supplied to leaves in air immlediatelv after
a p)rolonged period of anaerobiosis are now in-
dicated.

Turning to events in the first hour or so after
return to air, it has been postulated that there is a
third component contributing to CO., output. In the
acid analyses there were indications for this iperiodl
of the depletioni of succinate and of malate and of a
temporary increase in tricarboxvlic acids. These
changes in acid levels are consistent with a restarting
of carbon traffic through the tricarboxylic acid cycle
when O2 once again became available to sustain the
oxidative sequences. The 02 uptake rose to a maxi-
miiumii more quickly than the CO2 output oni return to
air; consequently, the initial RQ values were near
zero, but within an hour or so rose to values between
0.8 and 1.0. If the tricarboxylic acids accumulated
at the expense of dicarboxylic acids, e.g. succina-rt
and malate, and acetvl units derivred from carbohv-
drate, the RQ of the combined reactions wvould lie
between 0.6 anid 0.7. If however, the acetvl uinits
w-ere derived from ethanol, the RQ w-ould be zero.
A combiinationi of such reactions would conceivablv
account for the rapid O., uptake onl first return to air
and(I for the initial low RQ values. The major part
of the CO. output consequent uIpOnl these reactions
would comiie later when the tricarboxylic acids were
decarboxylated in further reactions of the cycle.

Against this explanation, however, are the changes
in concentration observed for the keto-acids. These
may well be a better guide to changes of flux through
the cycle than are changes in levels of the other acids,
which may be present largely in inactive pools. There
were no spectacular changes in the levels of any of
the keto-acids to indicate a rapid resurgence of cycle
activity on return to air. Barker and( Younis (3) in
their experiments using inhibitors on strawberry
leaves found somle correlation between the rate of
CO, output and the concentration of oxaloacetate
and pointed out that for the strawberry leaf the level
of oxaloacetate appeared to provide an index of the
rate of traffic through the cycle. In the rhododen-
dron experiments the oxaloacetate increased only
slowly from a low level to the air-line value in the
course of 24 hours.

The experiments in which labeled glucose was
supplied to the leaves after return to air from nitro-
ge-n, showed very little utilization in the first few
hours of the sugar supplied, and as noted earlier,
there was no evidence from analysis of reserves of
carbohydrates present in the leaves of carbohydrate
utilization in this period. Each of the glycolvtic in-
termediates measured, with the exception of fructose-
1,6-diP, increased transientlv on return to air sug-
gesting possiblv some initial retardation of glycolysis.
One thing is clear however and that is that the re-

establishment of new steadv state concentrations of
the intermediates, to be expected if glycolysis settled
rapidly to some new steady rate, was niot approached
quicklv on return to air.

There are clearly malny unisolved problems remiaini-
ing for these leaves. A major part of the CO., out-
put at the various stages of these experiments al-
pears to have been derived fromii colnstituenits not in-
vestigated so far. Further analyses are now required.
particularly for additional reserves of carbolhydrate
nature and for nitrogenious reserves.

Summary

Detached leaves of Rhlododcundron p'onticiWuui
evolved CO., in air for long periods, the RQ falling
to, theni remainiing at, about 0.8. In ;iitrogen. or
oxygen concelntrationis less than 1.6 %. the CO., out-
put was enhaniced initially anid ethanol acctumulated.
The molar quotient, ethanol/CO., in the absenice of
oxygen was about 0.6 and remained less thani unlitv
for periods in excess of 24 hours. Acetaldehvde and(l
lactate w ere present in trace amlounits only. Oin re-
turn to air fromi nitrogeni the CO. ouitpuit was enl-
hanced and the ethanol disappeared slowly over
periods of days. The RQ \-as initially very low but
rose within about 1 hour to values of 0.8 to 1.0.

CarbohyNdrate conisumiiptioi was miarke(lly in-
creased onl transfer from air to niitrogen, indicating
the operation of a Pasteur effect. Mleasured carbo-
hydrate consumptionl accounltedI for only part of the
respiratorv carboni loss in air and nitrogen; at timles
for nonie of it in these gases anid for nonie of it oln
first returnl to air froml nitrogenl. Observed chaniges
in total tricarboxvlic cycle acids were slight through-
out.

There were rapid adjustmiients in levels of glvcoly-
tic intermediates on transfer from air to nitrogen and
on return to air suggesting marked adjustmenlt rates
of glycolysis. Rapid changes in 6-P-gluconate to-
gether with different C v4)..yields froml glucose-l-C'4
and -6-C14 indicate varyinig contributions of the pen-
tose phosphate cycle.

TransieInt chaniges in acid levels on returni to air
were consistenit with oxidations of the tricarboxvlic
acid cycle and( with the initial low RQ's. Slow ad-
justments of the levels of keto-acids on return to air,
however, suggest slow resumption of cycle activity.
Very little of the labeled glucose supplied at this
stage was consumed.

A major problem remzaining is the nature of the
endogenous respiratory substrate.
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