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The increase in respiratory rate of slices cut fromi
storage tissue consists of 2 componients. The first
occurs rapidly after cutting, while the second. namie 1
"induced" respiration by Laties (10, 11), develops
slowly for 2 to 4 days. Induced respiration in washed
slices of carrot root has frequently been reported. If
we assume that sugars only are substrates for the ad-
(litional respiration after cutting, additional CO..
must be generated by the Embden-Meyerhof-Parnas
(EMP) pathway or the pentose phosphate pathway
(2, 3). In this paper, changes in concentration of
phosphorylated intermediates and rate of respirationi
are discussed in relation to regulation of the 2 path-
ways.

Materials and Methods

Froml mature carrot roots (Dauicuts car-ot(a L.)
discs 1 mm X 8 mm were cut usinlg a cork borer anid
razor blade or sledge microtome and washed in
aerated distilled water until extracted or placed in
distilled water in the respirometer mounted on glass
needles. Respirometer vessels were filter tules with
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sinters (width 3.3 cm; height 12 cm) fitted with
ground joints and splash heads. CO,, was removed
from the compressed air entering the respirometer by
passing through NaOH. The flow of gas (approx.
6 liters per hr) wvas regulated with a needle valve
and flowmeter (quickfit FMO/V ). The conceni-
tration of CO. in the gas stream was automatically
recorded from an infrared gas analyser (Sir Howard
Grubb Parsons Ltd.).

Acid-soluble phosphates were extracted from
discs with cold perchloric acid (15) and the follow-
ing fractions estimated in the neutralized extracts by
the method of Slater (15, 16). A) Hexose mono-
phosphate (HMP): the sum of glucose-6-P, glucose-
1-P and fructose-6-P; B) Hexose diphosphate plus
triose phosphate (HDP + TP) : the sum of fruc-
tose-1,6 diP, 3-P-glyceraldehyde and dihydroxyace-
tone-P; C) High-energy phosphate (- P): the sum
of the y-phosphate groups of nucleoside triphosphates
and the fl-phosphate group of ADP. Pi was meas-
ured by the method of Berenblum and Chain (6).
Total acid-soluble phosphate was measured by the
method of Allen (1).

Results

The Imnmiediate Effect of Cutting tlponI tf/i Con-
centrationi of Phosphorylated Coiiipounids. Approx-
imately 1 g of discs were cut from a cylinider of par-
enchyma, weighed. and phosphorylated comiipounds
extracted as rapidly as possible. Replicate samipijiles
were washed and aerated in a large volume of water
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Table 1. Conccntration of IlIhosphatc 1 ractions in
Eltracts froi U cnwashed Carrot Discs anid from

I)iscs WJashed in Distilled IfVatcr for 1 Hon?r.

Phosphate Uniwashed Discs
fractioni discs washed

1 lhr
unioles per g fr x\t

l-Il)P + TI'
lIMP

P1

Mean S.D.
0.26 -+- 0.01
0.50 -+ 0.02
0.31 + 0.01
2.7 --+ 0.14

Meani S I).
0.21 -'+- 0.01
0.54 -+ 0.02
0.17 -+ 0.01
2.3 0.12

Change
after

w-ashin-t,

-0.05
+0.04
-0.14
-0.4

for 1 lhotur, surface-(lried, reweighed and extracted.
h'l'e colnceintrations of the phosphate fractions (leter-
iminie(l in duplicate are compared in table I. The
conicenitrationis for washed tisstue are corrected for
cell (lamage 1y assuminig that as in potato (i7) nO net
conversion of acid-soluble to acid-insoluble phos-
l)hate occturred in 1 hotur and that all fractions de-
crease(l in l)roportion to the loss of total acid-soluble
l)ilosphate (Ilirinlg washing. While i.nsignificant
chlainges Nvere seeni in the other fractions followving this
correctioni the concentration of - P decreased sig-
nificantlv from the origilnal v-altue after tisstie ha(l
been washed for 1 hour.

(Can gcs in Ratc of Respiration lIliic(diaitelv (ifter
(Cutting. Figure I shows the change in outl)ut of
C(o). onl slicing a cylind er of carrot tissuie. A cvlinder
of tissle was excise(l. rilse(l. surface-dried andhleld
at 21' inl at humid atmosphere low in CO., for 24
hioulrs before being l)laced in tie resl)iromieter. CO.,
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FI(;. 1. The rate of CO., output by a cylindler of car-

rot tissue iimaintainied at 21 for 24 hours, theln slice(d anid
washled at 210 for a furtlher 4 hiouirs after cutting.
Plotted fromii 6-miniute imiean rates; froiim chart.

otitptut wass tlheni continuously re_orded fromii the inifra-
red gas analyser. After 1 hotur the tiissue wvas
slice(l an(l the slices llotted anid place(l in the respi-
roimieter vessel in 50-ml water. In this experimient
Co., was evolved steadily fromii the piece of tnlislice(l
tissue at a rate of 1.2 juniole per g fresh weight per
lhotur less than onie-third the miiinimum rate recor(le(d
for the slices ill water. lothi the apparent fall and
the followving tranlsitory rise in niet rate of CO. outl)tut
followving slicinlg w-ere consistently reproducible in
experimients of this kind.

D)uring the first 30 minutites after slicinig C ).
from respiration is niot distinguishable fromii C(), re-
leased in the course of equilibration wvith the gas
stream in the inistrumenit, thus the rate at which
resliration rose initially caiinlot be determinie(l.

Clian ycs in Conce'n tration of Pliosph orv'laltcd
Coniiponndi(is (in/l'ijig the Developnicnt of InlldliCed
Respiration. A large batch of discs was washed in
5 liters of aerated water which was replaced at regn-
lar intervals. Samiples of discs were remioved from
the batch at 1, 2. 4. 8, 16, 24. 48. 72 and 1 10 houirs and
the rate of respirationi measure(l for 1 houtr: theni
l)hosphorylate(l comiipounids were extracted and(
analyzed. Restults of anialyses are shown in figure 2;
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FIG. 2. Respiratory rate and conicentration of - P,
HMP anid I-IDP + TP in discs washed at 21° for 110
lhours after cuttiiig. Plotte(d oni a logaritlhiuiic tiiiie
scale.
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FIG. 3. The correlationi between rate of respiration and
concentration of HDP + TP in discs washed at 210.
Data of figure 2 from 4 to 110 hours after cutting.

the cumuiiulative error of each determinlationl is showi
by a vertical linie at each point. In this experimelnt,
the ind(lucedl respiration developed between 4 anld 48
hours after cuttinig anld the rate was correlatedl with
the concenltrationi of HDP + TP (fig 3). P in-
crease(d throuiglhouit this l)eriod, while HAIP (lecreasell
iunitil 24 hours. theni inicreasedI 4-fold byv 48 olotirs.

C'l/ia ges in Comiccn tr(itioii of P/ihosph/iory/lted
(Conipomunds (durinig t/i Dcc/iiwc Followhiig Devclop-
u;iclit of Induiced Rcspiration. After the maaximiiumii
ol)served at 48 hours, the rate of respirationi decreased
until the end(l of the experiment. Again, the conceil-
trationi of HI)P + TP was correlated with rate of
respiration.

After the respiratory miiaximumii at 48 hours, HIMP
conitinued to increase until 64 hours; then it de-
creased until the enid of the experiment.We observed
similar chang-es in concentration in a second experi-
miienit where slices were extracted after washing for
98 and 27-0 hours.

Discussion

The fractions measured here, HMP and HDP +
TP, contain compounds interconverted by reversible
reactions in quasi-equilibrium, thus changes in con-
centration of each fraction should reflect changes in
concentrationi of each compound in the fraction.
Changes in glucose-6-P. fructose-6-P, fructose-1,6-
diP and dihydroxyacetone-P observed in pea seed
(4) support this assumption.

Hess (9) has shown that although the reversible
reactions of glycolysis in ascites cells are in quasi-
equilibriumii, the irreversible kinase reactions are not.
\Vheni the rate of glycolysis is regulated by conlcenl-
tration of substrate, not enzyme, these irreversible
reactions can act as regulators.

Chance, Holmes, Higgins and Conlnolley (8) have
proposed a method, in terms of a crossover theoremi.,
for detecting sites of activation alonig a sequence of
reactions. \Vhen turnlover is increasinig, the con-
cenltration of snlbstrate for the regulator reactionl (le-
creases while the concelntrationi of the produc t in-
creases; wheni turlover is decreasinig the opposite
chaniges occur.

Two irreversible dehvdrogenase reactionls sel)arate
the HMP fractionl and(l the HDP + TP fractioni of
cells possessinig the lpentose phosphate pathway:
these 2 reactions could act as regulators of this path-
way. Carrot tissue is known to possess enzymes of
both the pentose phosphate pathway and the EMP
pathway; however. ap Rees and Beevers (3) have
shown that the penitose phosphate l)roduced in carrot
slices is metabolized via the EMP pathway and the
tricarboxylic acid cycle. The results of the anialyses
presented here do in fact give evidence for a regula-
tory step betweein HMP and HDP + TP but do nlot
distinguish which pathway was activated.

Activation of t/hc El1P Path-way. Regulation of
the EMP pathway can be achieved by separation of
the pools of cytoplasnmic and miiitochondrial ATP (4,
9). As long as the affiniity of phosphorylatinig sys-
teimis for Pi anid ADP is higher in mitchonldria than
in cytoplasm the rate of phosphorylation in the cvto-
plasmn will limliit the EMP pathway (5).

A seconid miiechallism kno\ownl to regulate the I1.I1'
l)athway is actixvationl or inihibition of l)hosl)llofructo-
kiniase (13). In cruide extracts of parsley aIl(l avo-
ca(lo. ADP inhibits tllis enizvmlie anld f'i reverses the
inhliibitioln ('12).

Activatioui of the Pen tose Pliospli(itc Pat/hwav.
The apparenit K. (glucose-6-P) for glucose-6-P de-
hvdrogeniase in extracts of carrot root is 0.7 niiu\ (I).
1). I)avies, private comiimuniicationi). Althouglh the
ilntracellular conicenitrationl of glucose-6-P is nlot
kniowni, the concenitrationi of HMIP is lower tlhani 0.7
,umoles per g fresh weight in freshly cut slices anld
the concenitration of glucose-6-P could regulate the
activity of glucose-6-P dehydrogeniase. Thuls, in-
creasing synthesis of glucose-6-P through activation
of hexokinase could activate the penitose phosphate
pathway.

It is unlikely that anl inicrease in conicenitration of
enizymes of either the EMP or the pentose phosphate
pathway accounts for induced respiration. as the
respiratory rate of slices treated with 2,4-dinitrophenol
is as high with freshly cut as with washed slices (3).
As 2.4-dinitropheniol activates the EMP pathway the
capacity of the enzymes of this pathway immediately-
after cutting seems sufficient to carry the induced
respirationi.

Chaniges Associated wit/i Iniduccd RIesPiratioii. In
the experiment sho%vn in figure 2, indtuced respiration
developed between 4 and 48 hours after slicinig. As
seen in figure 3 the rate of respiration was correlatedl
closely with conicenitrationi of I-IDP + T'P (lurinig
both the developmient and decline of inlducedI resp)ira-
tioni. The regulator rea:tion therefore comes before
HDP +- TP in the sequence of reactiois. The coln-
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centratioin of HIMPE'as tending to fall while HDP
'1P fractioln was tending to rise during the periodl

of increasing respiration rate up to 16 hours. Oppo-
site changes occurred in these fractions between 48
anid 72 hours xvhen respirationi rate xvas falling. If
Chanice's crossover theoremii is applied here, the regu-
lator reaction miiust have laini betw-eeln the 2 fractionis.
Possible activatin-g mechanismiis of pathways betx-een
these 2 fractions xvere discussed aboxe. Betxveen 24
anid 48 hotirs. both H_MP anid HDP + TP increased
sharply. Unless the inicorporation of carbon into
polysaccharide anid pectin had(l decreased. tllis implies
activation of hexokiinase.

The Activating illcchanisiii Giving Risc to the
Ini(dlice(d Rcspir-ation in) Sliccd Carrot Root. Ap Rees
anld Beevers (3) have reported that the fractionl of
respiration carried by the pentose phosphate pathvay
increased in vashed carrot root slices as induced res-

piration developed. The clhanges in concenitrationi of
plhosphate fractions presented here locate possible
sites regulating iniduced respiration. The chaniges in
plhosphate fractionis are consistent with activationi of
both phosphofructokinase (up to 16 hr) and hexo-
kinase (between 24 and 48 hrs). As the activation
giving rise to inlduced respirationl (loes lnot occur

rapidly in contrast to that follox-ing inhibition of
oxidative phosphorvlationi in carrot by aniaerobiosis
(17) and by 2.4-dinitrophelnol (14) inlduced respira-
tioIl is nlot cattsed by rapi(d inhibition of oxidative
plhosphlorylatioii tiponl slicinlg, inotxx-ithstailldillg the
abrupt fall in - P conicenitr-ationi after slicinig and,

xx-ashinlg. The slowx inlcrease in iii(lticedl respiratioln
cotild reflect the comiiplex iinteractioni of ATP, ADP
aind Pi utipo phosplhofrtictokiiiase ( 12). or followv
aln inicreasing- capacit- for oxidizing NADPH after
slicing, as stiggested by ap Rees anid Beevers (3).

Summary

TJhe rate of respiratioln of w ashed slices fromii
carrot tissuie. (Dancits carota L.) at 2210 xxas higher
than that of unsliced tissue. The concenitration of
high-energy phosphate decreased markedly xvithin
the first hour after slicing.

After 4 hours. the output of carbon dioxide slovly
inicreased until 48 hours, giving rise to the inducedl
respiration. The output of carbon dioxide xvas cor-

related closely xvith conicentration of fructose-1. 6-
diphosphate pltis triose phosphate shoxving that the
regulating reaction precee(ed the production of these
comlpounds.

Fluctuatillng conicenitrationi of hexose nionophos-
phate showe(d that actixvation of respiration occurred
in 2 plhases. .At first. activation of phosplhofructo-
kiinase or- of the pentose phosphate pathway wvas in-
dicatedl. In the second(l phase. the conicenitration of
hexose imioiioplhosphate increased mlarkedly; unless
uitilizatioln of hexose nmonophosphate in processes

other thanll respiration decreased, this imlplies activa-
tionl of hexokiniase.

A reactioni in the metabolic p)athaxvprior to pro-
duction of fructose-1, 6-diphosphate plus triose p)hos-
l)hate appeared to regulate the respiratory rate (luring
its declilne after the maximum at 48 lhours.
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