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Sumnmary. Freshly cut disks of beetroot tissue develop high rates of respiration,
uptake of phosphate and activity of the enzyme invertase after having been washed
for 18 hours in 0.01 M potassium maleate.

Incubation of the disks in solutions of indole-3-acetic acid or kinetin completely
prevented the development of the higher activities in all 3 systems assayed, while incu-
bation in gibberellic acid had no inhibitory effect. Using a series of synthetic plant
growth regulating compounds it was possible to establish that there was no correlation
between the activity of the compound as an auxin and the ability of the compound to
prevent the development of the enhanced rates of metabolism.

When bulky storage organs are cut into thin
slices there is a general increase in their metabolic
activity which develops with time. The increase
in the rate of respiration has been the most fre-
quently studied aspect of this phenomenon and has
been observed to occur in a wide variety of tissues
(6, 9,18). Considerable evidence exists to show
that induced respiration may differ qualitatively
from basal respiration (7, 14, 16) and is probably
mediated by the operation of different metabolic
pathways (1, 15). An increase in the rate of several
other metabolic processes has been shown to occur
simultaneously with the change in the rate of res-
piration, these include a dramatic increase in the
rate of absorption and esterification of phosphate
(8), and a higher rate of protein synthesis ( 1, 3,
11) which may be asso-:ated with the development
of much higher levels of the enzymes invertase and
ascorbic acid oxidase, as fotund in slices of Jerusa-
lem artichoke (5). Similar patterns of change in
the rate of phosphate absorption and possibly of
protein synthesis have been observed in excised
segments of etiolated pea epicotyl (13). In this
tissue the rate of respiration fails to increase during
incubation, in contrast it actually decreases to ap-
proximately half the original rate in 24 hours.

The mechanism causing increased metabolic ac-
tivity in these 2 systems is essentially unknown.
However 2 observations have been made which
suggest that plant growth substances can modify the
pattern of changes. In the first case it has been
shown that the incubation of slices of Jerusalem
artichoke in 10-3 M indoleacetic acid (IAA) pre-
vented the appearance of higher levels of invertase
activity (4), and secondly that washing segments
of etiolated pea stems in 2 X 10-4 M 2,4-dichloro-

phenoxyacetic acid (2,4-D) rather than water pre-
vented the increase in the rate of phosphate absorp-
tion (12).

The objective of the work described in this paper
was to investigate whether other plant growth
substances were active in inhibiting the changes in
metabolic activity.

Materials and Methods

Fresh beetroots (Beta vutlgaris) were obtained
from a local market and stored at between 1 to 4°.
The plant growth substances were obtained from
commercial sources. The phenoxyacetic acids were
recrystallised several times from ethanol and IAA
was recrystallised from ammonium hydroxide before
tise. These compounds were then dissolved in
0.01 M potassium hydrogen maleate and the pH
adjusted to 5.2 for use in all the experiments.

The disks were prepared by removing cores of
beet tissue, using a cork borer 0.6 cm in diameter,
which were then cut into 1.0 mm slices with a hand
microtome. Disks in this condition were referred
to as fresh disks. Changes in the metabolic rates
were induced by placing 10 fresh disks in 10 ml of
solution in a 50 ml Erlenmeyer flask which was
then gently shaken on a mechanical shaker at 250
for 18 hours. The incubation medium was not
changed during the 18 hour period since trial experi-
ments, involving the addition of penicillin and strep-
tomycin to the medium or changing the solution
at frequent intervals did not alter the final levels
of metabolic activity. At the end of the incubation
period the disks were removed and washed in a
large volume of distilled water at 00. Disks in this
condition were referred to as washed disks.
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Assays of Mletabolic ActivitiCs. A) Respirationl
Rate. Respiration wvas mceasuired uisinig a conveni-
tional Warbtirg manomiieter. Fifteen (lisks were
snlspen(led in 3.0 ml of w ater.

B) Rate of Abso'rptionl of Phiosphi(ite. Ten disks
were placed in 10 ml of 3 X o- .i potassiuim clihy-
drogen phosphate (pH 5.2) c )ntaining 5( ac of 32P
per liter and gentl shaken at 250. After 1 hour
the disks were remove(l and xvashed for a total of
60 seconds in 3 change-s of (listille(l xx-ater at room
temperatture, fLurther Nwashing at ()° failedl to remove
aniy more 32P. The samples N-ere then blotted dry
anid digested in a suilphuric 'nitric acidl mixtture and
the amount of 32P determine(l tlsing a A16 Geiger-
Muller liqtid couinting tube coinnecte(d to ain appro-
priate scaler.

C) Invertase Actizity. Since invertase is bouind
to the cell wall its activity x\ as assaved in a cell
wall preparation obtained by homogeni.ziing 50 disks
in 0.5 Mr KH,PO4 at 1° ain( pH 6.5 aindl theni centri-
ftuging at 20,000 X g for 20 minultes. The resuilting
cell wall preparatioin was xvashe(d in the phosphate
buffer and again centrifuige(ldownn at 20,000 X (y.
To commence the assa) the preparatioin from 50
(lisks was suispendedI in 1(1 ml of (.025 i suLcrose,
samples were removed at the appropriate times anid
the reducing sugar levels xvere measuired uisinlg the
colorimetric method of -Nelson andl Somogyi (11,
17) calibrated against gluicose as a standard.
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Results

C(Jianges in the Rate of Mlleta bolismii (ifter- Incut-
b(ationl ill 0.01 -I Pot(ssiumil Hvdroqgel Malactc.
Figuires 1 anid 2 showv the characteristic patteril
of chainges in the rates of metabolism wxhich occuirre i
when beetroot (lisks wecre Nva bhed in a 0.01 M.\t maleate
buffer soluitioin, Nx-hich x-vas uise(d as the control
treatmIeint in subsequient experimeents (lescril)e(l in

this paper.

Figuire 1 showvs that the rate of respiration of
the (lisks more than doulble(d after thev had beca

xwashed for IS hoturs an(d ( I o that the sensitiv itv
of O.) uptake to inhibitors had changed. After the
xx'ashing period the rate of respiration xxas Ino loinger
stimulated bv 2 X 10 -.\i (dinitroplheiol and xwas mu1ch
lCes inhibited bv1(1) Mi sJ(I tinm aZ(.C. IntIIt .-
respects beetroot (lisks were similar to slices of
potato andl chicory root tissuie (7, 19). The rates
of absorption of phosphate anId the activitv of the
enzxme invertase in 1)oth fresh and ashed (lisks
are given in figLure 2. In both systems it is apparent
that very large stimtulationis xxere brought aboult by

xxashillg. The enzyme invertase exhibited verx little
activity in fresh disks xvhile in xwashed (lisks it was

very active. Washed (lisks shoxxed a high linear
rate of uiptake of phosphate xwhilst fresh dlisks took
up phosphate at a muich reduiced rate wxhich fell
off xx-ith increasing time. In this respect the uiptake

20 40 60 20 40 60
time (minutes) time (minutes )

FIG. 1. The rate of resp)iratioll of beetroot disks before anid after beinig xN-ashed for 18 blours in 0.01 Ma potas-
siulm hydrogen maleate ( pH 5.2). blle pH of the dinitrophenol va.s ad(lj usted to 5.2 before uise.
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FIG. 2. (left) The rates of absorption of phosphate by beetrcot disks from 3 X 10-6 M KH.,PO before and
after being washed for 18 hours in 0.01 Ai potassium hydrogen maleate. (right) The levels of activity of the enzyme
invertase in cell wall preparations obtained from beetroot disks before and after being washed for 18 hours in 0.01 M
potassium hydrogen maleate.

of phosphate by beetroot disks was similar to that
found in segments of pea epicotyls (13).

The Effect of Incubating Disks in Various Plant
Grozuth Substances. The relative levels of the rate
of respiration, the rate of phosphate absorption and
the activity of invertase found after incubating the
disks in various concentrations of IAA for 18 hours
are shown in figure 3. The data have been presented
as a percentage of the control value found after
washing the disks in 0.01 M maleate buffer solution.
From these results it is apparent that incubating
disks in 10- I IAA almost completely prevented
the development of any change in metabolic activity,

and that 5 X 10-5 M IAA brought abouit a significant
reduction in the subsequent rate of respiration and
the level of invertase activity buit had little effect
on the rate of phosphate absorption.

The metabolic activities obta.ned after treatinig
the disks in either gibberellic acicl or kinetin for 18
hours are shown in figure 4. Treatment in gibberellic
acid restulted in a considerable increase in the ac-
tivity of invertase in re'ation to the control as al-
ready- observed by Edelman an(d Hall (14), whilst
there was very little effect on the rates of resp ra-
tion or on the uptake of phosp'hate. In contrast,
treatment in kinetin was highly effective in pre-

Table I. Rales of Mectabolisnm 0 'taincd after Incubating Disks of Bcctroot 7issuc in Various Plant
Growth Svl,stances for 18 Ho1ur.s

The rate of respiration is given in a liters of oxygen consumed per gram fresh weight per lhour, the rate of up-
take of phosphate in m, moles per gram fresh weight per hour and the activity of i-nvertase as the amount of reducing
sugar produced measured as /ig of glucose per gram fresh weight per hour.

Composition of Rate of Rate of phosphate Activity of
incubation solution respiration uptake invertase

Control (potassium maleate only )
10-3 M indole-3-acetic acid
10-3 M 2,4-dichlorophenoxyacetic acid
10-3 M 2,4,6-trichlorophenoxyacetic acid
10-3 xr 2,3,6-trichlorobenzoic acid

92.8
13.9
9.3

11.6
53 4

3.70
0.62
0.55
0.65
0.33

103.0
21.4
30.0
21.7
36.5
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FIG. 3. The rate of metabolism obtained after incu-
bating beetroot disks in indole-3-acetic acid for 18 hours.
The levels of the control treatmenit in 0.01 Ai potassium,
hydrogen maleate is used as 100 % activity.
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venting any inicrease in the rate of each of the
systems tested.

The activity of 2,4-D, 2,4,6-trichlorophenox-
acetic acid and 2,3,6-trichlorobenzoic acid were in-
vestigate(l in an effort to relate their activity as
auxins to their ability to prevenit the chaniges in the
rates of metabolism. Both 2,4-1) an(d 2,3,6-trichloro-
benzoic acid exhibit stronig auixinl activity whilst
2,4,6-trichlorophenoxyacetic acid shows little or no
activity as anI auixin. The resuilts obtained are
shown in figture 5 aand indlicate that at higlh conceni-
trations botlh 2,4-D and 2,4,6-trichlorophenoxyacetic
aci(l were eqtially able to prevent the chaniges in the
rates of respiratioin and absorption of phosphate.
However, at lower conceintratioins 2,4-D had mutch
less effect than 2,4,6-trichlorophenoxyacetic acid.
Data in table I shows the effect of IAA, 2,4-1),
2,4,6-trichlorophenoxyacetic acid, anid 2,3,6-trichloro-
benzoic acid on all 3 systems, each of these com-
potunds being active in preventing the occurrence of
enhancedI rates of metabolism, although the rate of
respiration occturring after washing disks in 2,3,6-
trichlorobenzoic acid for 18 hoturs Nwas mulch greater
thain in the case of the other growth substances
tested.

In the light of these restults it wouil(l appear that
the ability of JAA to modlify the changes in metab-
olism catused by washing the disks was lnot neces-
sarilv connected with its activity as anl aulxin. This
view was further strengthened when it was fouind
(fig 6) that adenine, which bears some overall
struicttural relationship to kinetini andl IJAA, is also

-6 -5 -4
log concentration of kinetin (moles /litre)

FIG. 4. (left) Tlle rates of metabolism obtained after incubating beetroot disks in gibberellic acid for 18 hours.
(riglht) The rates of metabolism obtaiued after incubating beetroot disks in kinetini for 18 hours.
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FIG. 5. The rates of metabolism obtained after
oxvacetic acid or 2,4,6-trichlorophenoxvacetic acid.
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FIG. 6. The rates of metabolism obtained after incu-
bating beetroot disks for 18 hours in either adenine or

adenosine.
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incubatiig beetroot disks for 18 houirs, in either 2.4-dichlorophen-

active in preventing the induiction of the high rate
of metabolism, on the other hand adeinosinie was
found to be essentially inactive.

Discussion

Althouigh it has been known for over half a
centuiry that cuitting storage tissue into slices results
in enhanced rates of metabolism, especially in the
rate of respiration, very little is known concerning
the mechanism by which this enhancement occurs.
There are at least 2 possible mechanisms which
have received experimeintal suipport. It has been
stuggested that cuitting and washing the disks might
either A) reduice the level of an endogenouis inhibi-
tor of respiration, thereby catusing the rate of res-
piration to increase (6), or B) cauise a chainge in
the rate or pattern of nuicleic acid synthesis which
would consequiently resuilt in a change in the rate
or pattern of protein synthesis (3).

The majority of sttudies of this phenomenlon
were carried ou-t using slices of dormant storage
tissue which might reasonably be expected to have
lower levels of metabolic activity than actively
growing tissues. Since there is considerable evi-
dence to stupport the stuggestion that plant growth
suibstances play an important role in mainltaining
and breaking dormancy it is conceivable that they
might also have some effect on metabolic processes
in thin slices of tissue. The data presented in this
paper show that addition of either IAX or kiinetin
to the inctubation medium prevented the increase
of metabolic activity normally found: on the other
hand gibberellic acid showed no stuch inhibitory
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activ\ity. No definite correlatioin cotuld be estab-
lishedI between the ability of the compounds to pre-
vent the changes in, the rate of metabolism of beet-
root disks oni w-ashilnig and their activity as plant
,groxx<h r >g - lattr >. 2,41,6- r ch jr )phenoxyacetic acic
an( a(lenlie are 1)oth relatively activ\e in preventing
the appearance of the increa sed rates of metabolism,
-et both of these compoin(lIs are very w eak plalnt
growxth regtulators. It is also apparent that in most
cases incubation in the presence of the plant groxvtli
regtulators had an equal effect on the level of all
3 metabolic processes assaved, namely the level of
invertase actixity, the rate of respirationi and the
rate of tuptake of phosphate. This observation sulg-
gests that the chaniginig rates of these 3 systems
may- resuilt from some change in a single uniknowni
key reaction which cointrols them and( that the planit
growth reguilators tested may exercise their influi-
ence b)y affecting this key reaction.
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