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Sutmmary. Chaiiges in free space of bananla tissue (lurinig rip)ening were miieasured
using ra(lioisotol)es. Free space increase(l significantly about 44 hours before the oniset
of, and(l rose exp,onentially durilng the respiratory climacteric. 'The increase in free sl)pLce
indicates a progressive increase in the proportion of cells wvhich becomes comp)letely per-
mneahle to soltutes in the aml)nient solution l)y simnple diffusionl. At ithe respiratory p)eak
the tissue was essentially 100 % free space to manniiitol, sucrose, fructose and clhlori(de.

The capacity for active uiptake of solutes declined about onle dav before the on,set
of the respiratory rise and fell to a very low level by the respiratory peak.

There was no clhange in the level of protein or amino acids during ripening. Assays
of tissue sections before and(I after washing ilndicated anl inicreased rate of leakage of
ammio acids d(luring ripening.

Studies of incorporation of 3 concenttrationls of 14C-lasbele(d leucine anid pheinylalanine
inidicated marked changes in the size and specific activity of the aminlo aci(d pool at
the site of protein synthesis jtust prior to and during the climacteric rise, due to a diffuisive
mixinig of the labeled substrate with the previously sequestered enrdogellous. unlabeled
pool of substrate. The use of a high conicentrationi of exogelnous substrate (above sattura-
tionl for uptake) resulted in an appare11t constanlt specific activiity of the metabolic pool
through the ripening perio(l. Data from these studies indicated a declinie in aiminio acid
incorl)oration during the climilacteric.

It was concluded that the initiation of permeability chaniges miiarks the onset of senle-
scenlce in banana. The cauisative relationis betweeln alterationis in permeability, the res-
piratorv rise and( other chemical changes attenidin,g frtlit ripening are (liscussed.

Permeability changes attend senescenice of beani
(Phaseolts vitlgaris, L.) endocarp sectionis, leaf sec-
tions of Rhoeo discolor, as well as petiolar abeission
zones of Coleuts sp., Fuischia sp. and Cestruii nIoc-
turnum. (12, 21, 22). For these tissues auximi miiain-
tainmedimembrane integrity.

Over 35 years ago investigators (7. 14) of the
marked respiratory rise during ripening of certaini
fruits alludced to permeability chanlges as being caus-
ative. More recently it was demonstrated for banania
and avocado (23) that an increase in leakage of
solutes precedes or attends the onset of the climac-
teric, followed by an acceleration of the rate of leak-
age during the rise in respiration. This was attrib-
uted to ohanges in permeability. It was postulated
that loss of permeability barriers could lead to changes
in protoplasmic compartmentalization and alter rela-
tions between enzymes and substrates. and thereby
afifect the rate of respiration and other metabolic
ohanges associated with the climacteric. A similar

1 This investigation was supported by Grant GB-287
from. the National Science Foundation.

suggestion was mica(le on tlle basis of the observation
of aln inverse correlation between respiration andl
electrical impedance of avocado tissue during ripen-
ing (3). Also for avoca(lo a 3-fold increase in free
space was observed during ripening (4), altlhougl
the mzetho(d use(l was not precise enough to ascertain
if the increase in free space precede(l the respiratory
rise.

)tiher investigators (9) coniclude(d that miemnibrane
permeabi,lity remlains constanit during banana ripen-
ing and the increased leakage is simply (from Fick's
law) a manifestation of the increase in endogenous
levels of sugars. Sutbsequenltly it was reported that
for banana tissue there occurred an increase in efflux
of salts from tissue sections during ripening (2).

Because of the significanice of changes in mem-
brane permeability to cellular compartnmentalizatioln
and thereby to relations between enzymes and sub-
strates in general, more detailed quantitative studies
were conducted to examine cellular phenomena which
could be affected by permeability characteristics. This
paper reports several types of evidence for banana
tissue which demonstrate that preceding the climac-
teric there occurs anl increase in free space, a dimin-
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ution in active uptake of ions and organic solutes
aInd anI increase in thlle rate of leakage of amino acids,
and tihat all these changes are vastly augmiiented dur-
ing the climacteric rise. Also discussed are the re-
sults of studies of aminio acid incorporation which
inidicate miarked changes in the size of the amino acid
pool at tihe site of protein sYnthesis just prior to the
onset of anid during the climacteric rise. From these
data anid proteini assays an assessmenit of the rate of
protein tuirnov-er is -na(de.

Materials and Methods

1-i ai(1s of greeni bananas (IInsa s(picnituniii L.. var.
Gros M\ichel) were obtained from McCann Prodluce
Company. Los An.geles, and miiaintained at 220 anid
Iiiglh relative humidity. Respiratory measurements
of whole lbananas were based on eCvolution of CO.,
mieasured with a Beckman Model l5.A infrared CO.
anlalyzer and recorder as previously described (23).
The banana used for daily experiments was removed
fronm the respiration chamber after ani assay of CO.
evolution for a period of 4 to 20 hours.

There was Ino significant difference in the basal
(preclimiacteric) respiration rate amiiong different
bananas from the same hand, nor in the rate of in-
crease in CO., evolution during the respiratory rise.
Rand(omized duplicate or triplicate batches of tissue
wvere preparec1 dailv for use in the procedures de-
scri'bed below. There was variationl amiong differenit
hands of bananias in the nuniber of days froml the
start of the experimnents to the onset of tlle climac-
teric (e.g.. froml 2-7 days), probably due to factors
such as time of picking and coniditiolns an,d duration
of transit.

Protein Assays. Samples of 2 g each were
weighed daily and theni dried in a desiccator over

concentrated H.SO4 under vacuum for determinationi
of dry weights. The dry wveight/fresh weight ratio
of pulp tissue from 17 ibananlas used over a ripening
1)eriod of 14 days averaged 0.2849 + 0.0024 (SE).
The dried tissue was powdered and( 50 mig portions
in duplicate were washed 3 timles with cold 5 % tri-
chloroacetic acid in a Potter-Elvej hem homogenizer,
followed by centrifugation at 10 to precipitate pro-
tein. The final Iprecipitate was digeste(d and assayed
for Kjeklalhl nitrogeni as describe(d by Lang (15).
The value in mg was imultiplied by the factor 6.25
to giv7e an al)roximation of Ilig p)roteiin.

Mcasitrciciict of Free Space. Determinatioin of

the percenitage of the tissue volume that is free slpace
(cf. 11 for a discussioni of free space) was by meas-
uremenit of tlle uptake of radioactive solutes inlto
tissue (liscs. I)iscs (1 X 5 mmini') were prepared from
lianana tissue \with a hanld microtome and a No. 2
cork borer, washe(d and randomized for 5 miniutes
in runninig tal) w ater and then blotted gently onl
\\hatman No. I paper. Assays wvere mia(le wvith duip-
licate batches of 12 (liscs (256 nmg fr wt) incubated
for 20 1nminuites at 29Q in 0.4 nil soiltilons,. buffecd

to plI 7.0 wilth 0.03 M. phosphate 1)uffer and conitaini-
inig 0.1 Mi nmannitol-1-14C, 0.03 Mi sucrose-U-]4C 0.06
M\ fructose-U-_4C or 0.07 Mi potassium chloride-36
(all 1.2 uc). At the end of the incubation the discs
wN-ere blotted and treated as follows. A 9.0 cim sheet
of \Whatman No. 1 filter paper was placed oni a sheet
of plate glass and xvetted evenly with 1 mil of deion-
izedI water. The 12 discs fromli onie of the reactioni
mixtures were blotted oIn eaclh side briefly ad( ge-ntlyv.
after which 4 groups of 3 (liscs each were extracte(d
w ith 0.2 mil 95 % ethanol (ca. 3 vol). .\liquots of
thlle etlhanlol extracts vere al)l)lie(l to p)lalnchets ani(d
counlte(1 tor determiniatiolns of the total cpni takenl up
b)y the discs. The cpm in the ethaniol extracts are a
mieasuiremiient of uptake into the free space. As
demonstrated later in the paper. cpll al)sorbed by
activ-e uptake. -itl the relatively high solute concen-
trationls use(l. were iinsigniificant durinlg the 20-miniute
experimiients. Fromii these data anid assay of the
cpmll per unlit voluimlle in the ambient solutionl at the
end of 20 miniutes the percent free space could be
calculated. Sinice diffusion equilibriuml wN-as reache(d
the saime cpm/pJkl wxouild occur in the ambient solutioln
and(I free space.

Ainother mletho(d for calculation of the percenlt
free space utilized the following (lata fro-mii the dupli-
cate reactionl mixtures: the volume of the incubation
solution, the initial cplll/Ml the volumie (1 nig fr wrt

1 Al) of the 12 discs anid the cpm/u.l of reaction
mixture at the enid of the 20-minute incubation. This
measurement was based on the principle of dilution
of radioactivity in the ambienit solution due to diffu-
sion of radioactive solute inlto the free space of the
tissue (liscs. Further dletails of tihese 2 methods are
given later in this paper.

.Solutc Uptakc. Uptake as used herein refers to
lal)eled soltite removed fronm the medium and retaine(d
by the tissue after a 1-hour washing, mieasuired in
all ethaniol extract of tissue discs.

Fifteeni dliscs (prepared as described above) were
incubated in 0.5 mll (,pH 7.0) of mixed t-aamino-U-14C
acids (algal protein hvdrol sate) or in various con-
centrations (0.00012-0.05 Mi) of DL-letucine-l-l'C or
L-phelnylalaninie-U-'4C (all 1.2 uc) for 3 hours at
290 with gentle shaking. The discs were washed for
1 hour in running tap water, blotted gently and placed
inito test tubes in 4 volumies of 95 % ethanol, stop-
pere(l tightlv anid extracted in a shaker for 6 hours
or imiore. Aliquots of the ethaniol extracts wvere
counited on l)lanichets for determiiniationi of uptake.

Inicorporationi of A1,1ino Acids. The sa,me batches
of discs used for assay of uiptake at 3 concentrationls
of labeled leucilie or p1henylalailine were used for
stu(lies of amilo acid incorporation (see above).
After remiioval of aliquots of the ethallol extracts of
the (liscs for assay of uptake. the discs were groulnd
in 80 % (v/v) ethaniol in a T otter-1lvl\ejhem tissue
homogenizer. Tshe homogeniate vas cenitriftiged at

10,0(0 X g forr 15 mllinutes anld the l)recil)itate \w,alshed
3 times with 10 ml of ice'. cold . 5%--.richloroacetic
acid. For the first wavh the solution contained(l in-
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labeled leucine or phenylalanine to 0.03 M. The final
precipitate was incubated in 0.75 ml 0.3 N KOH for
18 hours at 370, centrifuged at 10,000 X g for 15 min-
utes and the precipitate washed twice with 0.3 ml of
water. The 3 suipernatant fractions were combined
and aliquots were counted on planchets in a gas flow
counter for assay of radioactivity incorported.

In separate experiments, the procedure following
was used to ascertain the percentage of the radioac-
tivity in the 80 % ethanol insoluble fraction that was

in protein. After incutbating tissue discs in presence

of lalbeled amino acid the discs were homogenized in
80 % ethanol, and the precipitate extracted succes-

sively with 80 % ethanol, anhydrous methanol, meth-
anol-formic acid (0.05 M), cold 5 % trichloroacetic
acid, 95 % ethanol, absolute ethanol, ethanol-ether
(2:1, v/v) and anhydrous ether. The final precipi-
tate was inculbated in 0.3 N KOH at 370 for 16 hours
and centrifuged as described above. By assaying
radioactivity in the precipitate, and in the superna-

tant fractiion both before and after acidification to

pH 2.0 with perch4loric acid it was determined that
83 % of the radioactivity incorporated was in protein.

Leakage of Amino Acids. Randomized 1.5 g

batches of cannula sections (5 X 10 mm) in dupli-
cate were prepared daily and homogenized in 4 vol-
umes of 95 % ethanol in a Potter-Elvejhem homog-
enizer and centrifuged at 10,000 X g for 15 minutes.
The supernatant fraction was assayed for Kjeldahl
nitrogen as described above. Other duplicate batches
of cannula sections were washed in 30 ml of deion-
ized water for 2 hours in 125 ml flasks with gentle
shakin,g and similarly treated and assayed. The mg

of Kjeldahl nitrogen were multiplied by the factor
6.25 to convert to mg amino acid. Differences in
the levels of amino acids between unwashed and
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washed tissue provided an indication of the rate of
leakage of atmino acids as a function of ripening.

Results

If banana tissue undergoes changes in membrane
permea'bility during ripening (2, 23), it might be
expected that the volume of the free space would
increase to include the protoplasmic (both cytoplasm
an(l vacuole) volume. To examine this postulate
quantitatively 12 tissue discs (256 mg fr wt) were
incubated in relatively high concentrations of radio-
active mannitol (0.1 M), sucrose (0.03 M), fructose
(0.06 M) and potassium chloride (0.07 M) for 20
minutes. This provided ample time for attainment
of diffusion equilibrium of solutes throughout the
ambient solution and free space.

In column 1, talble I the percent free -space is
shown for banana discs from 10 different banianas
over a 10-day period of riipening. The Q CO, is
given for each banana at the time tissue discs were

removed for assay (see also fig 1). The calculationi
of percent free space for column 1 is based on the
principle of dilution -of cpm in the ambient solutioni
due to Idiffu-sive imovement of solutes into the free
space. Calculations were made as follows: initial
cpm in anibient solution (A) divided by cpm/1l of
ambient solution at the end of 20 -minutes (B) equals
the ,ul volume in which radioactivity is distributed
(C). From the latter (C) is subtracted the initial
volume (400 ,ul) of the solution (D), giving the ul
of free space. The latter divided by volume (256
mg fr wt = 256 ul) of the 12 discs (E) times 100
gives the percent free space. The data (talble I,

column 1) illustrate a significant increase in free
space about 1.5 days before the onset of the respira-
tory rise.

Table I. Changes in, Free Space of Banana Tissue to 0.1 M 14C-Labeled Mannitol Durinig Ripeni'mg

1 2
% Free space

Days Al CO.,/ based on dilut. % Free space based
from- g fr of cpm in ambient on cpm in ethanol
start Fruit* wt/hr solution extracts of discs

Mean SE Mean SE
I A 25 ... 20.6 ± 0.0
2 B 25 22.0 + 2.0 20.2 ± 0.5
3 one-half of C 25 20.0 + 0.0 21.0 ± 0.4
4 one-half of C 25 22.1 ± 0.2 20.8 ± 0.4
5 one-half of D) 25 21.1 ± 0.4 22.7 ± 0.1
6 one-half of 1) 25 25.4 ± 1.2 27.0 ± 0.5
7t E 25 29.7 ± 0.4 25.2 +0.4
8 330 35.6 4- 0.4 29.8 -+- 0.1
9 G 43 50.8 ± 3.1 32.8 + 0.3

it0 H 93 65.0 ± 3.6 88.5 ± 0.8
I 93 65.1 ± 1.3 81.8 + 0.9
J 104** 97.0 ± 1.0 ...

***

* For each of the individual fruits designated by letters the Q CO2 was assayed before tissue discs were removed
for the experiments. In some instances one-half of a fruit was used each of 2 successive days.

** Climacteric peak was at 107 ul/g per hour. Banana J assayed 6 hours past peak (see fig 1).
* No measurements obtained due to damage to discs.

t Onset climacteric.
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In the second part (table 1, columniii 2) of the

exl)eriment the 12 discs in one of the 2 reaction mix-

ttures wvere carefully, blotted and(I 4 grotups of 3 discs
eaclh wvere extractedl Nwith 0.2 1l11 (ca. 3 vol) of 95 %
ethanol in a shaker, alndl aliquiots assaye(d for radio-

acltivity. Free space \was calculated as follow.s: total
cl)in in (liscs divided by opin/.ul of ambient solution

at 20 miilnutes e(luals Kul free space. The latter divided
by the voltuimie (64 mng fr wt = 64 ,ul) of the 3 discs

times 100 gives the l)ercent free space.

Figture illustrates plots of the Q CO., anid per-

cenit free sp)ace (lItriilg banana ripening. The latter
is a lplot of the 95 % conifidenice intervals for the

(lailv mieanls of qtmadlrtuplicate samples of discs (data
fromii colunmn 2. table I). From these results also it

is clear that ani inicrease in free splace precedes the

oniset of the respiratory rise by about 2 (lays. The

percenlt free spacC calcuilated from these data obtainied
fronm ethlianiol extracts is in close agreement day by

(lay xvti'h tlle percei)t free space determinied on basis
of diluitioni of cpni in the aml-ibient solutioll, except

for a slight disparity during the climacteric rise.
Part of the basis for the lower values shown for this

perio(l in coluimn 1 (table I) is greater self-absorption
(lue to leakage of solutes inlto the ambient solution.
Also tlle physical state of the tissue (during the cli-
mlacteric, dute to loss of turgor and partial separation
of cells, miade it (lifficult to blot (liscs tiniformly.

At the molarity of imiannitol used active uptake
was inisignificalnt from the standpoint of radioactivity
removed fromii the solution. In fact there was no

measurable (lifference, for both preclimacteric and
climacteric tissues, letween cpmll in the ambient solu-
tioin at 15 anid 40 minutes after adding the discs,
which ini(licates that diffuision equilibriumi was reached
aid(l aux active uIptake of radioactivity was too small

12 0 45
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- 8 0

°6 0
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B2nono A t /2C llC /0D 0In KE . Hal

B

2 4 6 8 10
Days

F i(;. 1. Percent frec space of banania tissue to 0.1 :xm

4C-labeled mannitol (lurinig ripening (broken line) and

plot of CO, evolution (solid line). CO2 evolution was
measured for each banana immediately before prepara-
tion of tissue discs. The data for percent free space are

from table I (part II) and show the 95 % confidence

intervals for daily meanls of quadrup)licate samples of 3

(liscs.

Table II. Soluitc Uptake During Banianta Ripenting
Reaction mixtures (0.5 nil) containing solute as in-

dicated ( 1.2 Ic), 0.03 -m phoslhate buffer, pH 7.0 anid 320
mg freslh weight of tissue discs were incubated for 3
hours at 290 in a shaker. Thle tissue was washed 1 hour
in runninig tal) water, extracted with 4 volumes 95 %
ethaniol anid ali(quots of thie ethaniol extracts counted on
planchets.

cl)pi Uptake

Expt I
Mfixe(d

acids
l)ays 1.7 tg-
from reaction
start miiixture

2

3

4

6

8

9
10

40,500
t7,500

57,000
46,200
49,200
z; 1,000
38,200

27,900
3400

Expt II
Phleniylalanine

0.001 m

..

31,200
17,200
2040

1710

Expt IIl
Leucine
0.001 mi

.

.

45,000

21,500
14,53()

12,050
11,070
5800

No measurenments made.
Oniset climacteric.

to hae a signlificant effect oni the accuracy of the
measurements of free sl)ace. Simiilar trends in in-
crease in free space were observed witlh 0.03 Mi\ t su-

crose, 0.06 m fructose and(I 0.0/7 potassium chloride
as the radlioactive solutes. 'T"he increases in free space,
measure(l at diffusioni equilibrium, indicate a pro-
gressive increase in the prop)ortion of cells which ha-s

become totally p)ermeabl)e to solutes by simple diffti-
sioin, rather th,an the extent )f p)ermeab)ility of all

the cells of the tisstue.
Active Upttkc. l)iscs were incubated for 3 hours

in ra(lioactive solutionis (f amilno acids, washed for I

huolr and extracte(l with ethanol. Uptake was as-

sae(ed in the ethanol extracts as the pinm retained
after washing. which removes solutes frolmi the free

space (whether cell wall region, or the intracellular

voltune of cells which hia(d become totallyv permeal)le
to solutes by (liffusioii ). It was necessary to use this

criterion (of active uil)take, namely, the capacity to

take til) ani(l retain solutes, in or(ler to (listiniguish
froi l)assive u)take (lute to (liffusive movement into

cells -which have becnme free space, which would be

inclti(le(d were u1p)take mlieasuire(l asx the remioval of

label froml the external solutioni.

There occurred a miarked reduction in active ull)-

take (table 1I) prior to the onset of the climacteric,

an(l dirinig the l)erio(d nf the respiratory rise active

ul)take had fallen to a low level (froml 5-13 % of

preclimacteric level). 'lThe inil)lication of the restilts

is that active uiptake (liminiishes owing to a progres-
sive increase in the fractionl of cells totally permeable
to soluites. Soltites entering these cells are rea(lily
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lost during the washing period. Similar results were
obtained when the exogenous concentration of leucine
or phenylalanine ranged from 0.005 to 0.05 M, and
when potassium chloride was the exogenous solute.
The diminution in capacity for active uptake during
ripening parallels the progressive increase in free
space reported albove.

Leakage of Amiinlo Acids. A correlation between
the increased rate of leakage during the cliTmacteric
and an increase in sugar content of bananas during
ripening has been interpreted to 'mean that the per-

meability of the tonoplast to sugar remains constant
(9). In the present study it could be demonstrated
that there is no significant change in 80 % ethanol
soluble Kjeldahl nitrogen (which includes amino
acids) in freshly cut, unwashed tissue during ripening
(fig 2). In contrast, in tissue sections which ha(l
been washed for 2 hoturs in water prior to assay
tihere occurred a large decrease (61 % at the cli-
macteric peak) in ethanol soluble Kjeldahl nitrogen
(fig 2). This fraction would containi small poly-
peptides as well as free amino acids. Thus, it is
probable that a portionl of the nitrogen remaining
after the washing occurs in the form of small poly-
mers, which do not readily leak through cellular
memnbranes during the washing, even though altera-
tions in membrane properties had occurred. If this
were so, then the rate of leakage of amino acids
would be greater than the data in figure 2 indicate.
The difference between the levels of ethanol soluble
Kjeldahl nitrogen in washed and unwashed tissue at

the start oif the experiment is attributaible largely to
materials washed from cut and injured cells at the
periphery of the sections, an(d to a lesser extent to a

basal level of leakage.
From these and the previous results (23), it is

clear that increased leakage of solutes (sugar or

amino acids) is directly related to changes in perme-
ability and not simply to an increase in levels of
endogenous solutes. By use of other methodls it has

Prot-in
100 _

00 a 4

Unwoshed Tissue Amino Acid

0602 0F Q 2

"40 TisoG. 2

2 4 o a 10 2

Days

FIG. 2. Plots of CO, evolution (-), protein levels
(EJ), and amino acid content of unwashed tissue (A)
and tissue washed for 2 hours (X) during ripening of
bananas.

been shown that there is an increase in salt leakage
during the climacteric in banana tissue (2).

Amnino Acid Incorporationi and Pool Size at the
Site of Protein Slnzthesis. The several manifesta-
tionls of changes in permealbility (during ripening of
bananas indicated that normal aspects of protoplas-
mic compartmentalization would be impaired during.
and just prior to the climacteric. From the onset
of changes in permeability to the climacteric peak
the cpm incorporated represent a complex of incorpo-
ration within (A) that proportion of the tissue vol-
ume which 'has essentially normiial permeability prol)-
erties and (B) the remaining cell population which
is completely free space. During the climacteric
practically the entire tissue volume becomes free space
to solutes in the ambient solution, and en(logenous
amino acids leak readily into the ambient solution.
Thus, it could be expected that there would occtur au
approximate equilibration of unlabeled, eiudogenotis
amino acid and labeled, exogenous amino aci(l
throughout the volume of solution and tissue. As a
result the specific activity of the substrate at the
site of protein synthesis would be altered, dependent
ulpon the relative amounts of the 2 pools of substrate.
The higher the concentration of the labeled substrate
in the ambilent solution the smaller would be the ef-
fect of unlabeled endogenous amino acid in diluting
the specific activity of the pool at the site of protein
synthesis.

An analysis of relative changes in compartmental-
ization and pool size at the site of protein svnthesis
and an approximation of the rate of amino acid in-
corporation at the climacteric peak as compare(d with
the preclimacteric phase may be derived from the
data presented in table III. For these experimiients
tissue discs were incubated in 3 concenitrationis of
14C-labeled DL-leuCine or L-phenylalanine (0.00012-
0.05 M) for 3 hours, washed for 1 hour, extracted
with 4 volumes of 95 % ethanol and assayed for radio-
activity in protein and in the ethanol soluble extract.
It was determined for tissue with normal permea-
bility properties -that an exogenous concentration of
0.05 M was saturating for uptake and incorporatioln.

For eacih of the 3 concentrations of exogenous
leucine (expt I, table III) there occurred a decline
in ug incorporated proceeding from the preclimacteric
phase to the climacteric peak, with the ratios of ,ug
incorporated at the 'preclimacteric phase/climacteric
peak diminishing with increase in substrate concen-
tration. Therefore, the ratios indicate largely the
relative effect of dilution of the radioactive leucine
pool at the site of amino acid incorporation by a
previously sequestered endogenous pool, rather thaln
(lecreases in the rate of incorporation. Tl'hat the ra-
tios diminish with inereasing concentration of exog-
enous suibstrate is due to the lesser effect of the
endogenous pool in diluting, and thus lowering the
specific activity of the pool at the site of protein
syn'thesis. This interpretation provides an explana-
tion also for the fact that the ratios of ,g incorpo-
rated at 0.001/0.005 M diminish proceeding from the
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Table III. Aminio Acid Incorporation During Banana Rip,ening

,ug JIcorI)orated*

lt"xpt
320 miig discs

ill 0.5 nil

Leucine
0.00012 M (8 ug)
0.001 m (65 ug)
0.005 m (325 pgo)
Ratio 0.001/0.005 at

II Phenylalanine
0.001 xi (82 jg)
0.005 Ai (412 jg)
0.05 Mr (4120,,g)
Ratio 0.001/0.005 M
Ratio 0.005/0.05 \r

Pre-
climacteric

0.52
0.97
1.44

(0.68)

0.96
1.64

11.20
(0.59)
(0.15)

Onset

0.34
0.14
0.45

(0.31)

0.51
1.30
8.70

(0.39)
(0.15)

Rise
( middle)

0.011
0.095
0.35

(0.27)

0.27
0.88
6.60

(0.31)
(0.13)

Peak of Ratio of
climacteric pre/1)eak

0.015
0.092
0.40

(0.23)

(0.19
0.72
5.90

(0.26)
(0.12)

35.0
10.6
3.6

5.(
2.3
1.9

For calculation of ,ug incorporated from cpm incorporated the specific activity of the exogenous solute (cpm/,ug)
was used. Data in parentheses are calculated ratios (not Ag incorporated). The figures in parenthesis next to
the substrate molarities are Ag substrate/ reaction mixture.

preclimacteric period to the respiratory peak. Were
there no differential c-hanges in specific activity of
the metabolic ipools during ripening (due to changes
in compartmentalization) these ratios would remain
close to constant.

T'he data for phenylalanine incorporation (expt
II, table III) show the same trend as for leucine for
both types of ratios, even though obtained from ex-
perimlleInts with tissues from a different hand of ba-
nanas. The lower magnitude (ca. one-half) of the
Pre/Peak ratios (at exogenous concentrations of
0.001 and 0.005 xi) for phenylalanine than for leu-
cine could indicate a smaller endogenous pool of
pheinylalanine and thus a lesser effect thereof in
dilution of the labeled pool at the site of amino acidl
incorporation. In this experiment a much higher
concentration of labeled substrate (0.05 M or 4120
pg/reaction mixture) was used to provide an amount
too large to be significantly affected by dilution by
the endogenous, unlabeled pool at the site of protein
synthesis. The fact that the ratio of ug iincorporated
at 0.005/0.05 M phenvlalanine is essentially constant
during the process of ripening indicates no significant
effect of unla;beled phenylalanine in diluting the meta-
bolic pool. Thus, the specific activity of the meta-
bolic pool remained close to constant from the pre-
climacteric period through the climacteric peak. In
view of this, the ratio (1.9) of pg incorporatedl at
the preclimacteric/climacteric leak (for 0.05 mI cotic)
may indicate ani approximate halving of the rate of
phenylalanine incorporation at the climacteric peak.
Since (luring this l)eriod there is no significant (le-
cline in protein level (fig 2), it would appear that
the rate of protein (legradation is rather low.

In another experiment replicates of discs (320
mg fr wt) from climacteric tissue were incubated
for 3 houlrs in 0.5 ml volumes of 0.0001 M, 0.001 M
and 0.005 M L-phenylalanine, whereas 3 other repli-
cates of discs were prewashed for 1 hour in 10 ml of
water, blotted and similarly incubated. The cpm

incorl)orated for the unlwashe(d discs in the 3 conceni-
trations of l)henylalanine respectively were 835, 692
and 845 (0.013, 0.11 and 0.67 ug incorporated respec-
tively), while for the washed dliscs the cpm incorpo-
rated were 2340, 1:530 and 1520 (0.038, 0.24 anid 1.2
ug incorporated respectively). The results are about
what could be expected for a tissue in which endog-
enous amino acids are readily leached. The increased
incorporation in washed discs may be attrilbute(d to
leaching out of unlabeledl phenylalanine and thereby
diminishing dilution of the labeled pool during the
sulbsequent incubation.

Discussion

The results of the present study indicate that per-
meability changes precede the onset of the climacteric
respiratory rise in bananas. By the use of 2 methods
of assay it could be demonstrated that free space
increases significantly about 36 to 44 hours before
the onset of the climacteric (table I, fig 1), and that
by the respiratory peak the tissue is close to 100 %
free space. For firm, green preclimacteric tissue the
free space (ca. 20 %, table T) is probably confined
largely to the cell wall region. Since measurements
of free space were mclade at difftfsionl equilibrium, the
increase in free space is attrilbuted to a progressive
increase in the proportion of cells which has become
totally permeaMlle to soluites in the ambient solution
b)y simiiple diffusioni. Associated with the increase
in free space there occuirs a marked (lecliine in the
capacity of the tissue to take u) and retain solutes
(talble TT), aiid an acceleration in the rate of leakage
of amino acids (fig 2). Thus, the conclusion (9)
that the permeability of 'banana tissue remains coIn-
stant during ripening is not tenable.

From data on amino acid incorporation in presence
of 3 concentrations of exogenous substrate (table
III) it could be deduced that changes in membrane
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permeability during ripening result in alterations in
cellular compartmentalization and size of the amino
acid pool at the site of protein synthesis. For low
concentrationis of exogenous sulbstrate the decline in
ug of aminlo acid incorporated during ripening is mlore
apparent thani real, and may be regarded largely as

the effect of a gradual increase in the nunyber of
cells which have become completely permeable to the
substrate. Under such conditions there occurs a dif-
fusive mixing of unlabeled, vacuolar amino acids with
exogenous, labeled amino acid at the site of protein
synthesis, resulting in a marked lowering of the spe-

cific activity of the metabolic pool. The large de-
cline in the ratios of ,(g amino acid incorporatedl
(lurinig the preclimacteric to the climacteric period,
with iincrease in concentration of exogenous substrate,
is explicable in terms of a decrease in the diluting
effect of the unlabeled pool on the specific activity
of the metabolic pool.

Theoretically, with a high concentration of exog-

enous, laibeled substrate at the climacteric peak, the
specific activity of the substrate at the site of protein
syntihesis would not change appreciably attending a

dilffusive Imlixinig of labeled an(l unlabeled pools, due
to the small (lilnting effect of the endogenous, un-

labeled pool. Th'liese conditions were achieved exl)eri-
mentally by incubating 320 miig of (liscs in a 0.5 ml
solution containinlg 4120l ,tg of li-phenylalanine-U-
1"C. Kjeldlahl nlitrogeni (Imlg) in the 80 % ethainol
soluible fraction of the tissue converted to 1.05 Imlg
of aminio acid/320 nmg of tissue (liscs. If all of this
wvere free a,mino acids (although unlikely, as some

would occUI in the form -of small polypeptides), the
amount of phenylalanine could not be expected to be
miiore than 10 % of the total, or about 105 ,.g. Sinice
the endogenous, uinlabeled pool of amino acid is less
than 2.5 % of the size of the exogenous, labeled pool,
the mixing of these pools at the site of protein syn-
thesis would have no significant effect on the specific
activity. Thus, the approximately 50 % reduction
in ,ug of phenylalanine incorporated (table III) dur-
ing the climacteric peak as compared with the pre-

climacteric period may indicate a similar decline in
the rate of protein synthesis. Considering that there
is Ino decrease in the level of protein (fig 2), it would
appear that the rate of protein degradation is rela-
tively low.

Sinice anl inicrease in ethylene conteint precedes the
onset of the respiratory rise in banana by 3 hours
(8), and significant chaniges in permeability occur

about 40 houirs earlier, it would appear that enhance(d
ethylene p)rodluction results from changes in permle-
ability. Somiie inivestigators have previously regarded
the increase in ethylenie production as a product
rather thani a cause of climacteric chaniges (5). Ad-
(lition of ethylenie accelerates the onset of the cli-
mactic, but has nio significant effect on the respira-
tory rate (6). Ethylene has been shown to increase
membrane permeability of fruit mitochondria (16).
Thus, the possiibility is presented that alterations in
protoplasmic compartmentalization cause an increase

in ethylene synthesis, which later in turn contributes
to an acceleration of the deterioration of the proper-
ties of cellular mem;branes. This is consistent with
the observed rapid acceleration of changes in free
space during the respiratory rise (fig 1).

Although permeability changes occur (luring sen-

escenlce olf noncliniacteric (e.g., bean endocarp, 22)
as well as climacteric fruit tissues, the cause-effect
relationships may differ. For example, in bean en-

docarp there occurs a large decline in RNA, fol-
lowed by degradlation of D)NA and protein, all de-
clining 25 to 40 % before the onset of measurable
changes in properties of cellular membranes (24, 25).
In contrast, in a climacteric fruit (banana) there is
no evidence of degradation of such macromolecules
before the onset of permeability changes, at least
based on assays of total protein ( fig 2). Not enough
experimental data is available to provide an explana-
tion for the fact that auxin prevents permeability
changes in a nonclimacteric fruit through a more

primary effect oIn RNA and protein synthesis (25),
while addition of auxin accelerates the onset of sen-
escence in banana (10).

A number of chemical changes have beeni associ-
ated with the climacteric of ripening fruits (1, 6, 1/7
18, 19, 20, 26), some of which have been suggested
as causative. Possible cause-effect relations between
permeability changes and otber climacteric phenom-
ena have been discussed previously (23). Since the
climacteric is preceded by permeability changes the
latter may be construed as causative, and also as a

factor which should be considered in interpretations
of other phenomena associated wtih the climacteric.
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