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STUDIES ON THEI ETHYLENE PRODUCTION OF APPLE TISSUE 1. 2. 8

STkANLEY P. BURG AND KENNETH V. THIMANN
BIOILOG.ICA.L IL.AORATORIES, HARVARD UNivERSITT, CA\MARIDElF. ASIA.\ACHt-,FTTS

Ethylene has been identifie(d as a niornmal mietabolic
product of a wide variety of fruits (1, 15, 24), many

flowvers (6, 10, 29), certain fungi (7, 26, 40) an(d

sone leaves (6, 14, 31). Although studies of the bio-

logical effects of etllvene have revealed thalt in trace

amounts ethylene is able to mo(lify a number of proc-

esses of groNwth anl (levelopnment, the gas is normally

pro(luce(l in such miiinutte quantities thlt physiologically
active concentrations seldonm accumiulate. Flowers,
for instance, respoln(l to their en(logeniously prodlucedl
ethylene only when they are confineI without ventila-

tion (10). Ripe fr-uits, however, are an exception in

that their tissues miay contain large internal concen-

trations of ethylene xxvhich are sufficient to accelerate

the ripening of immlnlature fruits. It is uncertain

whether the gas normally initiates ripening, i.e. acts

as a ripening hornmonle, or wlvetlher it is simply a by-

product of the process. There is general agreement,
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however, that ethylene l)roduction is restricte(d tc
that stage in the life of the fruit (luring wllich riplen-
ing occulrs. In fact, the tiime at which this substance
begins to be prodtuced is verylnear to the timie of
onset of fruiit maturation. A knowvledge of the chleml-
istrv of ethflene prodluction thel-efore. shouil(d help to

elucidlate the imietabolic changes whiclh take place just
prior to ripening. -Moreover. sloul(d ethylene truly
initiate natural ripening, it voul(d be all the more im-
portanit to know how the gas is svnthesized and under
what condlitions the synthesis is initiate(l.

Although thel-e are a few reports describinlg the
preparation of enzyme extracts whiclh are capable of

prodlucing ethvlene (7. 12. 13). attemlpts to (luplicate
these results bv the original miiethodls an(l bv othlel-
procedlures have so far been unsuccessful. For thi.s
reason studies were undlertaken with tissue sections.
The apple w,as chosen as an experimental material
because of its relatively high rate of ethylenle lrodluc-
tion. In the past, research on1 the biosynthesis of
ethylene has been hampered by lack of a sufficiently
sensitive anDl specific quantitative assay, but the recent

(lev-elopnment of gas chromatography has circumnventedl
this problenm and mnadle possible a new approach.
This paper reports some of the results which ha-e been
obtaine(d using gas chromatography to investigate the
ethylene prodluction of al)ple tissue sections.
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IMATERIALS AND METHODS
\IcIntosh apples were purchased at the local

-market ancl store(l at 40 C. The apples were found
to attain their maximiium rate of ethylene production
about 10 hours after they were transferred from cold
storage to roonm temlperature (4). The apples were,
therefore. used for experiments at that time. A few
experinments were carried out with Baldwin and Red
Delicious apples, and with Bosc pears, all of which
were treated in about the same way.

The construction and operation of the katharometer
and gas chromatography system have been described
in detail elsewlhere (2, 3). The sample of gas was

injected into a flowing stream of helium which passed
through an 18 in. x 1/4 in. tube containing aluminum
oxidle. The gases, emerging from this chromatogra-
phy column as separate bands, were quantitatively
assayed by nmeans of a katharonleter of special design.
Apple emlanations were characteristically fractionated
into tw-o separate bands on the aluminum oxide; the
first contained oxygen, nitrogen, carbon dioxide and
perhaps trace amounts of apple volatiles; the second
contained only ethylene. Less than 10-2 Al of ethy-
-lene could be accurately measured by this procediure.

Several independeint means were used to establish
that all of the mlaterial which was measured on the
chromatogramiis was ethylene. Nitrogen, oxygen,
methane. ethane, carbon dioxide, ethylene, propylene,
ni-butane. isobutane, ammonia, nitrous oxide, acety-
lene, hexanle. carbon nmonoxide, water vapour, ethyl
alcohol vapour andl acetaldehyde were tested for
chromatograplhic behavior on the aluminum oxidle,
and only synthetic ethylene was found to have the
sanme retentioln timle as the substance contained in
apple emanations. Nitrous oxide chromatographed
only slightly ahead of ethylene and mixed chromato-
grams of the two gases showed a single peak. The
two gases were separated, however, on a long silica
gel columln and apple volatiles showed only a single
peak correspondling to ethylene when this adsorbent
w-as used. The material was completely absorbed in
bronmine wvater and on mercuric perchlorate reagent
(41): it could be recovered quantitatively from the
latter reagent by addition of HCl or lithium chloridle
(see 2 for exact procedure). Since the mercuric
perchlorate reagent is specific for olefines, and other
olefines. if present, would have given clearly separate
bands. the idcentification of ethylene is definite.

Although only a few ml of gas could be passed
through the chromiiatography column in a single analy-
sis, it was found that the volume of air in contact
with a few grams of tissue could readily be kept to
this nminimum. This allowed direct measurement of
the ethylene. About 12 plugs, 4xl cm in- size, were

cut from a single apple with a cork borer. The plugs
were rinsed in tap water, dried, weighed (ca 2.7 g

each), and insertedl in 5 ml hypodermic syringes into
which they fitted very closely. Silicone lubricant, in
which ethylene is not soluble, was used to grease the
syringe plungers, which were then set at the 4.2 ml
mark. Since previous experiments had shown that

evacuation does not affect the subsequent rate of ethy-
lene production (4), all syringes were placed in a
desiccator and evacuated to remove the ethylene pres-
ent in the intercellular spaces. Immediately after air
was readmitted needles were added and sealed by in-
sertion into rubber stoppers. The syringes were then
incubated for 60 to 90 nminutes at 270 C. This tem-
perature was found to be close to the optimum for
ethylene production in McIntosh apples (4). At the
end of the collection period the stoppers were removed,
the contents of the syringes were pressed out and the
gases were collected over water. Since apple tissue
is soft enough to be pressed out of a syringe, and
ethylene has only a very slight solubility in wvater, al-
most the entire gaseous contents (ca 1.8 ml) as well
as the contained ethylene (ca 0.2 Al) were recovered.
The entire sample was analyzed by gas chromatogra-
phy, wvhich yielded a value for the concentration of
ethylene in the atmosphere surrounding the tissue.
The total volume of air initially present in the syringe
was calculated from the known volume of the syringe
(4.2 ml) and the weight of the contained tissue, using
the facts that apple tissue has a density of 0.8 (24)
and a free air space of 33 % (25). When this pro-
cedure was employed, it was found that determina-
tions of the rate of ethylene production of apple sec-
tions extracted from various parts of a single fruit
agreed within ±5 %.

The oxygen consunmption and carbon dioxide pro-
duction of tissue sections (ca 1 g weight) were deter-
mined in constant volume respirometers. A differen-
tial system -with an(d without alkali was use(d for
carbon dioxide measurenments (39).

RESULTS
AREA OF CUT SURFACE: Plugs cut from various

parts of an apple showed nearly identical rates of
ethylene production, and they maintained these rates
witlh very little decline for at least 7 hours after the
tissue had been removed from the fruit. Changes in
the cut surface area, however, markedlly affected
respiration and ethylene production in apple tissue.
Table I illustrates the progressive rise in respiration
and decline in ethylene production which occurred

TABLE I.
EFFECT OF CUTTING ON\ RFSPIRATION AND ETHYLENE

PRODLUCTTON OF MCINTOSH APPLES AT 23° C

WHOLE* 4 CM 1 MM
APPLE PLUGS** SLICES**

Ethylene (Atl/Kg/hr) 97.5 95.2 41.0
Carbon dioxide (Al/g/hr) 17.1 33.5 48.5
Oxygen (Al/g/hr) 15.2 21.7 28.8
Area of cut surface (cm2 /g) 0 5.8 33.3

" The ethylene production and respiration rate of the
whole fruit were deternmined by methods somewhat dif-
ferent from those used for the tissue sections. Details
are given elsewhere (2, 11).

** Measurements over a one hour period after cutting.
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as the cut surface area was increasedl. There is evi-
dence that the increase(l evolution of carbon (lioxi(le
is the result of the decarboxylation of malate (20,
22) but the change(d oxygen consumiiption and ethylene
production cannot be immediately related to nmalic
aci(l mnetabolisnm. The ethylene output of 4 cml pluigs
was not significantly different fromii that of the intact
fruit, but that of the 1 11'n1m tissue slices, in which the
cut surface area was five to six timiies greater, \was re-
(luced by 58 %. As the slices averaged 10 to 12
cells in thickness the effect canniiot be accounte(l for
solely by physical (lamiiage at the cut surface.

In searclhing for a conveniient comiiprolmiise be-
tween the intact plugs (iinto wrhich solutions coul(d
penetrate only with ditficulty) and the tissue slices
witli their (liminislhed rate of ethylene prodluction, it
was found that the ethylene pro(luctioni wras redluced
less than 10 % wlhen a 1 mim hole wN-as bored longitudli-
nally through the center of an aI)ple plug andl the 1 nmmii
center cylinider replaced in it. The permeal)ility of
plugs prepared in this imianneer was compare(d to that
of tissue slices by soaking both plugs an(l slices in
various concentrations of iodoacetamiidle and (letermini-
ing the oxygen consumption. The penetration of the
inhibitor, as ju(lge(l by the decline in respiration at
the various applie(l concentratiolns, was found( to be
i(lentical in the tw\o cases.

NVATER SOAKING: WNhen plugs were prepared as
above by boring boles through their centers, and both
the resulting pieces w-ere soaked in water for 60
miniutes at rooml temperature before they were dried
an(l reassemibled, the tissue consistently showved a
50 to 75 y cdecrease in ethylene prodluction as com-
pare(l to unsoake(d plugs prepare(l in a similar man-
ner. A comiiparable decrease wvas found( wlheni 1 mm
thick slices were soaked in wxater. This effect was
not dlue to a water soluble inhibitor, since water in
which tissue had been mlacerate(d was Ino more inhibi-
tory than dlistille(l vater or contiinuously changed tap
water. The respiratioin rate of both slices and plugs
was unaffected wvhen the tissue had been soaked in
water for 60 minutes.

One possible explanation for the (lecrease of ethv-
lenle production caused by soakinig in water is that
essential materials escape fronm the sections. An ex-

perimiient was designed to measure the actual loss of
tw-o classes of compl)ounds, namely redlucing sugars an(l
acidIs. Six plugs wN-ere cut froml aln apple. Holes
were bored throughl their centers and the plugs xwere
rinsed, dried and weighed. Three plugs were at once
individually extracted by grindiing in a nmortar with
50 C> ethalnol. The solutionis were filtered, the alco-
hol remove(l undler reduce(d pressure an(d the volumes
adjustedl to 50 cc. The remaining three plugs were
placed in individual Petri (lishes, eachi containinig 50
cc of (listille(I water. After one hour the plugs were

removed and extracted xvith ethanol as before. .
10 cc aliquot of each sanmple was purifiedI by wvarming
wvith a fewv drops of lea(l acetate, filtering adding a

crystal of (libasic plhosplhate anid( filtering again. The
reduicing sulgar conlteint of this fiinal solution xvas de-

TABLE I I.

CHANGES IN RFDUCI.N(; SUGAR ANi) TITRATAmLE ACID
CONTENT OF APPLE PLUGSS*

REnUlCI(; SUGAIZ ( */K(; FW, OF TISSUE)

t .NrREA EFD TISSUE
SAMPLE 11ISSUE* AFTER

SOAKING

1
2
3

Av.

Samtiple

I

3
Av.

53.7 44.8
49.9 47.8
55.7 46.3
53.1 46.3

Acidity (1cqlKY frVf, of tissute)
lutrcated Tissude
ti'sstte** afte1c soaing

88.2
87.()
87.6
87.6

59.2
58.6
63.8
60.5

\WAxTEI

9.6
9.8
9.1
9.5

22.3
19.8
16.3
19.5

* Soaked 60 iminlutes in distilled water.
4* Unltreated tissue saimlples are arrnclnged in ani arbi-

trar-x order.
*** The actual amount, of aci(d whiclh escaped fromii the

tissue must be greater thani that recovered in the wvater
sin&Cdapplied malate is rapidly (lecarboxylated (22).

terniiine(l 1bv Nelsoni's arsenomliolvb(late mletlho(d ( 24).
A 35 cc aliquot froni the origincal solution Was tised
for the (letermllination of the total aci(d contelnt. This
aliquot wvas titrated to pH 9.0 x-itlh carboin (lioxi(le
free base, and theni back-titrated to pH 3.0 wvith
standard 0.1 N HC1; (listille(l wvater xvas titrate(l to
sinmilar values as a control. The results (table II)
show that apple tissue is remarkably permleable. It
loses about 17 % of its reducing sugar an(I 25 ' of
its total acidity (luring one hour's soaking in water.

If the (lecline in the ethylene pro(luctioni of tissuie
soaked in xvater is (lue to the escape of soltites fromii
thle cells, it mlighlt be expecte(I that this effect coul(d
he reversedl, or the ethylene pro(lduction accelerated,
by (ldlin comI)oun(ls x\vhich coutl replace the lost ma-
terial. Accordinugly, various comiipound(Is were soake(d
into capple plugs I)reparedl as above. A nulmiber of
these were found( to be very effective but, as xx'ill be
seen, the basis of their activitv is entirely (liffel-eint
from that which mighlt be expected.

EFFECT OF V\RIOUS SOLUIES 1iN MIAINTAINING
ETIIYLENE PRODUCTION : Unless otherwise statedl thle
soaking in watel or test solution was of one houri-'s
duration in all cases, and the tN-o plieces wvere thein
reassembled aand( their rate of ethylene pro(lldction (le-
tern-iined. One of the first comiipounl(Is to be testedl xvas
glycerol. Its effect xvill be dlisctisse(l in (letail sinice
it was use(l as a stan(lard.

Figure 1 presents at typical experimiient. After the
tissuie xvas soaked in wvater for 60 miintutes its rate of
ethylene productioin xvas greatly dlecrease(l. The loNw
rate continue(l miiore or less uniclhanige(d for about 100
miniutes and theln fell almost to zero. If inisteacl, the
tissue were initially soaked in 0.55 'M glycerol soli-
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FIG. 1 (upper left). Effect of pretreatment on the subsequent rate of ethylene production. Lower curve: tissue
soaked in water for 60 minutes. Center curve: tissue pretreated with 0.55 M glycerol for 60 minutes. Upper curve:

untreated controls. Each curve the mean of 6 to 10 experiments.

FIG. 2 (ipper right). Relative effectiveness of various concentrations of glycerol and potassium chloride in main-
taining the ethylene production of apple tissue sections. The solutions were soaked into the tissue for 60 minutes and
the ethylene production was determined during the next 90 minutes. The KCI curve is corrected for association
which occurs at the higher normalities.

FIG. 3 (lozc'er left). Time-course curves showing the ability of glycerol to reverse the effect of water soaking.
In both curves the time corresponds to the total duration of the initial water soak. At the times indicated two apple
plugs were removed from water. Lower curve: one sample was tested for ethylene production during the next 1 hour
interval. Upper curve: the second sample was soaked in 1 M glycerol solution for 30 minutes before its rate of
ethylene production was determined.

FIG. 4 (loze'er right). Changes in the fresh weight of apple cylinders after 60 minutes treatment with various
concentrations of glycerol.
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tiOln, its rate of pro(luction of etlh-lenie remiaine 1 clise
to that of fresh untreate(d controls, and furtlhermiiore,
the pro(duction continued linearly for the same length
of timle as in controls. The data presente(d hel-e were
derive(l fromii samples which were all placed in

syringes at the beginning of the experimiient. Botlh
tlhe glycerol treated aniiC the utntreatedl tissues ceasedI
to mlake ethy-lene after 250 miniutes of confinieiilemet,
but calculations based on the respiration rate anwl the
free air space of the syringes show that this is exactly
the time at wlhiclh the oxy-gen content shoul(d have
dlroppe(l to between 1 an(l 3 %. Ethylene pro(luction
is strongly inhibited b1 these loxw oxvgen partial
pressures. The process, in fact, ceases when the con(li-

tions become completely anaerobic (4, 15). It seems

in general that glycerol plro(luces an effect of very

long durationi as nearlv as can be (letermine(l, glycerol
Maintains the tissue in very nearly its normiial metabol-
ic con(lition.

The ethylene production rates in a series of ex-

I)eriments at (lifferent concentrationls of glycerol are
plotte(l in figure 2. In eachi case the steady rate after
60 miiinlutes soaking is expressedl as percentage of that
of the fresh control tissue in the samiie experimiient.
It is evidlent that at concentrations above 0.4 A,
glycerol completely p)revents the (lecline in ethlylene
piro(luction andcl maintains the rate at essentially that
of freslh cut tissuie. Thlis was true even at above 1 AI,

w-h-en the apple plugs were coml)letelv flaccid. Inno
instance, however, was the rate increase(l above that
of the fresh tissue. Thle respiration1rate of tile glO-
cerol treated tissue remiaine(d close to that of the con-

trol ini all cases.
The effect oln ethylene pro luction an(l respirationi

exerte(d bw a variety of othel organic substances was
investigate(l in order to (leteriniiiexwlhether a substrate
specificity was involved. (flvcerol was assigned the
value of 100 aactivity. In each experiment rates

w-ere (leterninie(l fortissue treated with 5 %. (0.55 M)
glycerol, wtater and a 5 ('( solutioln of the test mlaterial
(adjusted to pH 5.0). Many coml)ounds were found(
toprevent to varying extents thle (lecline in ethiylene
I)roduction inlduce(l b1 water soaking. In addlition to

glycerol, hvdracrvlic ami(eprove(l to be 100% ef--
fective; Sodium pyruvate, potassiummalate, aceta-

imi(le, malonamide, glvcolamie. ethlinolimiine-lvdro-
chloride, lactami(e, glycine, alaninie and( sodlium 2-
phosphogly-cerol were between 50 anl 90 c/effective.
Several sugars aicd sugar phos)ohates (so(liunm salts),
so(litii citrate, choline hydrochloride, ethylene glycol
and 1,2-propanedliol produced smaller thouigih (lefinite
effects. 'Most of the other substances teste,I incluclinig
a large array of organic acid salts, alcohols and ni-

triles, were equally inhibitory to both ethyleneprodluc-
tion and respiration even at relatively low concentra-
tions. TlI fact, withiminior excel)tions, all conmoulrls
whvIich when present athig-h concentrations(lid not
(lisrul)t the tissue respiration were at least partiallv
able to reinstate ethylene pro(ductiol. In no casewlas
a compoundl fotun( toshowanli activity at a coincentr-a-
tion below 0.2Ai\. This fact along with theoubvious
lack of metabolic relations]inllbetweenmimany of the

substances, suggests that the various materials are niot
serx ing as substrates for ethylene synthesis.

If a substance necessary for ethvlene I)rotluction
leaks out of al)ple tissue \vhen it is placed in water,
tlhe glycerol and the many other active organic com-
poun(lS Imighit in somiie wx ax alter the l)ermeadbility of
the tissue anI preveent this material froimi escaping.
If this xvere true, tlheni glycerol al)plied after tissue
hadl been wNater soaked, slhoul(d Inot be able to reinstate
the ethylene production. For 100 imlilnutes (fig 3 ) a

nearly linear relationislip) exists between the duration
of the exposure to xvater an(l the extent to xvhich tlle
ethy lene production falls off. If at any tlime (Itiring
the first 80 minutes the tissue xvas removed froim xvater
anId( soaked for 30 miiinutes in 1 'M glN-cerol, the ethv-
lene l)ro(ltictionxx asX almost completely reinstate(l.
Eveni aLfter 80 miiniutes, glycerol alwxxays p)rodulcedl aIp-
proximiiately the samiie percentage acceleration but the
tissue had gradually lost imiuclh of its ability to pro(duice
ethxlene. Sinmilar results xNere obtained x\-vith hvdra-
crylanidle. Since both of these coimlpoundCIs increase(d
the ethylene production (ifter xvater soaking hadl low-
eredl it. it folloxvs that the colmipouniids coul(d not have
acte(l 1w preventing a substance from leaving the tis-
sue. Oni the contrary, thev imust eitlher themselves
penetrate inlto the tissue or else cause anl osmlotic
xvithdra-,val of xvater. Moreover, the dlaiage induced
1)y va\-cter soaking eventually became irreversible.
This strongly suggests thlat aln enzyme systemli is being
affected 1y the treatmlelnt.

N \TtIZE orF CHxANc.E CA\USED vY SOAKING: As
ielntioine(l above, the fact that glycerol aindl othler xol-
tites are onlyv effective in high concentrations suogests
that the action 1may del)een(l upon regulation of the
cell's wvater contenit or solute concentration. ThIis
sup)l)osition xvas verified 1w the effectiveness of cer-taill
inor-gainic conmpounds. Tx-xo salts. CaLCL and KCI.
have been tested: 3'( (0.37 AI ) CaCl. xvas a1out
50 (' as effective asglycerol in maintaining- the ethy-
leneI)roduction, wvhereas 3 c' (0.4 A\I ) KCIxvas just
as active as the hest glyvcerol concentrations. In
figure 2 the relative activities of various normtalities
of glycerol andl p)otassium chloride are conipare 1.
Equivalent normialities of both substainces are equally
effective. This in(licates thaIt the txvo compounds are

alnost certainly acting by the saimie miechaniisnm. and
the milode of actioinmust therefore be osmotic.

In storage tissue suchi as the apple, the chaniges
inx-vater content can be stu(lie(l by caref1illv (drying'
atnd xveighing tissue sections before and after treat-
mientxvith inert solutes. The effects of externallv
applied glycerol solutionis alid vater on1the xvater
contenit of apl)le plugs x-ere therefore stu'ied in this
way. The main object xvas to (leternmineNhethier- it
is the xvater contenit or the solute contenit of the cells
wvhich is critical for ethylene pro(luction. \Vhen ap-
ple plugs xx-ere soakedl in xvater, it xas founld that the
osmiotic response of the tissuie x-as atypical. WVater
soakiiig (table III) didno ot bring the tissue to full
turgor-. exceptperllaps for the first fexv milinites
tlere xx\as. instead, a stealy loss in firesl wveight fol-
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TABLE III.

CHANGES IN WATER CONTENT OF APPLE TISSUE SOAKED
IN WATER AS A FUNCrION OF
DURATION OF TREATMENT

DURATION OF Y CHANGE IN TISSUE
TREATMENT (MIIN) FRESH WN"EIGHT

2 0.0
5 +2.6
9 -1.3

10 -1.6
15 -5.7
30 -7.1
45 -8.4
60 -9.7
90 -10.4

at least 90 minutes. After 1 hour the total loss in
fresh wveight was approximately 10 %. By this time
the tissue had lost much of its turgor. The data of
table II however, showed that in 60 minutes the leak-
age of solute from the tissue amounted to only about
1.8 % of the initial fresh weight. The conclusion is
inescapable that the cells actually lose water when they
are surrounded by water! From the figures in the
table, it can be estimate(d that the solute decreased
by about 17 %, whereas subtracting the weight of
solute lost from the decline in tissue fresh weight
yields a value for the loss in tissue water of 7.9 %.

The solute concentration of the cells must therefore
(liminish by about 10 % in spite of the water loss. A
measurement of the tissue's suction pressure, using
mannitol as a plasmolytic agent, showed that it was

nearly 0.65 AM. Presumably the osmotic concentra-
tion is slightly higher than this figure, so that the net
result of soaking apple tissue in water must be to
diminish the solute concentration by at least 0.07 M.

Figure 4 presents the changes in weight which
occurred when apple plugs ere soaked in glycerol
solutions of various concentrations. In the range

0.23 to 0.6 M glycerol, the fresh weight of the tissue,
instead of declining, actually increasel slightly.
This result cannot be accounted for solely in terms of
the weight of glycerol that entered into the cells.
Even in complete equilibrium with 0.5 MI glycerol,
the fresh weight of apple tissue would increase by
less than 4 %, whereas in water the observed loss was
very nearly 10 %. In part, this peculiar response

may be explained in terms of known physical laws.
The amount of glycerol that penetrated into the tissue
should( be roughly proportional to the concentration
of the applied glycerol solution. At low molarities
the solute leakage was probably more rapid than the
glycerol entry, causing the turgor pressure to de-
cline and water to be forced out by the cell walls. At
progressively higher glycerol concentrations an in-
creased amount of glycerol permeated the cells: a

point was reached at which the amount of glvcerol
which had entered exactly balanced the amount of
solute which had escaped, so that the tissue reached
optimum turgor. At still higher concentrations
enough glycerol may have entered to increase the

weight of the tissue slightly. Finally, at concentra-
tions above about 0.6 M, plasmolysis woul(d be ex-
pected to occur and, indeed, the tissue was found to
be flaccid.

McIntosh apples are not unique in the behavior
described above. In preliminary experiments, Red
Delicious apples have been found to behave very
similarly; Baldwin apples and Bosc pears also showed
a sharp optimum in their fresh weight at a particular
applied concentration, although they did not change
in weight when soaked in water alone. One aspect
of Bosc pear behavior suggests that the interpreta-
tion offered above cannot be the entire explanation.
The osmotic pressure of the pear tissue was consider-
ably higher than that of apples; plasmolysis did not
occur until concentrations of sucrose higher than
0.95 M were applied. Pear sections reached their
highest fresh weight when they, were soaked in 0.6 M
sucrose; the actual increase in weighlt amounted to
more than 8 %, which is clearly too high to be ac-
counted for by the weight of the sucrose wlhich might
have entered. Apparently, therefore, somle water
entry must also be involved.

Comparing the data shown in figures 2 and 4
provides convincing evidence that the ethylene-pro-
ducing system is sensitive to the solute concentration,
but not to the water content of the cell. All glycerol
and KCI concentrations above 0.4 N (fig 2) are
100 % effective in preventing or reversing the decline
in ethylene production caused by water soaking. A
0.4 N glycerol solution, hovever, left the tissue fully
turgid. Indeed, it counteracted the loss that woul l
have occurred in water, whereas a 1.09 N concen-
tration produced an even greater wvater loss than diid
water alone. It follows that ethylene prodluction and
the water content of the cell cannot be directlv related.
If, on the other hand, the final tonicitv of the cell sap
is proportional to the concentration of the applied
solution, then there could be a definite correlation
between solute concentration andl ethylene production.
Thus, when the tissue was soaked in vater, both the
cellular solute content and the rate of ethylene produc-
tion were decreased. When the tissue was soake(d in
a strong solution of glycerol or KCI, both the solute
concentration and the ethylene production were main-
tainedl. The latter was at almost the same rate as
that of untreated tissue. If this is the maximiium rate
of ethylene production of which the tissue is capable,
then it is not surprising that above some critical
level (0.4 N), increasing the concentration of glycerol
or of KCl shouldl produce no further increase in the
ethylene production.

The ethylene production of other tissues behaved
similarly to that of the NIcIntosh apples. Both Bald-
win and Red Delicious apple sections showed very low
rates of ethylene production when they were soaked
in water, whereas the rates were maintained at a
high level when the soaking was carried out in 0.55 M
glycerol. After one hour's soaking in water, cylinders
cut from Bosc pears consistently showed no detectable
ethylene production at all. The production could be
maintained if the tissue was soaked in sucrose solu-
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BURG AND THIMANN-ETHYLENE PROD1ICTION OF APPLE TISSUE

tion; a rate equal to that of the freshly cut control
was reached at about 0.9 M sucrose and above. Only
at concentrations above 1.4 M was a definite decline
noted.

INHIBITORS: Nine different inhibitors were in-
vestigated, using a range of concentrations soaked into
AlcIntosh apple tissue plugs. It should be noted that
in such a procedure depressing the rate of ethylene
production by water soaking is unavoidable, and the
effect of the inhibitor always is superimposed. This
is not a severe limitation because water-soaked tissue
fromii a single apple shows reproducible rates of ethy-
lene production. These rates, therefore, provide ac-
ceptable control values. Figures 5 through 10 illus-
trate the changes in respiration and ethylene produc-
-tion induced by various concentrations of 2,4-dinitro-
phenol (DNP), fluoride, iodoacetamide, arsenite,
fluoroacetate and sodium bisulfite. Thiourea and
cyanide were non-inhibitory while not only was ma-
lonamide non-inhibitory, but also it was actually me-
tabolized (decarboxylated) by the tissue.

Although the role of phosphorylation in mature
fruits and in the ripening process has been the sub-
ject of dispute (21, 28, 34), it now seems clear that
phosphorylations are uncoupled by DNP in at least
some fully mature fruits (19). Pearson and Robert-
son (28) pointed out that, whereas an appropriate
concentration of DNP accelerates the respiration of
preclimacteric apple slices, no concentration of this
reagent will produce this effect on climacteric tissue.
This does not constitute evidence that DNP is without
effect on phosphorylations in the mature apple. It
ratlher indicates that the ATP/ADP ratio does not
control the respiration rate at this stage in fruit de-
velopnment. The inhibition of ethylene produlction by
DNP (fig 5) probably means that a phosphorvla-
tion is involved in the synthesis of ethylene. A
similar result was reported earlier for Red Delicious
apples (38), andlhas recently been observed in to-
matoes (36).

Attempts were mlade to reverse the inhibition by
supplying ATP and various other sources of energy.
The high permeability of the cells (mentioned above)
w%ould be expected to allow the entry of a variety of
molecular types. Glycerol alonie at 0.55 M concen-

TABLE IV.

REVERSAL OF INHIBITION OF ETHYLENE PRODUCTION AND
RESPIRATION CAUSED BY 2-4-DINITROPHENOL (DNP)

RATE AS % OF THAT IN GLYCEROL
TREATED TISSUE**

C9H4 02 Co,
COMPOUNDS FED* PRODUC- CONSUMP- LIBERA-

TION TION TION

Glycerol (G) 100 100 100
Water 43 100 100
DNP 12 33 40
DNP + G 25 36 42
DNP + G + ATP 50 59 52
DNP + G + a-keto

glutarate 71 65 89
DNP + G + citrate 61 53 66
DNP + G + malate 80 80 125
DNP + G + acetyl-
phosphate 54 60 57

DNP + G + pyruvate 53 47 93
DNP + G + oxaloacetate 50 39 61
DNP + G + fructose-
diphosphate 83 69 80

DNP + G + glucose-6-
phosphate 50 50 72

DNP + G + glucose-1-
phosphate 74 50 72
* DNP applied at 5 X 10-5 M, glycerol at 0.55 M,

and other compounds at 5 X 10-2 M. All solutions ad-
justed to pH 5.0. Additional compounds producing no
effect: alanine, glycine, glycolamide, succinate, fumarate
(slightly toxic), propionate, glucose, acetamide.

** Measurements made over a 60 minute period follow-
ing the treatment.

tration caused a slight reversal of the inhibition of
ethylene production w,vithout affecting respiration.
This is no doubt attributable to a reversal of the effect
of water soaking, and it is not (lirectly concerned with
the DNP inhibition. At a concentration as low as
5 X 10-2 M, compounds addeed in the absence of gly-
cerol could not be expected to raise the rate of ethylene
production above the 43 % value obtained when tissue
was soaked in wvater alone. \Vhien this was found to

FIG. 5-10. The rates of ethylene production A /A and respiration Q O of tissue soaked in various con-
centrations of the inhibitors as compared to the rates of water soaked controls. All measurements were made over
a 90 minute period after treatment.

FIG. 5 (upper left). Dinitrophenol.

FIG. 6 (uipper right). Sodium fluoride.

FIG. 7 (center left). Iodoacetamide.

FIG. 8 (ceniter right). Fluoroacetate.

FIG. 9 (lower left). Sodium arsenite. Upper curve 0, consumption, lower curve C,H. production.

FIG. 10 (lowzeer riaht). Sodium bisulfite. The apparent rise in the respiration rate observed at high concenitra-
tions is almost certainly due to oxidative decomposition of the salt.
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he true glycerol was include(l in all subsequent feed-
ings to renmove the restriction inmpose(l by the water
soaking. The rate observed in the presence of 0.55 M
glycerol, 5 X 10- A1I DNP, and 5 X 10-2 -AI added
compound was comiipare(l to the nmaximuml rate which
might be expected, namely that of tissue from the same
apple treatedl with 0.55 MI glycerol alone. The com-
poun(ls were addedl in combination x-ith DNP at pH
5.0, andl the tissue wvas soake(d in the solutions for 60
minutes at room temperature (table IV).

In general, if it is agree(l that DNP (loes not inter-
fere witlh substrate level phosphorylations (5, 16),
then the results are consisteint with the hypothesis
that ATP or somiie equivalenit high energy source is
requiredI for ethylene synthesis. The active com-
pounds witlhout exception ca1n give rise to ATP or
acetylcoenzyme A by known miietabolic reactions.
ATP mlay arise (tlrinlg glycolvsis (hence from the
sugar-phosphates') or coinci(lenit with the decarboxy-
lation of a-keto glutarate (an(d citrate nmay give rise
to a-keto glutarate indirectly). Acetylcoenzyme A
is formiied (luring oxidativye decarboxylation of pyru\-
ate (aind pyruvate may be deriveed frolmi nmalate and
oxaloacetate ) or fronm acetvl-lphosphate dlirectlv. It
is noteworthy that whenever ethylene p)roduction xvas
partially reinstated by aIn added colmlpouniid there Nvas
somiie coincident acceleration of respiration. WVith
the possible exception of alanine, inone of the inactive
compounds (see footnote to table fNV) could increase
thc ATP or acetylcoei7zymie A level of the tissue by
known pathways.

The special case of alaninie was subiected to an
a(lditiolnal experimlenlt, silnce alaninie mighlt be coIn-
verted via pyruvate to acetylcoenzyme A. A dletect-
able increase in the carbon (lioxide pro(luction of the
tissue resulted wlhen as little as 6 X 10- 1 AI sodium
pyruvate 'was soaked into al)ple plugs, l)ut the cal-bon
(lioxi(le productioni renmained unchanged xx-hen even
100 tiimes this concentration of alanine was applied.
Apparently under the con(litions of these experimenits
alanine is simply not converted to pyrtivate in sig-
nificant quantities.

Since fluoride lowers the respiration rate of the
tissue, fluoride muitst decrease the availability of energy
anl thus produce somexvhat the samiie overall effect as
DNP. This may be the basis for the inhlibitory effect
of fluoride on ethylene productioln shoxvn in figure 6.
Attenmpts were macle to reverse this inhibition in the
same xvay as with DNP (sumnmarize(d in table V).
The stimulation wvith added ATP. and the lack of
responise to ANMP, are certainly consistent x-ith the
idea that ATP or a high energy acylated comlpoun(d is
involved in ethylenie synthesis. With mlinor excep-
tions the interpretationis a(lvance(l for DNP can ac-
count for the observe(d results. An a(l(ed considera-
tion is that any stimiulation of the electron transport
system may now result in the pro(luction of energy.
Taking this latter fact into account it is perhaps not
surprising that the inhibitions caused by fluoride can
be mlore completely reverse(l than those caused by
DNI'. \Vhile the activity of the sugar-phosphates is
not easily reconcile(d xith the knowin inhiibitory action

TABLE V.

REVERSAL OF INHIBITION OF ETHYLENE PRODUCTION- AND-
RESPIRATION CAUSED BY FLU-ORIDE

COMIPOUNDS FED*

Glycerol (G)
\NVater
NaF
NaF + G
NaF + G +
NaF-+ G +
phosphate

NaF + G +
NaF + G +
NaF + G +
XaF + G +

glutarate
NaF + G +

pyruvate
acetyl-

ATP
citrate
nalate
a-keto

oxaloacetate
NaF + G + fructose-di-
phosphate

NaF + G + glucose-1-
phosphate

NaF + G + glucose-6-
phosphate

NaF + G + succinate
NaF + G + AMP

RATE AS C%C OF THlAT IN
(LYCEROL TREATED TISSUE**

C.,H4 O., Co.
PRODUC- CONSUMP- LIBERA-
TION TION TION

100
42
25
55
110

84
100
82
109

75
70

68

70

68
67
40

100
100

64
75

87
84
83
82

62

85
91

78
10)
(65

100
100
50
58
92

64
79
78
65

63
58

63

68

74
74
60

NaF alpplied at 10 M, glycerol at O.55 ' I, and
other compouinds at 5 X 10- 2 'M. All solutions adjusted
to pH 5.0. Additional compounids producing no effect:
alaniine, glycinie, glycolamide, hydracrylamide, glucose,.
fumarate aind acetaldehyde (slightly toxic).

Measuremnits miiade over a 60 miniute period follov-
inlg the treatmenit.

of fluoridle on the enolase reaction. their stimulatory
effect mlight be exerte(d through- ali alternative patlh-
vay of sugar metabolism.

Attempts to reverse the inhihition cause(l h)v iodo-
acetamidle xvere unsuccessfull (table VI). The failuire
of applie(l ATP an(d acetyl-plhosphate to stimulate
ethylene pro(luction in(licates that mlore thani energy
is lacking in tisstie treated \vith io(loacetamiii(le. Since
this inllibitor bind(s sulfhydryl groups generally. the
infcrence is that a grouping of this type may be in-
v'olved in one or miiore stages of ethlylene synithesis.

DISCUSSION AND CONCLUSION-S

Ex-idence has been presented that the various sub--
stances \vhich accelerate the rate of ethylene produc-
tion in xvater-soaked apple sections exert their effect
by a physical action. Since it appears that the solute
concentration and not the vater content of the cell is
the critical factor, it may be concludedl that the ulti-
mate effect is being exerted oln a body \vhich is smaller
thani the \xviole cell anlid enclose(d by ain osmilotic bar-
rier. This body or particle mlust containi the etlhylene
prodtucing system.
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TABLE VI.

ATTEMPT AT REVERSAL OF INHIBITION OF RESPIRATION
AND ETHYLENE PRODUCTION CAUSED

BY IODOACETAMIDE

RATE AS % OF THAT IN
GLYCEROL TREATED TISSUE**

C,H4 02 CO2
COMPOUNDS FED* PRODUC- CONSUMP- LIBERA-

TION TION TION

Glycerol (G) 100 100 100
Water 51 100 100
Iodoacetamide (I) 19 54 56
I + G 52 56 63
I + G + pyruvate 50 51 83
I + G + acetyl-phosphate 51 56 45
I + G + ATP 49 58 59

* Iodoacetamide applied at 10-2 M, glycerol at 0.55 M
and other compounds at S X 10-2 M. All solutions ad-
justed to pH 5.0.

** Measurements made over a one hour period follow-
ing the treatment.

It is now well established that isolated mitochon-
dria have osmotic properties, and that their gross ap-
pearance and biochemical activity may be dependent
upon the tonicity of the solution in which they are
suspended. Moreover, as demonstrated by Laties
(17) and Opie (27), isolated mitochondria can stand
dehydration but not swelling. The ethylene produc-
tion of apple tissue behaves similarly, since it is in-
hibited by a lowered but not by an increased cellular
solute concentration. Even plasmolyzed cells can
still produce ethylene at maximal rate. Although
most investigations of the effect of tonicity on mito-
chondria have been performed on isolated systems,
adverse effects of water soaking on the mitochondria
andl metabolism of intact tissue have also been re-
ported. Salt accumulation is controlled by the cyto-
chrome-cytochrome oxidase system which is certainly
associated with the mitochondria (32, 33). Stiles
and Dent (37) found that prolonged washing could
decrease salt accumulation and respiration in tuberous
roots and stems. Laties (18) has shown that wash-
ing of cauliflower pieces lowers the amount of suc-
cinic dehydrogenase activity which could subsequent-
ly be isolated from the tissue, and succinic dehydro-
genase is known to occur in the mitochondrial frac-
tion (32). Elliot and Libet (8) observed that the
respiration of brain minces suspended in water was
considerably less than when the tissue was in an iso-
tonic environment. However, if the ethylene produc-
ing system is in a particle, there would be no reason
a priori to suppose that the system is in the same par-
ticle as that which contains the respiratory enzymes.
In fact, there is evidence which at first sight appears
to the contrary. Smock and Sparrow (35) for
instance, reported that apples irradiated with 20,000
to 40,000 r of gamma radiation showed a reduced rate
of ethylene production but an unchanged respirationi

rate. Hansen (15) found that at high temperatures
the ethylene production of pears was severely retard-
ed, but the respiration stimulated. Thus irradiation
and high temperatures produce effects similar to water
soaking, which, as described in this paper, reduces the
ethylene production of tissue sections but does not
affect the respiration rate. As against this evidence
of separation between the two functions, two other
facts seem to establish a close relationship between
respiration and ethylene formation. In the first place,
the threshold concentration of all inhibitors was found
to be the same for both processes. Moreover,
throughout a large concentration range of each of
several poisons, the inhibition of ethylene production
was closely comparable to that of respiration (figs 5
through 10). Secondly, the response to oxygen ten-
sion of the two processes is nearly identical; both
reached half their maximum rate at about 1.5 to
2.0 % 02 (4). As a working hypothesis, therefore,
it is proposed 1) that the system producing ethylene
is located in a particle; 2) that it is dislocated by even
a slight swelling of the structure; 3) that it is very
closely linked, at least for an oxygen consuming step
(4), with the terminal oxidase, and 4) that it is de-
pendent upon the respiratory process for energy.
The different responses of the respiratory and ethy-
lene producing systems to osmotic and other physical
changes might be accounted for in one of two ways.
Both systems may be located in the same particle,
presumably a mitochondrion, but the enzymes func-
tioning in ethylene synthesis might be much more sus-
ceptible to inactivation. Alternatively, and perhaps
less probablv, two distinct particles may be involved.

It is interesting that the concentration of glycerol
(ca 0.23 N (fig 4) ) which just maintains the tissue
at its initial water content, is the lowest concentra-
tion which suffices to produce a measurable effect on
the ethylene production (see fig 1). A 100 % re-
sponse, however, is not obtained until a somewhat
higher glycerol concentration is applied. This sug-
gests that glycerol is not as efficient in maintaining
the ethylene producing particles as is the normal
solute mixture present in the cells. There is, indeed,
other evidence for some sort of specificity. For
instance, although 1,2-propane diol is closely related
to glycerol and would be expected to penetrate into
the tissue more easily than glycerol does, even very
high molarities of 1,2-propane diol did not produce the
same effect as glycerol. Similarly, certain of the
other organic substances were not as active as might
be expected in terms of the rate at which they probably
entered into the tissue. WVhat must be considered,
however, is not only the permeability of the plasma
membrane but also the permeability of the particle
membrane. A substance which enters the cell very
easily might also pass into the particle and thus
would not be able to affect the turgor of that body.
The steepness of the curves shown in figure 1 sug-
gests that the particle is extremely sensitive to a very
slight decrease in the osmotic content of its environ-
ment, for raising the normality of the applied solutions
from 0.2 to 0.4 N covers the entire range from zero
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to 100 % effect. With a system of such sensitivity

it is conceivable that very slight differences in the

permeability of the applied compounds might account

for the apparent specificity.
It might be expected that the absolute value of

the cellular osmotic concentration would hav-e nio

bearing on the activity of the enzymles contained in a

particle as long -as the contents of the particle were

in complete equilibrium with their environment.

Otlierwise, marke(d metabolic changes might be ex-

pected to result from slight variations in the osmotic

content of a cell. How,ever, evidence does exist that

in the case of ethylene production the osmotic con(li-
tions under which cells are growing may be crucial.

Two groups have studied the effect of varied carbon

sources on the pro(luction of ethylene by Pen icilliifumi
digitatum1. Ferguis (9) reported that glucose (lid

not support ethylene production as well as did sucrose.

Phan-Chon-Ton (30) found that glycerol and alanine
greatly increased the productioni of ethylene, wvhereas
acetaldehvde and pyruvate also produce(d small in-
creases. He concludle(d that glucose was a better car-

bon source than sucrose, whereas fructose was inferi-
or to sucrose. Crich (personal conmmiiunication)
noted that glycine acceleratedl the productioin of etlhy-
lene. With the exception of acetaldehyde. whiclh is
toxic to both respiration and ethylene production in
apple tissue, all of the compounds whiclh accelerate(d
the ethylene production of Pen icilliufmn (ligitatttumi are

also among those which prevent the inhibitioni cause(l

by soaking apple sections in water. If the biochemii-
istry of ethylene production is the samiie in this fungus
as in the apple it wxould follow that the observed ac-

celeration of ethylene pro(luctioni in Penicilliumtl digi-
taturn is not due to the provision of substrate. In-
deed, Phan-Ch6n-Ton's data (30) show that, witl
the exception of fructose, there is a direct correlation
between the osmotic concentration of the me(lium ancl
its ability to support ethylene production. These ex-

perinments with Penicilliniit7 (ligitatul ml, strongly sug-

gest that the formation of the enzyme system which
produces ethylene wvas favored by raising the solute
concentration of the medium.

Calculations based oni values for the stani(lar(l free
energies of formation of ethylene and many common

biological intermediates show that there is in all cases

a iiet loss of free energy in the conversion of unit

activities of these intermediates to ethylene (2).
However, in all hypothetical schemiies, oine step, the

introduction of the double bond, involves an increase

in free energy. Evidence has been presented earlier

(2, 4) that one of the terminal steps in the formation

of ethylene is a dehydrationi; it seems probable that

this may be the reaction in wlhiclh the double bond is

formed. If, as the inhibitor studies indicate, respira-
tion provides energy for the synthesis of ethylenie then

this energy may be utilized in or just prior to the

terminal reaction in which the molecule is desaturated.

Moreover, it should not be possible to inhibit tisstue

respiration without simiiultaneously inhibiting the

ethylene production. Three instances of the con-

verse effect, in which ethylenie production is decreased

or elinlinated without a concomitant (lecline in respira-
tioni, were mentioned above. On the other hand,
there does not seem to be a single clear-cut example
in which respiration can be inhibite(d vithout a sinmi-
lar effect on ethylene production. Such evidence as
there is, therefore, favors this iinterpretation.

SlM-AMAARY
The ethylene production of MNcIntosh apple tissue

sections was studied by means of a highly sensitive
gas chromatographic techlnique.

Apple sections show a wvound response which
consists of an accelerated respiratory rate an(l a de-
creased intenisity of ethylenie pro(luction. Soaking
the tissue in water for 60 minlutes (lepressed the rate
of ethylene production b1 more tlhani 50 /- this soak-
ing didl not affect the respiration rate of the tissue.

The inhibition of ethylene pro(ductioni caused 1!
soakinig in wvater was completely prevented b1 highl
concentrations of glycerol, hvdracrylic ami1ide or po-
tassiumii chloride, and partially preventedl by a large
variety of other compounds. in no case, however.
could the rate of ethylelne productioln he raised above
that of unsoaked controls. Correspondingly, evi(lence
is presented that the various suibstanices do not act at
the substrate level, but rather regulate the solute
content of the cell. It is deducedl tllat the etllylenie
producinlg mnechanism is locate(d in a particle that is
extremely sensitive to the solute concentrationi of the
cell sap, the l)article being able to wvithstand (lehydra-
tion but not swelling.

The water relations of apple tissue \vere found to
he atypical: the cells lost relativelv large amounts of
water and solute when suspen(le(l in water, whereas
they actually gained water when stispended in high
molarity glycerol solutiolns.

The effects of several inhibitors on ethylene pro-
ductioln an(l respiration wN-ere invxestigated. D-NP,
fluoride, iodloacetamiide, arsenite, so(ium bisulfite and
fluoroacetate all inhlibited both processes to about the
same extent over wvide concentration ranges and in
each case -\vith equivalent thresholds. The inhibitions
caused by DNP, alnd to an even greater extent those
cauise(l 1y fluori(le, \-ere palrtiall,- reversed by ATP or

otlher energy sources; thlis sulggests that at least one

step in the synthesis of ethlylelne reqiuires energy wlhich
is supplied b1 respiration. Anotlher step may involve
a sulfhydrvl enzA-imie, sinice hiigh energy compoun(ds
failed to reverse the inhibitory effect of io(loacetamidle.
Tlle lack of inhibition with even lligh concentrations
of cyanide mlakes it unlikely that aln iroln conitaining
enzy-me is involveed in ethylene synthesis, whereas
the results witlh bisulfite suggest that none of the im-
mediate precursors is an alellydle susceptible to bi-
sulfite addition. The close relationslhip between ethy-
lene formation and respiration. as well as previous
wvork oni the oxv-gen sensitivity curves for both
processes, ind(licate that ethyvlene may be prodluce(d in
the nitochonldria.
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