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SUMMARY

of theevidenceforauxinproduction
A re-examination
by coleoptiletipsrevealsthatit is not
The possibility
conclusiveand thatseveralimportant
problemsremainunresolved.
thatauxin
in thexylemwas testedbyanalysing
moveacropetally
and auxinprecursors
guttation
fluidfrom
leavesof Avenasativa.In all cases two
intactcoleoptiles,
decapitatedcoleoptilesand primary
of theacidicether-soluble
zones of auxinactivityweredetectedon chromatograms
fraction,
totheRF of indol-3-yl
aceticacid (IAA). Similarauxinactivity
one ofwhichcorresponded
was
and Hordeum
aestivum
fluidfromseedlingsof Zea mays,Triticum
foundin guttation
vulgare.
auxincomplexeswas obtained.Experifluidalso containsalkali-labile
Evidencethatguttation
IAA introduced
intothexylemoftranspiring
ofdyesand radioactive
mentson themovement
or guttating
coleoptilesshowedthatthesesubstancesaccumulateat thetipofthecoleoptile,or
thatIAA and 'inactive'auxins
at theapical regionof decapitatedcoleoptiles.The hypothesis
in thexylemfromtheseed to thecoleoptiletipwherethey,
accumulateand
moveacropetally
to IAA is shownto be consistent
wherethe'inactiveauxins'can be converted
withtheclassical
ofcoleoptiles
curvature
andtheinfluence
workoncoleoptiles;itcan alsoexplaintheautonomous
of the rootson the auxin contentof coleoptiletips. An analogousaccumulation
of auxin
leaves.The anomalousauxineconiomy
ofcoleoptiletips
probablyoccursat thetipsofprinmary
is discussed.
INTRODUCTION

The coleoptile is a specialized seedling structureof limitedgrowthwhose tip is nonmeristematic.In textbooks of plant physiologythe coleoptiletip is variouslydescribed
as a site of auxin productionor auxin activation;but the auxin economyof coleoptile
tips is anomalous in that it is knownto depend on the presenceof the seed (Went and
Thimann, I937). The work which led to the conclusion that coleoptile tips actually
produce auxin was carriedout over 25 yearsago and has not been added to significantly
since then. However, an examinationof the original literaturein the light of more
recentideas and techniquesrevealsthatthe evidence is by no means conclusive.
The classical findingsfallinto threemain categories.
(i)
Coleoptile tips contain more extractableauxin than more basal regions of the
coleoptile.There is in facta gradientof auxin fromthe tip downwards(Thimann, I 934;
van Overbeek, 1938; Wildman and Bonner, I948). More diffusibleauxin can also be
evidence
obtainedfromthetip thanfromotherpartsofthe coleoptile,butthe often-cited
of Went (I928) thatonlythe extremetip,less than 0.7 mm in length,producesauxinwas
not confirmedby the more detailed studies of van Overbeek(1941) who obtainedmore
diffusibleauxin from3-mmthan from2-mm or i-mm tips.
(2) Skoog (I937) showedthatremovaloftheseed led to a declinein theamountofauxin
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obtainablefromthe tip; and that deseeded plants were no longercapable of 'regenerationofthe physiologicaltip' (the phenomenonby whichthe apical regionofthe stumpof
a decapitatedcoleoptilebecomes a sourceof auxin severalhoursafterdecapitation).Pohl
(I935,
I936) producedevidencethatthe seed, whichis richin auxin,acted as a sourceof
auxin whichmoved acropetallyand accumulatedat the coleoptiletip,but thispossibility
was rejectedby Skoog (I937) who foundthatno auxin could be detectedin agar blocks
placed on the stumpsof decapitatedcoleoptiles.He conciudedthatthe seed was acting
as the sourceof an auxin precursorwhichmoved acropetallybut thatauxin itselfdid not
move in this way. Similar conclusionswere reachedby Voss (I939).
(3) More auxin can be collected fromisolated coleoptiletips by diffusioninto agar
blocks than can be obtained by extractionof the tips immediatelyafterisolation(Thi-

mann,I934; van Overbeek,I94I;

Wildmanand Bonner,I948), indicating
thatauxinis

produced duringthe period of diffusion.

The contentionof Pohl (I935,I936)
that auxin moves acropetallyfromthe seed and
accumulatesat the coleoptiletip is opposed only by Skoog's (I937)
experimentwhich
on
the
that
auxin
which
depends
assumption
any
might be moving acropetallywill
an
block
on
the
of
a
diffuseinto agar
stump
decapitatedcoleoptile.Skoog's experiments,
like most of the otherclassical workon coleoptiles,were carriedout in standardAvena
growthchamberswith a relativehumidityadjusted to minimizeguttation(Went and
Thimann, I937). The guttationfluidfromcoleoptilesgrownin a morehumidatmosphere
containsauxin (Sheldrake and Northcote,I968a) and it is thereforepossible thatauxin
could be movingacropetallyin the xylembut thatthe methodused by Skoog would fail
to detectit. The evidenceforthe productionof auxin by isolated coleoptiletips which
depends on a comparisonof diffusibleand extractableauxin is based on the assumption
But while the diffusion
that diffusionand extractiontake place with equal efficiency.
technique may involveminimallosses, extractionof auxin can resultin low recoveries
(e.g. Mann and Jaworski,I970). The figuresfor extractableauxin could thereforebe
The amountsofdiffusible
auxin could have been overestimated
seriouslyunderestimated.
as a resultof bacterialcontamination,which can account fora large proportionof the
auxin recoveredfromnon-sterileplant tissues(Libbert et al., I966; Kaiser, I967). The
exhaustivediffusionof auxin fromcoleoptiletips was carriedout forperiodsof up to i8
hoursundernon-sterileconditions.Thereforethe conclusionsdrawnfromthese experimentscannotbe regardedas unequivocal.
In additionto the role of the seed in the auxin economyof the coleoptiletip the roots
play a partwhichhas neverbeen explained.van Overbeek(1937) foundthatremovalof
the rootsreducedby nearlyone-halfthe amountof auxin whichcould be obtainedfrom
coleoptiletips 2o hours later. The role of the roots could perhaps also account forthe
factthatsand-grownAvena seedlingscontainconsiderablymoreauxin in theircoleoptile
tips than seedlings grown in unaerated distilled water (van Overbeek, I94I). These
resultssuggestthat root pressuremay be involved in some way in the movementof
auxin and/orauxin precursorfromtheseed to the coleoptiletip. The presenceofauxin in
the guttationfluidof Avena (Sheldrakeand Northcote,I968a) indicatesthatauxin itself
maymove acropetallyin the xylem.I have investigatedthispossibilityin the lightof the
classical evidencein favourof auxin productionby coleoptiletips.
MATERIALS AND METHODS

Seeds of Avena sativa L. cv. Condor, TriticumaestivumL. cv. Cappelle-Desprez,
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HordeumvulgareL. cv. Proctorand Zea maysL. cv. Inra 200 were obtained fromthe
National InstituteofAgriculturalBotany,Cambridge.Aftersoakingin waterfor3 hours,
they were sown on sand in plastic boxes covered with aluminiumfoil and grown in
darknessat 220 C. Guttationfluidwas collected fromboth the coleoptilesand young
primaryleaves (unless otherwisestated) of the seedlings at regular intervalswith a
Pasteur pipette and stored in the deep freeze. For the extractionof auxin, sodium
of o. i M and the
hydrogencarbonatewas added to the guttationfluidto a concentration
fluid was partitionedthree times with peroxide-freeether,giving the neutral+basic
fraction.With methylorangeas internalindicatorthe guttationfluidwas then acidified
to pH 3 by the additionof hydrochloricacid and partitionedthreetimeswith etherto
give the acidic fraction.Ether extractswere concentratedto a small volume at atmospheric pressure and applied to the origins of cellulose thin-layerplates which were
(iO/i/i, v/v/v).Zones of these chromatodeveloped with isopropanol/ammonia/water
grams were scraped offand assayed by the Avena mesocotylextensionbioassay using
plants of A. sativa cv. WW i6253 (Weibullsholm,Sweden) as describedby Sheldrake
(I97Ia). Markerspotsofindol-3-ylaceticacid (IAA) wererevealedby a FeCl3/perchloric
acid spray(Larsen, I955).
[I-'4C]IAA (52 mCi/mM,Amersham)was used in tracerexperimentswithseedlings
and also forthe estimationof percentagerecoveries.Four millilitresliquid scintillator
(Bray, I960) was added to samples which were counted on a Nuclear Chicago Unilux
scintillationcounterforat least iO minuteseach. Backgroundcounts(25-30 ct/minute)
were subtractedfromall results.
Auxin was extractedfromplant tissueswith peroxide-freeetherfortwo periodsof 2
hours at 20 C in the dark.
RESULTS AND DISCUSSION

Auxin inguttation
fluid
Guttationfluidof Avena and of Zea was made alkalineby the additionof sodium
bicarbonateand partitionedwith ether. Bioassays of chromatogramsof this fraction,
containingbasic and neutral ether-solublesubstances, showed little auxin activity,
althoughminorzones of activitywitha high RF were oftenobserved(Fig. ia, b). Ether
extractsof guttationfluid acidifiedto pH 3 showed two pronouncedzones of auxin
activity,one of whichcorrespondedto the RF of IAA; the otherwas in the regionof RF
to the RF of IAA were eluted fromchromato0.7-I.a (Fig. ic, d). Zones corresponding
in threefurthersolventsystems:
gramsof Avena guttationfluidand rechromatographed
acid (95/5,
pyridine/ammonia
(3/I, v/v); ethanol/water
(7/3,v/v)and chloroform/acetic
v/v).In each case bioassaysrevealedauxin activityonlyat the RF of IAA, indicatingthat
this auxin is in factIAA.
Chromatogramsof the acidic ether-solublefractionof guttationfluidof Triticumand
Hordeumshowedpatternsofauxin activitysimilarto thoseofAvena and Zea (Fig. 2a, b).
The possibilitythat the auxin detected in guttationfluid was formedby bacteria
growingin the fluidwas investigatedby dividingsamples of Avena guttationfluidinto
twoaliquots,one ofwhichwas storedin the deep freezewhiletheotherwas incubatedfor
8 hours at 220 C. The amount of auxin detectedin the incubatedguttationfluidwas
found to be slightlyless than that in the control; if bacteriawere responsibleforproducingthe auxin in guttationfluidthe incubatedsamples would be expectedto contain
considerablymore.
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Fig. I. Auxin activityon chromatogramsof the neutral+ basic and acidic fractionsof guttation fluidof Avena (I6.o ml) and Zea (I8.5 ml). The originsof the chromatogramsare shown
at the left,the solventfrontat the right.The positionsof markerspots of IAA are indicated.
Each division on the verticalaxis representsa mesocotylextensionof 0.2 mm.
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Fig. 2. Auxin activityon chromatogramsof the acidic fractionor guttationfluidof Triticum
(a) (II.o ml), Hordeum(b) (o0.5 ml), decapitated Avena coleoptiles (c) (io ml) and Avena
primaryleaves (d) (I 1.5 ml). Conventionsas in Fig. I.
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If the coleoptiletip is a site of auxin productionratherthan a site of auxin accumulation, it could be argued that the auxin detected in coleoptileguttationfluidhad been
eluted fromthe coleoptiletip. This possibilitywas checkedin two ways. Guttationfluid
was collectedfromdecapitatedcoleoptileswithin2 hoursof decapitation;the coleoptiles
were thendecapitatedagain and furtherguttationfluidwas collected,and so on. Guttation fluidwas also collectedfromthe youngprimaryleaves of Avena seedlings.In both
cases a distributionof auxin activitywas found on chromatogramsof the acidic ethersoluble fractionwhichwas similarto thatfoundforguttationfluidfromintactcoleoptiles
(Fig. 2c, d). This evidence indicatesthat auxin is presentin the xylemsap and is not
merelyeluted fromcoleoptiletips as guttationtakes place.
(a)

Fig. 3. (a) Auxin activityof the rechromatographedhigh RF (0.7-1.0) zone of the acidic
fractionof Avena guttationfluid(40.0 ml). The ethereluate was dried, heated forz minutes
at I00? C, takenup in a small volume of etherand applied to the originof the chromatogram
shown. (b) Auxin activityon chromatogramof the neutralfractionof Avena guttationfluid
(40.0 ml) afteracidificationto pH 3 for io minutes. The initialneutral+ basic fractionwas
removed by partitioningwith ether beforeacidification.

S6ding and Raadts (I953) found that aqueous diffusatesfromAvena coleoptiletips
containedan auxin which was not identicalto IAA, and later showed that this auxin
fromIAA, whichwas also present.This second
could be separatedby chromatography
auxin was inactivein the coleoptilecurvaturebioassay but could be activatedby mild
acid treatmentand was sometimesconvertedto activeauxin spontaneously(Raadts and
S6ding, I957). The quantitiesof thissecond auxin decreasedon incubationof coleoptile
tissue. Raadts and S6ding concluded thatthis auxin was not produced fromIAA in the
tip, but thatthe reversemightbe true. Ramshorn(I955) also detectedIAA and another
compound with auxin activityin diffusatesof Avena tips, using a straightgrowthbioassay. Shen-Millerand Gordon (I966) examinedthe auxin presentin aqueous diffusates
of coleoptiletips withsimilarresults.Three main zones of auxin activitywere detected
on chromatograms
developed in ammoniacalisopropanolof the acidic ether-extractable
fractionof the diffusates.One correspondedto IAA; another('F') was presentonly in
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relativelysmall amountsand ran near the solventfront;the third('P') was presentin
largeramountsand had an RF betweenthatof IAA and F. Only the IAA zone was active
in the coleoptilecurvaturebioassay,but all were activein the coleoptilestraight-growth
bioassay.The compoundP could be convertedto IAA by mild heat treatment.From its
RF and its presence only in the acidic extractablefractionShen-Miller and Gordon
concludedthatit was eitherweaklyacidic or a neutralsubstancewhichwas producedon
mild acidification.They were unable to identifyit further.It seems likelythat at least
fracsome of the auxin activityfoundon chromatograms
of the acidic ether-extractable
tion of guttationfluidwitha high RF (Fig. ic, d; Fig. 2) is due to the substanceinvestigated by Shen-Miller and Gordon since mild heatingleads to the appearance of auxin
activityclose to theRF of IAA (Fig. 3a). Verylittleauxin activitywas foundin the neutral
+ basic ether-extractable
fractionof guttationfluid(Fig. ia, b) but ifthe guttationfluid
was acidifiedto pH 3 thenmade alkalineagain withsodiumbicarbonateand re-extracted
with ether,slight but significantauxin activitywith a high RF could be detected on
of this extract(Fig. 3b), suggestingthatit is due to one or more neutral
chromatograms
substancesformedon acidification.
( a)

T~

~

T

(b)

Fig. 4. Auxin activityon chromatogramsof the acidic fractionof hydrolysedguttationfluid
of Avena (a) (25.0 ml) and Zea (b) (24.0 ml). The guttationfluidwas exhaustivelypartitioned
with ether in the usual way beforebefore hydrolysiswith alkali.

Shen-Millerand GordonfoundthatP was probablya precursorof IAA, thatitwas not
transportedby the polar auxin transportsystem(which accountsforits inactivityin the
coleoptilecurvaturebioassay) and thatit could only be obtainedfromfreshlyharvested
tips. They concluded that the intactseedling was necessaryforthe maintenanceof a
pool of P in the tip. This is consistentwith the presence of P or P-like substance in
guttationfluid.If P werepresentin thexylemsap in the coleoptiletipthemaintenanceof
the P pool would depend on the intactseedlingand P would appear in aqueous diffusates
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even thoughit is incapable of movingthroughlivingcells in the polar auxin transport
system;it will be shown in the nextsectionof this paper thatsubstancespresentin the
xylemsap are concentratedat the coleoptiletip and can readilydiffuseout of isolatedtips
into water.
The sourceofthe auxinspresentin guttationfluidseemslikelyto be the seed. Seeds of
Avena and Zea are known to be rich in auxin (Pohl, I935, I936; Hemberg, I955;
Hamilton,Bandurskiand Grigsby,I96I). The acidic ether-extractable
fractionof Zea
seeds containsIAA and otherzones of auxin activityon chromatograms
developedwith
ammoniacal isopropanol which are similar to those found in aqueous diffusatesof
coleoptiletips by Shen-Millerand Gordon; the major one has an RF correspondingto
thatof P (Hemberg, I958). In additionto these ether-solubleauxins,the seeds contain
considerablequantitiesof bound auxin. In Zea muchof the bound auxin consistsof IAA
esters,particularly
IAA-inositols,fromwhich IAA is released by mild alkalinehydrolysis (Lambarca, Nicholls and Bandurski,I965; Ueda and Bandurski,I969). The possibilitythatguttationfluidmightalso containalkali-labileIAA complexeswas investigated
by subjectingguttationfluid,which had previouslybeen exhaustivelyextractedwith
ether,to alkali(I N NaOH forI 5 minutesat 20 C). Afteradjustmentofthe pH the fluid
was partitionedin theusual wayto give a neutral+ basic and an acidic fraction.Chromatographyand bioassayof these extractsshowed thatlittleor no auxin was presentin the
neutral+ basic fraction,but thatin the acidic fractionauxin activitywas presentat RF
0.7-I.O and also in the case of Zea at the RF of IAA (Fig. 4). These resultsindicatethat
guttationfluidcontainsalkali-labilecomplexesof auxin which are probablyesters.
Table i. Auxin in guttationfluidfrom coleoptiles
(the results,estimatedby bioassay,are expressed
in termsof IAA equivalents,as jlg -1 guttation
fluid)
Avena

Zea

IAA

0.52

0.35

RF 0.7-1.0

0.34

Acidic fraction

Acidic fraction of hydrolysed guttate

IAA

RF 0.7-I.O

Total

o.o8

0.10

o.z8

0.12

0.11

i.o6

0.84

A quantitativecomparisonin termsof IAA equivalentsof the different
formsof auxin
in guttationfluidis shownin Table i. This could be misleadingsincethenon-IAA auxins
may not have activity-concentration
curvesidenticalto thatof IAA; forexample ShenMiller and Gordon (I966) found that P had a much shalloweractivity-concentration
curve: this is likelyto lead to a seriousunderestimateof the potentialauxin activityof P
if it is convertedto IAA. The data in Table i are not correctedforlosses duringextraction and chromatography.
The average recoveryof [i-'4C]IAA added to samples of
guttationfluidwas 26%. Thereforethe total amounts of auxin in guttationfluidare
likelyto be in the orderof 4 jug 1-' forAvena and 3 jug 1- forZea.
The coleoptiletip as a siteof auxin accumulation
If Avena seedlingswhose rootshave been removedare placed withtheirbases in a
solutionof dye, e.g. acid fuchsin,and leftto transpire,the dye moves upwardsthrough
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the vascular bundles of the coleoptile and accumulates at the coleoptile tip (Plate i,
No. i). Dyes introducedintothe transpiration
streamof decapitatedcoleoptilesaccumulate at the new apical regionat the tip (Plate i, No. z). Apical accumulationof substances
introducedintothe transpiration
streamalso occurs at the tips of leaves (Plate i, No. 3)
and at the tips of veins in the petals of flowers;it is particularlyeasy to observein white
flowerswhose stalksare placed in a solutionof dye (Plate i, No. 4). This phenomenon
presumablydepends on the withdrawalof waterfromthe xylemalong the lengthof the
vascularsystem,resultingin an ever-increasing
concentrationof substancesdissolvedin
the xylem sap which reaches a maximumat the apex. Apical accumulationcan also
occur under conditionsof guttation;if Avena seedlingswhose roots have been slightly
damaged to facilitatethe entryof the dye are wateredwitha solutionof acid fuchsin,the
dye appears in the guttationfluidand also accumulatesat the coleoptiletip.
Table 2. Radioactivityin sectionsof coleoptilesof Avena seedlings
after2 hours'
inthedarkwiththeir
transpiration
cutroots
inasolution
of[i - 4C]IAA (i x i o-6 M)
(coleoptile
sections
fromtenseedlingswerepooled in each experiment)

Apical
Next
Next
Next
Next

Intact coleoptiles
ct/minute ct/minute/mm
z mm
78
39
Apical 3
3 mm
66
22
Next 3
3 mm
44
Next 3
15
II
5 mm
56
Next 3
5 mm
77
15

Decapitated coleoptiles
ct/minute ct/miniute/mm
mm
99
33
mm
6o
20
mm
51
17
mm
42
14

Table 3. Radioactivityin apical and subapicalsectionsof Zea
coleoptileswhichweresuppliedat theirbaseswitha solutionof
[I-

4C]IAA (0.5

X Io-6

M)

(after4 hours'transpiration
ten

coleoptiles
weredividedintosections
forcounting;tenotherswere
decapitatedand agar blockswereplaced on theirapical cut
surfacesbeforea further(5-hour)periodof transpiration)
Ct/minuteper ten sections
After4 hours After9 hours
Apical 3 mm
Subapical 3 mm
Agar blocks

212

177
-

-

360
4

The introductionof [i- 4C]IAA intothe transpiration
streamof coleoptilesresultsin
an accumulationof the auxin at the coleoptiletip; in decapitatedcoleoptilesthe auxin
accumulatesat the new apical region(Table 2). If blocksof agar are placed on the apical
cut surfacewhilethe auxin is accumulating,verylittleauxin can be detectedin the agar
even thoughconsiderableamountshave accumulatedat the new tip; resultsof a typical
experimentare shownin Table 3. Thus, in the experimentsof Skoog (I937) whereagar
blocks were placed on the apex of decapitatedcoleoptiles,the failureto detectauxin in
the agar cannotbe regardedas evidenceagainstthe acropetalmovementof auxin in the
coleoptile.
Whitehouseand Zalik (I968) showedthatthelabelled IAA injectedintotheendosperm
of Zea seeds movedacropetallyintothe coleoptile.I foundthat[i-'4C]IAA injectedinto
the endospermof Avena seeds moves acropetallyin the xylem.It can be recoveredfrom
the coleoptiletip by extractionand can also be detectedin guttationfluid(Fig. 5a).
When coleoptiletips in which the accumulationof acid fuchsinhas taken place are
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out of thetips.This processwas followedby
placedin waterthe dyereadilydiffuses
ofacidfuchsin,
maximum
attheabsorption
ofthediffusate
theopticaldensity
measuring
542 m,u.Overhalfthetotalamountofdyein thecoleoptile
tipsappearedintheaqueous
diffusate
within3 hours.Similarly[i-'4C]IAA appearsin aqueous or agar diffusates
(Fig. 5b).
fromcoleoptiletipsin whichthisauxinhas accumulated
thatin theintactseedso farsuggeststhesimplehypothesis
The evidencepresented
inthexylemfromtheseedandaccumumoveacropetally
ling,IAA and IAA precursors
of
tip.The influence
lateat thecoleoptiletip,or ifthisis removedat the'physiological'
(a)

(b)

Fig. 5. (a) Radioactivityon a chromatogramof the acidic fractionof guttationfluid collected from coleoptiles of Avena seedlings 4 hours after injection of z ,ul of [i-14C]IAA
(5 x IO-4 M) into the endosperm of the seeds. (b) Radioactivityon a chromatogramof the
acidic fractionof 3.5 hour aqueous diffusateof tips of Avena coleoptiles which had been
supplied at theirbases with [i-14C]IAA (05 x Io-6 M) and leftto transpirefor 3 hours.

on thisprocessmaywellexplaintheroleoftherootsin theauxineconomy
rootpressure
of the coleoptiletip,althoughtheymayhave an additionalroleas a sourceof cytois the
in thishypothesis
kinins(Jordanand Skoog,I97I). The onlyapparentdifficulty
as estimated
bythe
fluid:about4 jug/l
relatively
lowamountofauxinfoundin guttation
and chromatography.
forlossesin extraction
straight
growthbioassayaftercorrections
usedforthecollection
undertheconditions
The coleoptile
ofan Avenaseedlinggrowing
fluidperhour.Thus about4 x IO-12 g of
ofguttation
fluidproducesabouti1ulguttation
fluid.Wentand
tipperhourappearinguttation
auxin(as IAA equivalents)
percoleoptile
that
detailsindicating
Thimann(1937; theirfig.27) producedatawithoutexperimental
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Avena coleoptiletipscan diffuseabout 40 x IO -12 g auxinper coleoptiletip per hour.It is
impossibleto comparethese figuresdirectlyforseveralreasons.
exist.
(i) Differentvarietiesof Avena were used and considerablevarietaldifferences
For example,the varietyused by Sheldrakeand Northcote(I968a) containsabout five
timesas much auxin in its guttationfluidas the varietyused in these experiments.
(ii) The auxins otherthan IAA in guttationfluidmay have been under-estimatedin
theirpotentialauxin activityforthe reasonsgiven on p. 439.
(iii) Most important,by no means all the auxin ascendingin the xylemsap escapes
fromthe plant in guttationfluidforthe majorityis retainedin the coleoptile.In experiments in which labelled IAA was supplied to the roots of Avena seedlings,the apical
regionof the coleoptilewas foundto containbetweenfiveand twentytimesmore radioactivitythan the guttationfluid.The proportionsof non-IAA auxins and IAA esters
retainedin the coleoptileneed not necessarilybe the same.
In the absence of furtherquantitativedata it is not possible to decide whetheracropetal movementof auxin and auxin precursorsin the xylemcan accountforall or only
for part of the accumulation of these substances at coleoptile tips. The possibility
that some acropetal movementof auxin and/orauxin precursorsalso takesplace in the
phloem cannot be ruled out; but at presentthere seems no reason to adopt this more
complicatedexplanation.
Auxin in thetipsofprimaryleaves
In the primaryleaves ofAvena thegreatestamountsof auxin are obtainedby extraction of the basal, meristematicregion (van Overbeek, 1938). The leaf tips are nonmeristematicand are unlikelyto be sites of auxin synthesis.
Substances moving in the xylem accumulate at leaf tips in the same way as they
accumulateat the apical limitof the vascular systemin otherorgans (Plate i, No. 3).
Auxinis foundin theguttationfluidfromprimaryleaves (Fig. 2d). Thereforethe leaftip
mightbe expectedto act as a siteof auxin accumulationin the same way as the coleoptile
tip. The resultsin Table 4 indicatethatthis is so. More extractableauxin was foundin
the apical sectionsofyoungprimaryleaves thanin thesubapical sections.The accumulation of auxin at the leaf tip may be of littlephysiologicalsignificancebut it is an almost
unavoidableconsequence of the acropetalmovementof auxin in the xylem.
Table 4. Auxin in thetipsof primaryleavesof youngAvena plantsgrownat
220 C (zones corresponding
to the RF of IAA on chromatograms
of ether
extractswereestimatedby theAvena mesocotyl
bioassay,resultsare expressed
in terms
ofIAA equivalents)
Age of plants
(days)

Growth conditions

6
7
7
9
9

Sand, dim daylight
Sand, dim daylight
Sand, full daylight
Sand, full daylight
Vermiculite,dark

Auxin (ng g- 1 freshweight)
Terminal 3 mm
7.8
2.1
3.2

5.6
13.8

Second 3 mm

Third 3 mm

4.2
1.4
1.7

2 3
1.2

4.9
6.2

i.6

2.9

9.4

The evidencefor auxinproductionby isolatedcoleoptiletips
It has alreadybeenpointedoutthatthecomparisonsmadebyvan Overbeek( 941) and
Wildmanand Bonner(1948) of the amountsof auxinwhichcould be obtainedby extrac-
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tion and by exhaustivediffusionof coleoptiletips depend on the assumptionsthat no
losses of auxin occur duringextractionand that bacterialauxin productionduringthe
period of diffusionis negligible.These possible errors,if large enough,could mean that
the resultsno longer supportthe conclusion that auxin productionoccurs in isolated
coleoptiletips.
I have estimatedthe recoveriesof [i- 4C]IAA added to coleoptiletips extractedby the
proceduresused by these workers.By the 12-hourmicro-Soxhletmethodof van Overbeekan averagerecoveryof 58% was obtained; bythe procedureofWildmanand Bonner
(lyophilizationof coleoptiletips,storagein a desiccatorover P205 and thenetherextraction) 65% was recovered.
An examinationof the resultsof van Overbeekstronglysuggeststhatbacterialauxin
productionwas involved. The amount of diffusibleauxin from Zea coleoptile tips
declinedoverthe first4 hoursand thenrose again; and in one experimenta furtherrise
occurredwhen a new cut was made in the tissue exposingmore damaged cells (his Fig.
i). In coleoptilesectionstakenfromthe apex of decapitatedseedlingslittleauxin was
but afterthisperiodauxin productionbegan (his
obtainedin thefirst4 hoursof diffusion
Table 4). If the apical cut surfaceof sectionspreparedin this way was burntor treated
withsilvernitratethe productionof auxin was delayedforseveralhours(his Fig. 5). The
of these resultsseems to be that the auxin obtained after
most probable interpretation
the first4 hours of diffusionwas produced by bacteriagrowingmostlyon the cut surfaces. On the other hand the auxin obtained withinthe first4 hours is likelyto have
originatedfromthe coleoptiletip; this representsless than halfthe totalauxin obtained
fromi-mm tips.
Table S. Extractableauxin as a percentageof auxin obtainedby exhaustive
for probablelossesin extraction
of coleoptiletips(resultswerecorrected
diffusion
andfor bacterialauxinproduction)
Author
van Overbeek
(1941)

Wildman and Bonner
(1948)

Species
Zea (sand grown)
Avena (sand grown)
Avena (water grown)
Avena (water grown)

Uncorrected results
8

Corrected results

42
14

25
72
23

20

27

The growthofbacteriaon cut surfacesis also likelyto have occurredin theexperiments
of Wildman and Bonner. They measured the abilityof coleoptile tissues to convert
increasein the tipsof decapitatedcoleoptiles
to auxin and founda significant
tryptophan
3 hoursafterthe cuts were made. Winter(I966) has shownthatsterilecoleoptiletissues
are incapable of bringingabout this conversion,indicatingthat the enzymicactivity
detectedby Wildman and Bonnerwas due to bacteria.
The resultsof van Overbeek,and Wildmanand Bonnerare shownin Table q together
with correctedresultscalculated on the basis of the probable recoveriesof auxin by
extractionand on the assumptionthat 50% of the auxin obtainedby diffusionfromZea
coleoptiletips and by extractionof the tips at the end of the diffusionperiod was of
bacterialorigin.Even afterthesecorrectionshave been made theresultsstillindicatethat
auxin is produced duringthe diffusionperiod.
Of the compounds with auxin activitydetectablein coleoptiletips by the straightgrowthbioassay only IAA is active in the Avena curvaturebioassay (Shen-Miller and
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Gordon, I966). Both van Overbeek, and Wildman and Bonner used the curvature
bioassay; the auxin productiontheyobservedcan thereforebe equated withthe productionof IAA. Evidence thatthe productionof IAA occursin isolatedcoleoptiletips is also
providedby the data of Shen-Miller and Gordon (I966), who found that increasesin
IAA wereassociatedwithdeclinesin theamountsofcompoundsP and F. In some experimentsincreasesin the amountof IAA tookplace whilethe totalauxin activitydetectable
bythestraightgrowthbioassayremainedmoreor less constantor evendeclined.Whether
a situationsuch as thiscan be describedas auxinproductiondependson the criteriaused;
the straightgrowthbioassaywould indicatethattherehad been no net auxin production
while the curvaturebioassay would indicatethattherehad.
These resultsare consistentwiththe accumulationat coleoptiletips of IAA and of the
othercompoundswith auxin activityin the straightgrowthbioassay detectedin guttation fluid,and the subsequent conversionof these compounds and also of IAA esters
to IAA.
curvatureof coleoptiles
The autonomous
Tetleyand Priestley(1927) drewattentionto thefactthattheanatomyofthecoleopplane. Justbeforetheyterminatethe vascular
tile tip is asymmetrical
in the dorsi-ventral
bundles which run up eitherside of the coleoptilearch over towardseach otheron the
side ofthe coleoptilefacingtheseed and awayfromtheside on whichtheterminalpore is
located. The more detailedinvestigationsof the anatomyof this regionby O'Brien and
Thimann (I965) and Thimann and O'Brien (I965) showed that the xylemterminates
about 0.4 mm and the phloemabout o.65 mm below the extremetip. The distributionof
the xylemis consequentlymore asymmetricalthan thatof the phloem.
Auxinwhichmovesacropetallyin the xylemand accumulatesat the apical limitof the
in the
vascular systemmightthereforebe expected to be distributedasymmetrically
coleoptiletip,withmoreauxin on the side facingthe scutellum.If thisreasoningis correctthe side of the coleoptilefacingthe scutellummightbe expectedto growmorethan
the otherside of the coleoptile,resultingin an autonomouscurvature.This curvature
mightnotbe detectedundernormalconditionsofgrowthbecause thegeotropicresponse
would tendto correctit; but in theabsenceofthegeotropicresponsethecurvatureshould
develop.
Avena seedlingsgrownin darknesson a clinostatrotatedaroundthe horizontalaxis do
indeed develop an autonomouscurvatureof this type(Bremekamp,1925; Lange, I925;
Pisek, 1926; Dolk, 1936). A similarautonomous curvaturehas also been observed in
conditionsin a satellite
Triticumseedlingsgrownon a clinostatand also in gravity-free
orbitingthe earth(Lyon, I968). These curvatureshave so farbeen unexplained.
In seedlings growingunder normal gravitationalconditionsthe interactionof the
autonomous curvaturewith the geotropicresponse could account for the nutational
movementsof coleoptiles in the dorsi-ventralplane, althoughthe more frequentand
type of explanation
rapid nutationalmovementsin the lateralplane require a different

(Anker,1972).

evidenceforthe
rTheautonomouscurvatureof coleoptilesthusprovidescircumstantial
acropetalmovementof auxin in the xylem.The accumulationof auxin in the mostapical
partof the xylemcan also explainWent's (1928) findingthatthe terminal0.7 mm of the
Avena coleoptileis particularlyrichin auxin; thiswould not be expectedifthe acropetal
movementof auxin or auxin precursorsin the phloemwas of majorimportancesince the
phloem terminatesabout o.6S mm fromthe apex.
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The acropetalmovementof auxin and potentialprecursorsof auxin in the xylemfrom
the seed to the coleoptiletip where they accumulate and where IAA esters and other
compounds related to IAA may be activatedis a mechanismwhich was proposed in
various formsby Pohl (935, I936), Averyand Burkholder(I936) and van Overbeek
(I937).
It is consistentwiththe classicalworkon coleoptilesand providesan explanation
forthe role of the roots,forthe regenerationof the physiologicaltip and forthe autonomous curvatureof coleoptiles.The views of Pohl (I935, I936) that auxin itselfmoves
acropetallyand of Skoog (I937) and Voss (I939) that 'inactive'formsof auxin move in
thiswaybothappeartobe correct.Thebalance betweentheamountsofauxinanddifferent
in different
precursorsof auxin seem to be different
species; for example, IAA esters
are apparentlyofgreaterimportancein the coleoptilesof Zea thanAvena. An unresolved
problem is the identityof the labile compounds P and F found by Shen-Miller and
Gordon (I966), one of which may be identicalwith the second auxin of Raadts and
S6ding (I955) and Ramshorn(I955) and withthe substancedetectedin guttationfluid.
However, it seems clear that theyshould be regardedas closely relatedto IAA; more
which is not detectablein guttation
closelythan its biosyntheticprecursor,tryptophan,
fluid (Sheldrake and Northcote,I968a). The conversionof these 'inactive' auxins to
IAA in the coleoptiletip and the hydrolysisof IAA estersis not comparableto the biosynthesisof IAA whichtakesplace in otherpartsof plants. Considerableconfusionhas
resultedfromignoringthisdistinction;forexample,an elaboratehypothetical
pathwayof
IAA biosynthesisfromindole was proposed by Winter(I966) to accountforhis finding
thatsterilecoleoptiletissue was incapable of convertingtryptophanto IAA.
Mer (I969) has drawnattentionto a numberof inconsistenciesin thetraditionalviews
of the role of auxin in the controlof growth.In particularDattarayand Mer (I964) have
shown that in etiolatedAvena seedlings grownunder different
conditionsno correlation exists between the auxin contentand the growthrate. These resultsare not so
surprisingin the lightof the mechanismof auxin accumulationat the coleoptiletip put
forwardin this paper; the amountof auxin movingfromthe seed and accumulatingin
the coleoptilewill presumablybe affectedby transpiration,
guttationand root pressure
and thus be determinedby differentvariables from some of those which influence
coleoptilegrowth.
Dormant seeds of Zea contain large quantitiesof IAA estersfromwhich IAA can
be releasedby alkalinehydrolysis(Ueda and Bandurski,I969). As the seeds germinatea
declinein the amountof bound auxin is associatedwithan increasein the amountoffree
IAA (Hemberg, I955; Ueda and Bandurski,I969). By contrast,as Zea seeds develop
thereis a declinein the level offreeauxin whichmaybe associatedwithits conversionto
auxin derivativesthat serve as a source of auxin in the germinatingseed (Hemberg,
I958). In developingrye seeds the appearance of alkali-labileauxin complexesis preceded by a large increasein thelevelof freeauxinwhichdeclinesas the bound auxin is

formed
(Hatcherand Gregory,
I94I; Hatcher,I943).

Auxin biosynthesisis widely considered to take place in meristematiccells. This
view is based noton directexperimentalevidencebut on the correlationbetweenareas of
meristematicactivityand auxin production.If the non-meristematic
coleoptiletip were
a site of auxin biosynthesisit would presenta seriousdifficulty
forthis hypothesis.But
since the auxin economyof coleoptile tips is vicarious and depends on auxin which
ofauxin can be tracedback to theprocess
originatesfromtheseed, theactualbiosynthesis
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of seed developmentwhere it could perhaps be attributedto meristematiccells. An
alternativeexplanationof auxin productionis provided by the dying cell hypothesis
(Sheldrake and Northcote,i968b, c; Sheldrake, I97Ib), accordingto which auxin is
activityas a resultof the autolysisof differentiating
producedin regionsof meristematic
cells (e.g. xylem)or the regressionof nutritivetissues.Hatcher(I943) foundthatin the
developingseed most of the auxin was presentin the aleuronelayerand thatnone was
detectablein the embryo.By a correlationoftheappearanceofauxin withthe anatomical
changeswhichoccur duringseed development,in particularthe regressionof nutritive
tissues,he concluded: 'As to the immediatesourceofthe auxin,I am inclinedto theview
that it is derived fromthe cytoplasmof the disintegrating
cells.' This interpretation
implies that the auxin of coleoptiletips is ultimatelyderived fromdyingcells in the
developingseed.
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EXPLANATION
Nos.

OF PLATE

The accumulationof acid fuchsinat the apical limitof the vascular system. Dilute
(0.05%, w/v) solutions of the dye were introduced into the transpirationstream either
throughcut rootsor the base of the stem; the specimens were leftto transpirefor2-4 hours
beforebeing photographed.All x I4. In Nos. I-3 the apices are shown on the left.
No. i. Coleoptiles of s-day-old Avena seedlings.
No. 2. Coleoptiles of s-day-old Avena seedlings which were decapitated before dye was
introducedinto the transpirationstream.
No. 3. Primaryleaves of io-day-old etiolated Avena seedlings.
No. 4. A white flowerof Chrysanthemum
leucanthemuim
L. Note the accumuilationof dyc
at the tips of veins in the petals.
I-4.

age at different rates but, according to this hypothesis,all
cells would be ageing to a greater or lesserextent all the
'time; alrl cells would bc heading towards senescenceand
death.
The elimination of membranous material from cells
might enable the ageing processto be rctarded and therc
are a few examplesof the sheddingof membranesby cells
which I will discussfurther. But, in general, the only way
in which cells could avoid their otherwise inevitable mortality would be by growing and dividing, thus diluting the
accumulated breakdown products. Although lipid peroxidation may be the most important cause of the formation
of such substances,the following general considerations
could apply to any deleterioussubstanceswhich accumulate
with age.

Growth anil division of cells
An artificiatly simple case is provided by cells dividing
symmetrically with a fixed generation time if these accumulate deleteriousbreakdown products linearly with time,
an am,oun't,x, being formed per cell generationtime (Fig. l).
Successivegenerations contain more of the accumulated
breakdown products but the increments become smaller
and smaller. lf the rate of accumulation is not linear, but
proportional to the amount already accumulated,the content per cell will increase exponentially; and if there is a
progressivelengthening of the cell generation time, there
will be a greater accumulation within individual cells in
succeeding generations. With either or both of these
assumptions,it can be seen that the whole population will
undergo senescenceand sooner or later die out.
But another type of cell division is possible,an asymmetrical division in which one of the daughtercells receives
all or most of the accumulated breakdown products (becoming more 'mortal') while the other is rejuvenated,
receivinglittle or none. The more 'mortal' of the daughter
cells might die or differentiate directly, or it might divide
again unequally,producing a rejuvenatedcell and a cell
'mortal' than itself, or it might undergo one or
even more
more sequentialsymmetrical divisions (as discussedabove)
to producea populationof cells which sooneror later die
(unlessthey can undergo further asymmetricaldivisionsto
produce rejuvenatedcells).

I / ..
I 2.\

Fig. I Cells dividing symmetricallywith a fixed generation
time showing the accumulation of deleteriousbreakdown
prodr cts linearly with time, an .amount, r, being formed
per cell generationtime.

I shall now consider a few aspectsof the growth and
developmentof higher plants and higher animals in the
light of these ideas. Dicotyledonous trees illustrate the
pattern of indefinite growth that is characteristicof plants.
(There are of course plants, such as herbaceousannuals,
which die after they have flowered.But annualsare capable
of growing for much longer than their normal life-span if
they are preventedfrom flowering, indicating that they die
becausethey flower and not becauseof an innate inability
to go on growing".) The life span of trees is limited by a
variety of mechanicalfactors, but cuttings taken from old
trees can give rise to healthy young trees, and this process
can be repeatedindefinitely.The growing points of the tree,
the apical meristems,remain perpetuallyyoung.
Cell divisionswithin the apical meristemsof the shoots
give rise to daughtercellswith differentfates: someremain
meristematic,others give rise to the differentiated structures of the stemsand the leaves.Some of thesecells die
as they differentiateinto vasculartissuesand fibres,others,
for example the leaf mesophyll and pith parenchyma,
remain alive for sometime, but, unlessthey are stimulated
to divide again in a regenerativeresponseto wounding or
damage,they eventuallydie. The leavessenesceand fall
from the tree; the pith breaks down. The root meristems
give rise to the primary tissues of the root which, apart
from those which divide to produce further root meristems,
sooner or later die. In secondarily thickening stems the
divisions of the cambial cells give rise to cells which die
as they differentiateinto xylem or undergo further asymmetrical divisionsto produce phloem companion cells and
sievetubes. Thesecells eventually die and are sloughedoff
in the bark. Cell divisionsin the cork cambium give rise to
cork cells which die as they differentiate; divisions of the
root cap initials give rise to root cap cells which die and
are sloughed off. Thus, in the various meristems of the
plant the continued growth and continued rejuvenation of
the meristemsis associatedwith the production of cells
which die during or after differentiation.

Vertebrates
unlike trees,do not go on growingindefinitely,
Vertebrates,
nor can they be propagatedvegetatively.At first, fertilised
which rapidly increasethe number
eggsundergocleavages
of cells, but this rate of increaseof cell number declines
progressively
as the animaldevelops,and as cellsand tissues
Throughoutthe developmentof the embryo
differentiate'".
many tissuesand groupsof cells regressand die"'". Some
of these cell deaths are associatedwith tissue differentiaand
tiontt, some occur during morphogeneticprocesses'o,
others may representthe regressionof phylogenetically
vestigial structures", but the significanceof other cell
deathsis obscurett.As the animal develops,the cells oT
sometissues,suchas nerveand muscle,differentiateand to
a large extent lose the ability to undergofurther division.
Someof thesecells die as the animal grorvsolder and are
not replaced"'"but in the adult animal a number of other
tissuescontinue to grow, for example the epidermis,the
intestinallining, the liver and blood cells continue to be
formed. In all theseexamplesthe productionof new cells
in the basal la)'ersof
is offsetby cell death. Cell diyisio5rs
the mammalianepidermisgive risd to daughtercellswhich
remain in the basal layers and divide again, and other
daughtercells which differentiateand keratinise,dying as
they do so. Cell divisionsin the crypts of the intestinalvilli
replenishthe populationof crypt cells capableof further
divisionand produceother daughtercells which move up
the villi where they die and are sloughedoff". Asymmetricaldivisionsof the early precursorsof all cellsof the
blood occur throughout life and give rise to further precursorcellsas well as to the maturing and mature cellsof
the blood, all of which have a limited life span. During

thc fornrationof red blood cells" and granulocytest'inthe
bone marrow, and lymphocytesin the thymus:', considerable numbersof cellsdie in situ soonafter they are formed.
The reasons for this 'ineffective' erythropoiesis,granulopoiesisand lymphopoiesis
are unknown.
The mortality of at least some of the cells which die in
developinganimal embryos and in mature animals may
representthe price that is paid for the rejuvenationof other
cells which continueto grow and divide.But unfortunately
too little is known about cell lineagesin animals,especially
in embryos, for it tq'hsyrirmetrical
be possibleto decide how general is
the phenomenonof
cell divisionsgiving rise
to daughter cells of unequal mortality. The recognition of
this pattern is complicatedby the fact that by no meansall
cell death takes place as a result of cellular senescence.
Some cells die as they differentiateand others may die
becausethey find themselvesin the wrong placesat the
wrong times". Cell deaths may be controlled chemically,
for exampleby steroid hormones: the injection of glucocorticoidscan causelarge num,bersof lym.phocytes
to dier?,
the regressionof Mullerian and Wolffian ducts is controlled by androgensand oestrogens'n'"
and the regression
of the lining of the femalegenitaltract is under the control
of oestrogens".But, under the hypothesisthat asymmetrical
cell divisions lead to a rejuvenation of 'meristematic'
daughter cells at the price of the increasedmortality of
their sistercells,it doesnot matter whether the latter die
as a result of senescence,
or whether they die as they differentiateor for any other reason.

lost. The best example,and the only'one for which conclusive ultrastructural evidence exists, is in the secretion
of lipid dropletsby the cellsof lactatingmammaryglands.
The secreted lipid droplets are surrounded by a unit
membranederivedin part from the surface membraneand
in part from Golgi vesicle membranest'.
Second, membrane-bounded
vesiclesof cytoplasmcan
break away from mammalian macrophagesboth in vitro
and in yiyott, This process,known as clasmotosis,is of
unknown significance.Lymphocyteswhich are activatedin
immunological reactions or as a result of phytohaemagglutinin stimulation form 'tails' (uropods) which can btJb
off vesiculated buds in vivo and in vitro".. Again, the
significanceof this processis unknown. Clasmotosisis also
frequently observedin cultures of fibroblasts.
Third, many typesof animal virusesare buddedoff from
host cells in membrane-bounded
vesicles.The protein in
the membraneof the vesiclesis largelyviral, at leastin the
case of RNA tumour viruses,but the lipids are derived
from the host cell membrane".Viral particlesboundedby
membraneare also buddedoff from the cells of a number
of spontaneously
canceroustissues"and from many of the
cell strainsand permanentcell lines which are commonly
cultured in laboratories".

Tissuecultures

Many plant callus cultures can be grown indefinitelyin
vilro. During the early stagesof the growth of some calluses,an exponentialincreasein cell number takesplaceat
a rate which suggests
that many of the cells may undergo
Sexualreproduction
a limited numberof sequentialsymmetricaldivisionsbefore
In the sexual reproduction of both higher plants and
the growth rate declines"''o
but in most plant tissuecultures
higher animals almost all the cytoplasmfrom which the
the rate of increaseof cell number is more or lesslinear
embryo and the new organismdevelopsis providedby the
for most of the growth period"'''. Linear growth characegg. In both cases,the egg cells are formed as a result of
teristics would be compatible with a meristematic pattern
asymmetricaldivisionsof the egg mother cell. In the great
of cell division such that some daughter cells continue to
majority of higher plants, the meiotic divisions of the egg
grow and divide while their sister cells age and sooner or
mother cell produce four cells, three of which die. The
later die. Unfortunately nothing is known in detail about
fourth undergoesfurther divisions to produce the cells of
cell lineageswithin thesecultures, nor are there any quanthe embryo sac, most of which die before or shortly after
titative data on cell death. Nevertheless,
dead and dying
fertilisation.In somespecies,
one or more of the threesister
cellsare by no meansuncommon.
'Permanent'
cells of the cell which gives rise to the egg may undergo
mammaliancell lines capableof indefinite
further division to produceshort-livedembryo sac cellsrt. propagationin vitro can be derivedfrom canceroustissues
In animalsthe first and secondmeiotic divisionsof the egg
and also from cells which have undergonea spontaneous
mother cell give rise to the first and secondpolar bodies, 'transformation'during culture. Diploid fibroblastcultures
rvhich regressand dieto.tt.
can be propagated,however,only for a finite number of
I t i s p a r t i c u l a r l ys t r i k i n gt h a t i n b o t h p l a n t sa n d a n i m a l s , subculturings,more (up to about 60) if the cells are
only one of the progenyof the egg mother cell givesrise
derivedfrom embryonictissues,fewer if they are derived
to an egg while the sister cells die (or if they divide give
from mature organisms". The number of generations
rise to short-livedprogeny).By contrast,there is no comthrough which the cells can be passedbefore the populaparablecell lossin male gametogenesis
associated
with the
tion senesces
and dies out is reducedif the period of time
meiotic divisions of the pollen mother cells and
betweenthe subculturings
is increased".Fibroblastsof the
spermatogonia.
mouseL strain havebeenobservedto divide symmetrically
The many examplesin both higher plants and higher
over six to sevencell generations
with a more or lessconanimals(and many more can be found in the lower plants
stant generationtime"; if the cells in the diploid fibroblast
and lower animals)of the productionof rejuvenatedmeriscultures also divide symmetrically,deleteriousbreakdown
tematic,stem or egg cellsby asymmetricaldivisionsdo not
products might accumulatein the cells of succeeding
of course prove that these divisions involve an asymgenerations,as discussedabove, and account for the
metrical distribution of deleteriousbreakdown products; senescence
of these cultures. It is impossible,however,to
but the availablefacts appear to be consistentwith this
make any detailed interpretation of the senescenceof
hypothesis.
these cultures in the absenceof quantitative information
about the proportionsof dividing and nondividing cells,the
Loss of membranousmaterial by animal cells
incidenceof cell death,and the extent and significance
of
clasmotosiswithin these cultures---orindeed with cultures
If the accumulationof deleteriousbreakdownproductsof
'transformed'
and 'permanent' cell lines.
membranelipids is one of the causesof cellular senescence, of
the loss of membranousmaterial might be of considerable
importancein enablingcells to rid themselves
of such sub_ Cancer
stances.The sheddingof membranousmaterial by living
Malignancymust not only involvethe freeing of cellsfrom
cells does not seem to be of common occurrencebut ca;
the normal controls on their proliferation, but also the
t a k e p l a c ei n m a m m a l i a nc e l l sa s f o l l o w s .
avoidanceof senescence
by at least a part of the cell
First, in apocrinesecretionspart of the cell membraneis
population.Many animal tumours contain a stem cell or

'meristematic' population which gives
rise to daughtercells
which may or may not differentiate, but which sooncr or
later die", There are numerous examples of cell death
within canceroustissues"-tt, Some of the cell deaths can
be explained in terms of an iriadequatevascularisationof
the tumour tissue,but in most tumours this is by no means
the only cause and does not apply at all to leukaemias;
many of the cells may die as a result of ageing'r.
Little attention has been paid to the incidence of cell
death within cultures of cancerouscells and it is therefore
at present impossibleto know to what extent the patterns
of cell division, ageing and death within these cultures
resemble those within in vivo cancers. It is sometimes
assumed,if only implicitly, that overatl exponentialgrot"ih
characteristicsof cell cultures mean that there is a homogeneous population of symmetrically dividing cells. This
assumption is not justified: a heterogeneouspopulation
c-ontaining proliferating, nonproliferating and dying cells
can also grow exponentially if the proportion of cells that
die is constant with time",''.
It is conceivablethat the loss of membranousmaterial
either spontaneously,as in certain types of mammary gland
tumours", or as a result of the budding off of viruses
(such as RNA tumour viruses)could play a significantrole
in the retardation of cellular senescencein certain types
of cancer.

Effects of cell death
Very little is known about the biochemistry of dying cells.
Such cells probably release all sorts of proteins, glycoproteins, peptides,amino acids, amino acid breakdownproducts, nucleic acids and nucleic acid breakdownproducts,
lipids and lipid breakdown products as well as salts and
other substanceswhich were sequesteredinside the cells.
It has recently been found that in higher plants the
hormone auxin (indole-3-aceticacid) is formed as a consequenceof cell death as tryptophan, releasedby proteolysis,
is broken down. Dying cells in differentiating vascular
tissue, regressingnutritive tissuesand so on, are probably
the major source of this hormone within the plant". Other
plant hormones may also be produced by damagedand
dying cells: ethylene from the breakdown of methionine
and cytokinins by the hydrolysis of transfer RNA". In
higher plants the normal production of hormones as a
consequenceof cell death and the production of 'wound
hormones' by darnagedcells can be seen as two aspectsof
the same phenomonomtt.
Wound and regenerativeresponsesin vertebratescannot
be explainedsimply in terms of wound hormones,but there
is evidencethat dying cells releasesubstancesthat stimulate
phagocytosis",and affect growth and developmentin both
normaltt'tt and canceroustissuest'.And at least some of
the cell deaths which occur during normal embryonic
development may well result in the production or release
of substancesinvolved in the control of differentiationand
development.
Dying cells may not only have a chemical effect on
neighbouring cells but also a physical effect as cell to cell
contacts are broken. Cell deaths within a tissue may also
affect the functioningof the tissueas a whole: for example,
the death of nerve cells within the brain" seemslikely to
affect pathwaysor patterns of nervous conduction, perhaps
leading to the formation of new pathwaysor patterns.Such
cell deathscould act as a sourceof random changewithin
the nervoussystemthat might not alwaysbe deleterious".
So little attention has been paid to the ageingand death
of cells during growth and development,both normal and
abnormal, that detailedinformation about these processes
is scarce. Where facts are few, speculationcan flourish.
Most of the speculationsadvancedin this article could be

opposod by alternativespeculations,but they illustrate the
view that growth and development cannot be understood
in isolation from ageingand death. This is by no meansan
original concept, but at the cellular level it provides a
perspectivein which many familiar facts take on a new
significance and suggests a new approach to familiar
problems.
I am indebtedto Dr A. Gliicksmann,Dr W. Jacobsonand
ProfessorE. N. Willmer for helpful comments,criticismand
discussion.
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