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0.bJigate n"'eoterlic:i'$aIamandCrs die 'if forced to.metamotphose. Weu suggest'- that
thiS can beexpIained by;,assU.niihgllT~theit '''excess'' DNA IS °jurik" J)N:A.;,,2} the
'':adult.. ,speCif1i~g' portion 1f~:thi)fN~ beCOmes junk BNAcMd is; a'vailablt!',f6r
repeateddUpJi~-mhis S1(~gest~.a ~n(jW'1,jdfik.-DNt\?in61oowar clock. We 6bla:in
rematkable,~greement in ':p~ictmg~' the 'amount of DNA per, ttucleus in pr~ent

.
day non-'obUgate:neoteJ1e salatnatiderir from. thifLmo.lecutatcldCk. These\oJjteJ:\t4.,
tons are cOri~tent with: tht;~iaeathat tlie.~d~\!eloprrientc'or these;m1iina1S is\deserib.
itbIcNntenns"bf.diff~entiatij)h t1*s Vl1i'«~~s!'¤g~ ,cas~d~},corresporldihj
to adUlt ,somatic tis~Ue$, aCtum't11a.~ deieterioWhnijitatlcjns'; ov.ef':e'(olutionaIy time~
We ,show that th~ant.OUht'orDN.Al'~r "intCteus inCre;{~:linearly with the
phylogeneuo age,of sa1ami\ndet f:fiJ)iJii$': ~n~,1ack of'~nstra:intS 'OY natura)s..,!ec-
!ion; 'on UJ1U$e~,a:dutt"bnmQh~~ maY'a«QUDt (Qr th~ Iatg~antounti ofsQ'~ed
UjUfikeDNI\:: in,,(tb1iga~Ju;Qteni(;~~rt4Cr$.. Tbe c:ff.~Qj;ji~~ aNA. tia
in~ .~ 'siz~,~1,1gge$ti.a'p(j;si,tjx.~fe~ba,*,. ~pJ:t~siQ19gi~ ~R1anatig.J1 fQt
$UoChjJ1J1k DN& aqaptauQu to@l wat"r ~nmol11t)ent'sis'el1ha,n.~d,>Y;ithe!(jwer
tn~Ja'po1fsm~ss~a.te4 wi~h"1I1ore l>1iA. large(ce1ls"and sIQ,We~ d~v.~Iopfi1e.nU\J f~e. -

" Present addiess:.Loe'b~c:dicar:'ReseaJCh,tnst.,Otia~ diVlC HOspital; 12S:~ Avei1ui,,0ttawa.
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to further evol'ution (Bonner, 1965~ 198~ Oster andAlberch, 1982; 'Harder, 1983;
Raft" ~d Kaufman, 1983; ,Arthur, 1988).

We have proposed a new theory of the development of tissuesineukaryouc
;or~nisms, (Gordon, f993) ,rooted ina bi9..mechanical model for differentiation
(GQrdo;n and '~9dlan9, 19~7.; BjorklUnd and Gqrrlo!4 f99~; 1994) l1ased on
ultrastu,rcfura1o.bse1Vati~n~ ('Q~de. 1911, 1973; M,aqin,'!1l~ G9r~{)~ l~S)~d
time lapsc"observations of waves o'f difterentiation,(Brodland et.al, 1994; <1t>rdgn.
t99~,; GQr.d,onet,al.. 1~94; ct. R~dy, Hanson find Benzer, 1976)' during, p~

'ere.~a,t!PJ,1'(teidQra~et@:1QrphosingMd~.
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FJg. i. Differentiatlon tree. rora metamorphosing animal. Developmental time is indiCated from top to
ijQ'ttOm.; Tfu: oiiatJi,Sm-,~ta~ a~ It rertilizcd egg.al time;I".E;iCh. UU~1inC,.rCp~tJ;_a gCnCcascade.dli

,products, and the mopbogenetic movements and cell shape changes,.elc.,oC aU the celkin a single.

contiguous ti$5ue.Dili;tieci thick 1iries rcp~~ gen-e'casot(Jes~harc pirtly or cQmpJctC1y~Qut doWn

whcJ1 the cells go !.hroughsutiscq-uent stCP$ Q/ dtfferentlagon. '.(;be ,nodes rcPrCsenttfu.:~S)i,ncltro.lI,~
erection of cell: state splitters iileacb"cell in.a tissue. EaOh.ceD in the, tissue.msolves"die instability of its
cens~te'iip!itter by becOming(Jl!~ ~ftwo new @l! J)'pC$, ~'Hhe tlme'(Jfl}1(:fiunorphl?~. t",.~';CeIls,
reproductive tissues, and adult somatic tissues are fUl1t.her differentiated 'from.SOlne of the larv.af tissues.,

DifferentiatiQn to an adult 1$ eoIJijMle:at t,ime 4J.%c(straight Iincs"c:k:scen4ili3ftOni each.tetniiifaJ'nOde
in'dicatelhecontinue.deltistenceofte~ly diff~tiat!,d cell~",un1~"pro~" .~U~
(apoptosis)~.
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ne11t81 fuductiM~ Thebasicid~,l$tbat ditT~rentiation maybe yi~w:~ as a tempo~~
aJ~mationof'"intraceliul8.t phY$ical instabili,ty ~QJying m~and cell type
specl1ie'gen~'cascad~~.~~~ pssue ~ splli'in~o tWo '~J1ew tiS,$ues whose«lls then
unIoldditT~ent se~$.ot genes"andg(#Jeproduct$.,: The b~cation or ~s IIU1Y.be
rtjpreSCJ1te4 by a bi,nary tt,~o;'W.hich we call the diff~cntia:tiori tree ofan organism
(Pig. t). TherefoJ:e'. a differentiation'tree isa tis$ue lineag" tree. The latter concept
'goes back to VOJi,Bae.r (.1828, see Patterson; 19&3). Slack (1983) giYes 8: ti$'Sue
lineage tree for 'amphibia.ns..

There are omny'testable nmfficauonsofa theo~ of tlevelopmentbased on
differemiatlon trees (Gordon; 199,$). We'wtlldimlbnSttate now: differentiation trees
can proVide a reasonable framework for 6l1g8niiing tht: knawn factS' abOut the
ev'olntinn dftioownic SaliimariderS.,SinceTaculaUitiVe and obligate neoteny appear
to:be reSponses to 'the localenvito'riIrient (reviewedbelow)J, this paper derii6ifstrat'es
thedirst df whatma:y prove fo be'maIiY linKS' b6tween,ditferentiiLtlon frees. ecology
ana ~volutitm. In parliiillJar, we fuid 'maf 'the qulintit)t of BNA per nucleus
,indrCaS~slinearly willi &eold'gial time in obligate neotenic saJainandel'S, yielding a
new Ujunk"nN'A moleCularclock.

,..' .,

Review, of neoteny

1'he'pnenC;)lnen,pnofneqt~is,definerJ as"tbC'?,t~ or repf(~ductivematurlty
whileremmmg., larvaJ c:.~ternar morpholo~ 'or.,laryal repr~~~on via delayi:d
somatic ~topmept(PielW and,iSptith, 197'). t..n<WtSou,an<{WqJthinmQn (19.7J)
and,Nusspaum (19:76) SURPQt1 this"4efurltipu byshpwing that larva ofAnWY$ccnna
fmJ/tIarirmr 'MQ 1)!J:tlltfP(ot/on '~,$qtf~ reach ,~uar 11Ja~~a~c appropmate1Y' Ut~
sam~ s~:as transformed indr,iduals~ Jt is' pr~~dthat thetelatiQns.bip q,e~W~n
size and age JrWfia:in$t.t11e.same for both ~eotenic and 111ctan),()rphosizing salamalidet$.

Before attempting to disCU$s fie6tenycini$81amanders wemust',mst understand tbe
Mnnat cbnditit>n,of,metaritorphosiS. MetamorphOsisris it serieS of abrupt strUctural.
pbysiolo8icaI. bioohemical and bebaviouralcbanges '(Duelltfian, ,ana Troeb, 1986)
involving:
1) regression of'strri'Cfures ani:! 'functions that are 'significant ,0nJy to, the larva;
2) ftanSformatioo of lal'VaJ structures into:,a form swtable t6 the adult;
3) iievelopment df structures and fuitctidns 'denoV'Otha'f are eSSentfaI 'to ,th~ adUlt.
Memmorphbsis irlflueni1es Jilinosfevery tis~ucin the' body. T,able 1 shows' the major
mo'rph6Iogica1'change$.It is' interesting .to note that re'produc~ive tiSsues (germuDe
and reproductive organs) are not 8IJ!,on,&stthose.:rcported to chan~ upon ttansfor~
mation XTable 7.2 m Due11manand Tfueb,. 1'986).. suPPOJ:ting,oursuggestion that

they aretormed ~yindependent branches of the differentiation tree (Fig. 'I). Direct
confirmation <if' their lack of change on 'tra~fQJ;mafi9n \V,outf:!.reworth ,li~. .. . .
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'tule 1.;~Somemorppojo~cal~ges;occ~in'~amandermel<iJnorphoSiH~ r1:OJn,~ble1.2
;in p~n~aJt~ Trueb (?86.).

Foriimtii)11 Qtdmnah81ands
Oifferen~,atiQn,"or Lc:ydj.gcetli1'
mcrused.retinal rhodopsin

,fu~et\bf~,a1bumiij'
L11it~ dewlopment (~cept PI~9¤l9nti4s), ,

Degen~tiQn of ,t8iI ;finJgld
Skin pi&meDL ci!anges

. ,.

pi!f~tiation bf lte1:pQg1objn
Sitlresorption;,
J(1@ey;"ch@gl!S.

M~taJfioi;phosis: is cOnffon~d b'y tlie endocrine ~!item via it1u:'efl'ect of tbyrcdd
l1qtJnoneS:pn target tiSsues. Prolactin fna:y play, a key Tole in iJn~tam(jn>hQsis by
stiPtt1la:ting.tbe peripheral Conversion of T4 t() ~e mQ,re active 1:1 fOJ111l ~And~QJ1
and Dent, 1982). However. prolactin 'h~j$o~. sh9WIJ to .~p'press.:,thQ activit)'
oftbytoid 110rrilones entail degenerati91! and @lx~orption (J;1la,tl;1976). Though
the action-of prolactin in ,salatUander n~oteny is. no~ well $tudie9 it tS faitly' well
Ul1detStbod:ih.anntinmetamorph~ms. P:rolactin acts as a. jJivenileQr :uitUnetamor-
phie hormone by ibhibi,ting Qr delaying prQgramrn~1!d ~n ~'4uringanuran
latv.aJ development (Etkin 'and Qpna. 1961). 1"hYr~i4h()nnonemduced regression
of' Xenopus tail culturt;~and limJJ bud fQ.tmaUQnjh culture are arrest~a with
application of prolacun' t9 ~the cUlture media (Tata et, aI., ,1991). Injtx:tion of
tJrolabtfufuto: radj;!(}1es~~also ~n ~own tQ mal'kedly:, reduce the actiVity Of
sever~ l:!ydrolytiG;~ymC$, fQ\U1d :i)1 lYS().$Ome~and s.oh1ble fiactionS (partially
respo~1)le I:qr~~}IC rem-e!i~QJ1) ~t ;ar~"induted by~tllyroid hOrmone (Blatt ehl)."
1969; Derl>y~ 1~75). :tata (I 984) 'aDd ~ata :etal. (.1991) 'have suggested that
prolactin, maY inhibit the: r,wnmesi$:';Q'J'fttn~tibnalacti:vafi6fi of pUbltive ~yroid
hQnng~e-inducedpro~ns ~r Jlle~chY1I1aJ .regression factors. RVfaeneeaJso sUJt
R9$ thecQncep,~ t~at:<P~)~9ti~t may aCtdifectly to regulate the expressiQn iJDd
f1lI\~on of thY.~idhorn'\one JeCePJot$.

Neoteny

1:p gate it apRCars~t,metam()rPbosis'"doos', not occur in neotenicsala~pers
lor two rea5q,n$i
If Lynn (1'961) 'shpweci that the, cells of ProietiS 'mJ.gumus' 'and Nectun~rspp. &.re

insensitiw't(\;. thyr .:oid 1fOrmQ1ieS~ '

~)Tbepi~1')' qfAmbyilQmamexiCanUm; appeam to be, in~n~itixe ~ tl)Y,1pi4
rel~i~g; hp1'U1Q!ie't:rRH);therefore WiSUriible !orel~~ thyroid ,sti1nu1,tati'ng
lt~ne crSHJ w.hichtriggerS thyroxine rel~e, from the tb

. ,.yroid gland (Ja~J>s
et Iij". t988; Tautoi; etaL. 1974)~

~ . ..

.Faculta~epeo~'

In'of(ier fQ.r .the'f.w()lutWnary sigriifiCanccH,)f neote1iy to' 1»undelJi
.tood itmu&t ~

~bJj&hed Whether neoteny is Under genetie'CQrttTof and if genetic variation" (or
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