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Treuiniem 18 50 well establisked that ¢ s d1ffisalt
o think of evolution excopt in terss of seleetion for Sesire-
hin charasteristies nnd alvsntegecus pemes, Wv ten'nteal
dnye lopmonta zaeh o the seaunntial snalyats of proteing and
the Saniprerine of the Comptio (ode have mafle » wich closer
ngroination of evolitlonnry prooesn poanthle, Patterns of
avolitionary change ot the plenotypie Jlowvel 40 not neonssarily
apply ot ¢ penotypts o molrcaldl-r lev-l, M8 50 mAw ruales
oy to B formalated in upder to gnferat-nd the pattorna -l
Ayamiies of molronl-e avwlation,

ny evolation wr morn the divergenen in the gene pool
of popalistion of orgsnitoms, Thio pesults In d8ffeyential
s iretion, by 4ifforential reprodietion of genrtic variations
in the poralation coneerned o4 also reaiilts n ranfom gonetie
' ariet,

| lolseular "wolation, on the otier hant 13 the weady

of the obanges which com be Mentiffad ot the molecular
fatoprative Javel at different points of the phylogenstie
o0 ~aenoed of orgonime (blo-ohesical evolation),

ryolation thus implles crange with rearnet G0 tine,
but o formulstion ("rrdgeleinberg « 1908 « pp, 1) Mates treb



the popalation rennins constant, This paredox oasn Mowewsr de
resolved hy exmnining tha factops or forosa that wight apeet
the pomntic equilidriun, 7T four procosars 1o ewlation are
rutation, rocowdination, natursl seloetion sl fsolmtion,

Tha firat tmportamt faotor of ewlution 1s mutation,
T unt potnted ocut ((harles Norwin - B8O} that any attempt to
understand the wmechanionm of swlation mst otort with an
tavestip-tion of th» soaress of horeditery variation,

Any porailntion of orpantmas n nature 18 siarting o
the piven anvisommental sitastion fn whleh 4t finds ftself, A
elven apreten of organ’oms of o glven porulation cecudtes an
eeo dorionrl nlohn, uh"eh 13 Sof*ned aa tPe sum S0tnl of all tte
envircmontal fmponts on the orpanien, e tenSenoy for a
popaistion to YHocom homosprons enn be opoken as *“Maptation”,
AMreptation cserves tha willbatng of the spectiss enly a8 Jong
an the enviruoment staye constamt, 7The study of the geslogical .
rocord yeveals that the enviremment 4ces pot renain constant,
Mat ensh popalotten has the tendency of Deconing fmngm
which 1o alie dofined g $0aptabelItys, e are thus H %
the problems What is the souree of varishility, if a population
hns to nointain hetezosygo 1aty? The ponkteists answer is
matation » Doth genstic and chromesomal, A0 eleborate study of
asrliep works (Dodbshamsky « 1970) rewenls thot mutotion
proviies the row material for ew lation, I8 sapplles the



gonstic varistion to a popalation that nobes poaathle the new
genctyren that nny bo pocessrpy for the owiut Wnney suocons
ol t¥ns popalation,

“he argament chout the macessity for varishility a»
» cunpenaction for environental change, 17 corpset, rlvas rise
to nmotter estion, How atrnifieant matation will e ot the
tiw of enviromwontol ohangs? An onswer to thia, o5 to the
mportonen of mitation 10 that matation alome 19 inasuffiefent
haesase opontameoas nitation roten are vary v, (10'6 por loocas)
*nd Dach o Jow prats 19 not 1tknly to be suffistent to provide
tha neosasory vartchility ot tho time ¢ ‘0 peoded by the
ppsl-ticn, Matatfon Gues mot oot alorm, unl the sescond fnotor
tmportant for evolution « Weporbin tion® mat alnd v constls
~derell, "gtatlons uith timo hat)s ap o laege storehuane gf
voriotion, Recorbin-tiun of th's gepetie varintion provides
tha mang oo le genotypes that =nirht mean the dirference
hetween survival ard extinetion fur a glven populstion,

iststad. mlecticn

Hstaral sedection oo b0 dafined as the diffarence in
gone pools from one generstion to the mxt, Twolationnry ohanges
at the 1ifferent Isvels (morpholagicnl, functional and hehe
vioarnl) resalte from the prooess of natural selsction oparsting
stpoart odaptive etongen 9n TMA, Thia at the same timan does



.
Y mo-p that all or moet swlitionary chonges in Dila 4
neoensortly dus to the sotion of Darvinion naturnl selsction,
“he $len of selsetivaly neatyrnl chanpe of the molrcular Javeld
*ur mt ho-n resfitly acenpted by meny claanienl evolat fonfsts,
prrhapn hecaise of the parvaniveness of the Darwin'sn thourMte,
(homge in DEA and pro®ein, uhen 1t ta thourht ofy 49 1imited

to o responon to aotivitien at s hipher lawel, (Stapson) Tut
eppocmtt With this atatemant will meon that YA 18 n panslve
coprier of o awlitionry maa-gr, “wilationmry change 12
not Wpcoad apon A frum withuut, 1t arioes fronm uwithin,
Entaral s lootion 19 t'n olitor r-ther thmn the ecmponey of the
gomtie nesanges, omh thing, the edttor does mot o 1a to
oo okongoeg hiek 18 %2 un-hla ¢o peroeive,

*hree of the four ewlationary provesses hxs deen
descrthed hriefly, DNefore goling inmto the fourth, 1at us fired
dafine o spacies, T™he most prominent mec-Darwinian defimss 4%
a8 » %/n anoootyal Spacies 18 tranaforwsd inte two or wore
dsrtyed species vhen an array of 1mter Bresding Mendelisn
popalstion becones sogregated inte tw or morve nmom:uh
$901:80d arrays, pecies are, spcordisgly, systens of popalss
ticnag the goms exohange Dotwsen thess systems 12 limited or
prevopted in nature by o peprofuctive (sclsting meokaniom
of pertape by a osudinstion of seversl mechantams™
(bovshansky « 197C)
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Tn shorty n Jpnofes 13 the moot Lueduaive Hendoitan
popalation, Spnctes sre Aynmin omd mot stotfe units, Trom
thn wory sqme dafinition, roprodaced shouwny the conoept of
foolotion ont fa0loting mect ntamn s clear, W poed not go
tnto furthor Sstatls,

sftar thes, It U3 come bask to Gur own work, At
thia atagoy tho prodlm Balng donlt in £™%% work csald de
crdely ntoted no followsy

ou aro the apootan that exiat today geocuntad fort
Tow doen ths Taform-tion cont~ined 1a a repticular DML mo 1S
cule viz, {a) ‘o ~ portfealar Bint of prototn, and (b) In
dt¢forant apectan dofine tho problsm o awsluticonary prosesses?

Lot as rov try to analyse thess Drodhlens one By

Spaclea divergence con de waasured st the protein Jewl
through sequenc® analyeis, snd tndepsadently st the D¥A lewel
throurh In vitro Rjbridingtion, The mepduresent of "Na spsoies
Sivorgence is aompliested by the sxistesee of rcpetitive DEA
ssquences of unknown funotion, discovery of these sequenoss has
been the most faportant finding of the Mybridination axperi.
mont,

he number of dase sharges (in n.R¥A'as dartved by
Anccding the proteina) neefdled to pive the saw antino =mold



secunner 12 ased to comatract phylogenstic trees, "t mmine
reld shatitution frequencies exmot he rtionalised this way,
The ninfran hose orangs mathed poorly rofirets homglory and
nlno undaractingtes the total nawber of fixations Infaryed

~ from phyiatie dela, _

There 13 aome rpraennnt hatwesn cofon relatednsss
ad anino a0t sudotitution rots, Cprotein swlution ‘s more
ralated to propertiest Aiffarsnoe bBatween sohatituted and
Abotitating cino acf8 then to o prior! prohchility for
mintuizing codom chrmpes, Unng hooe changes due to chromoe
aunnl ol repliention arrors avidently ocoear nnd rececar Hefore
ony one 18 fiyed 1n the pomaistion; mo that mutetions apn wot
stronely sedacted by the ooflon tranoforn-Si%ne they remuire,

He evolation of Fomologous polypeptide ehalng s
atudfed by conpering rmtng antt cequences in the pelypeptide
erntns of goples ohtnined from S1ffervent apecies of living
orgonismes, The seauenves nro alipned By plasing identical
roasfidues tn jotaposition, -3 the rumher =i types of Meatis
oal ani 4ifferent yresilues compared, mino actda con de
sompaped 1in Serma of the Cenetic Cede, 20 that the Domelogy
nay be aapresnsed detwen tw polypeptide chains atthear @ the
maber of saing asid 4ifferences or the aitnimam nynber of dase
ctanges n the Gematic Cede neoessary tu convort one ohats
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inte the otler, THM2 comparfson emphosises evolatiunnpy
chrnges in A that are pPrmotyplenily axpresond as etances

zet un reconstract the phylogenntic tree for a rtven
elons of proteinn, Yaelry o 2in? thely -

(1) 12 2 inmtepending €0 cunpnre n phylopometic tren Aoduosd
fron the atudy of fumetionnlly romologous m0lroalay
spacisns (o,r, Cytochrone C ete,)

(31) %o copore tw phyloproatic trees sorrespond’ne to tw
d1ffapnat clnno of protatins (iytockrome O apd
Hoomop Jobin)

(2111) tro reconmtractad stractaresof ancestor senaences vhich

| ar~ ™ot amenadis to the oxpertient, mny exhibit certain
rorqlaeitins thot arn o onger opparont In proteain of
tha presont living apceies,

e uniguenees of the tapology of a Gemetie Troe
Seduced from a given st of experimentally setedliahed pretein
807300008 has Ot yet desn proved,

he sceond opprosch to the study of homologous Ppre
toins 18 o strastural ons, Forgetting the question of protein
avelatlony ons can foous the attention on common factors in the
ptracture of funeticonally Momolorous proteina, Attemtion ean



he 1atd on the stracture forpotting the gonssis, 3at this s
not the ats of our wrk, Iat 17 com back to the enntral aln
of our work viz, *""he Mmlommation Theory*,

The study of swslation and of Papedity Aenln with the
1 laenee of specien of Dast events on the present, Thare
82111 axints = oconsteradle uncertainty chout thw appliention
0f Mmform-tion Theory in Nalory, Al [resent sttention 19
ddreetad to indtvidual entities as proteins, chrowmosomes, gones
ate, Theough the use of Taformstion Theory, we enn arrive ot
agmn mweans of exant treataent of the systenm of organisastion of
whiok these units are bdut the parts,

Commantontion 18 the tpansaisafen of mfermstion from
mint to mind (Cobor « X0)e A osmmnicstion systen connists
of five parts, (‘hamon » 1048)

1. An infowmation souree which prodaoss a WeRsage OF SOZNNGR
of message to be trananiteed to the seceiving terminal,

2. A teonmtiter vhich eporstes on the message in soms way
to produse s #iguel suitoh)s for the tranmmisaion over the

ohamel,

S, The chammel aoed or the medium used to transmit the signal
from trapimitter to recsiver,
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4, The yoeatwer oprdin:r1ly performe the inversa operntfon of
~that dome by the Sroanmon'ttsr, peccnstructing the =assage
fron the afgnnl,

Be The dostina®ion 15 the poyson or thimg for whem ¢'» messoge
ts totanded, |

e prabdlism fop the blolortet, s S0 use the wethed
of soomunie-tion theory to 1ientify analogues of these five

olrmerts fn 1ivine ayotems,

Yo ise




Evolaticn 13 » sontitming proossa, Lifs 8 - comtd.
naum of swenta, A aystam s 3 enllestion of things or evemts
comtalned uith nowe aproifisd doundary, '"nn himaelf is such
n nm oF Bure properly o subesystew oper -ting within a
1nvger aynw- - the onviromsent, %o man thera are ‘nduts

(informntion or 2013y = energy)s From man t'ere ape cutputs

(inforavttony wrk or 100208 « mi0e ote,)

Envirormsnt

™ population of 1ivimg orgrmismn ara gomplio-Red
opts nyatons that malintain o Righ Iswel of organised setivity,
They pesint the tandeney tc disaipete into t'elr surreundings,
They 40 1t By viztue of the properties they hnw of reoniving,
storing end soting apos large smomnt of informstion, The
Affogonce betwen organise and enviromment bocowes grester
an? greatey, as the orgunisns enler more ond more $1fffonlt
enviromnots (Yoang « 1008), The organismn yemoin intaot by ite
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13ty to follev chongen in the enviroment, whick may be
rogopdnd nn the soarer of information,

Taformation in any systom may de dafined an thrtt
fastare of 1t uhiech renaing inverieont under re.cuvifng,
{Shamon -~ 1848)

Paeb 199 99%0u0) onn B consdered ns o mnchine that
rooetyes these chonges, trontlates them nto n coded verston
i tpemomits hom throurh 188 syatem to effactor ngonts, Theee
decclin the masnogn om? produce an approprinte netion upen the
enviromment, whieh %2 thas the destingtion, wWe trorofore hawe
to study the flux of avents In sach set of organtons, to
A4ngover how they are relsted to corangn in the envirorment
snd how they prefince ohanges 1n the lalter,

W way say, that evwry popalation of orgenisms
opapades ot enoh woment anier the inflgence of three souress
of infornation, contrelling the ecourme of falture betaviours

s Thare in the information provided By the swnts in the
ward around,

£ Thers 18 information reocived from anoastors,

3, Therr s the inforastion that sash organimm hos asgaired
and etored during 11fe time,

Any savironnental change may produce orangs ta the
organism; dat the informstion of hersdity ensuren thot certaln
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onpeeinlly ronntive pofnts ars provMed, For exsmpls pl-nte
hawe a>lorophyll uwhieh 12 astiv-ted By Lipht,

 ™hn orgonism thgs oalrcts the memasge to be Sranse
nittelt, "o orgmnloms are Inflaonend By changes 1in the ane
viropnent, Thelr var‘stions produces changes in the affneter
agrnia, vhich in turn set upon the enviropment,

Events oorur asround popalstion of organiont and ape
raen fveld, @ coded Dy thetr iInflience upon gen~tic mecanimme,
selpetion onaares that the genes of a populsation include those
tema thet have produced sarvival unier the set of cond?tions
that the popalotion Yom ouperisneed, Tn Chis sense, the gones
are s cofla, vhioh atanis for cortain features of "nvironwent,
We mey 8ay that the lapedity fuform-ti.n iz Gecoded in eneh
gemeration by the proveans that pors on 4n davelopmnt and
throaghout the 1ifr of m ¥ndividand,

e prysloo.chmmionl pesstfons hetwen envirommwat
eyl oygontam l1save o wors or 1e8s perasmant tmpression on the
actfyttias of the latter, Th!a comstitutes a noded pecord or
msomory of the informstion received, A5 a resalt of this
afaptddility, every organism oarrfes a wsmory of its
tnd {nde podt, vhich serwes as 1t wers tc foreonst the
fitape, Fopr exemples 17 o piwnt has yecetved relstiwly
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1%6tle utar or an anfeel LY0L)e Cxppeny 45 will be provided
vith ral-tivwely lons roots or wmore Rasnorlobin,

The entropy of o Y1h molreale (0o In therncdsmanios)
17 o “anotion of con’iparstion In which the atons e ordered,
¢ a8 pxproased 19 the rel-ffonk Jop D, (k f5 "oltsmam
constrat ¥ O 15 meaYe of atonis disorder)

"n statistionl) ternn, antrcpy 12 dafinnd oa

- 3
S = w? = iy M
" . X3 %

n
sachthet T paw 3
1

vhere p, o the palotive probobility of the Ath apnh.])

romrated by n soaroe,
“re "nformedilon (ontent 7 corvesponin o a mumbep

Tots) = Mg, &

tan dealt with ssveral (n)

oysbols with ssversl (s) sywol types,
IO « gy ® = b gy me

3,92 B Jogy, M (bite)
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An mmino anld mny B2 considersd as roavinmg Tnformation
ronteat -3 that of o word ant a protetn «a thot of a prose

The broat use of the tarm entropy 18 as a jaantito.
tive moosurs of the smount of dlasrdsy 10 a systen op side
ayeton, roprodueing the view of Sehrodingey (1063)3

wLife secns to B opdored and lawful dehaviour of
natter, not bawed exclasively on its tendency to o over fron
oxrdoy to 41scrdery but based prtly on oxisting order that e
kept ape “he Wole swvilitionary prooess, doth cosmic ol
srganie 12 one, T2 th averall balanes, commie and Hlologieal
evoXation result 1n an tmoreate of entropy ma predicted Dy the
ssoond law of thermodynamios,® ‘

In the degiming thas, it was mot cleer ne ¢ Yov %
relate mogentropy, vhick i3 the 4iffopangs Detwsen the observed
and the maximam uncertalzhy st s given GC composition, to tiw
swilation of orgenism,

PP » Lot us consider a yegulal DNA Dass SejUAN0E -

essn T2 CALT PCADL ----
R [ I
tol'& a, A A Qoood

o Bt
oo 3

A
||
?

ﬁ—ﬁ'l
B
s Lo

This sequebee can ot the met eode four kinms of
aine anis, 7he entropy of the smtmo arid sssuence ccled
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by this 'xin 15 thae vry Jow, B may connlila that this O
base sequnner halungs o wmich higher ewlutionory ramt ttan
any existing urgnniem (Smith « 1960),

Tolny the faformatfonnl unonrtalinty or informnticnn}
ordropy H 13 gngarded sn » meamsure of owlation,

ane. qzestior

The orfpinal Wotoone(rfek scherw of prepliestion 48 a
sent.conserv-tiw om, Lar majr G18casafon bas dealt with
the procest of aymthests of protetn ao 4frectsd by the infore
motion ancoded fn the 172 steaoture, (1 opeaks of the Tnfor.
netdon (ortent of the DA or the oode for prmetie Inforastion,
™his marus that there 12 a specific set of dirsctiom
availahls 1n the strgeture of the DNA molacales vhich
apecifies the precise primary atruocture of every provein
syntheaised by the particular ool fawived,

A Setalled account will follev in amther chaopler,
he pewmralisstion will de nade that primary geoe action
consists of e transoription of S$he coded gemtie infopmation
tn DA into th~ rido polymelsctide sequsnos of mRTA and the
sabsenent transiation of this tnformntion, This 18 cortnined
in the four Istter alphsdat, 4, U, G, an! O of mRNA, inte
sponific anino aoll se-uonoes,
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The Gemtie Uuvde 12 degenarato, dut the dspamorany
s mot eyenly 4fatrdute’d, ke notursl Geopetle Code with the
bage triniat mechoniss spproaphes remaritshly elose to the
optisam codinp, TR chansyntion assoma of afEnificaner wvhen
contderine the ewolution of tho code by natarnl selsction,

A Sopyan of fn0lopy fn primary atractars greanter
thon possB®le dy provah ity In the evidonon for cormon oripgin
In ths ond of nmaolate aclds o' protoins,

A prot~te otamat aess the proploonnt as doine
rodat~t nolely to function, The axtornsl replons of the
protetn molrenle lans rantrioted to chnnge than are tho
Intern-d repfons, uvhied maot bo cerupled by hylrephodic alde
ehning, Cortaln peatices ort Yuvariont haozuse they nes
annentisl ¢o ensymatic function, T¢ 15 the neosalaly propese
tien of the protein that Atetates 1%a primory structare, This
viou tonyin to push DNA an the driving foree in swlatfon imbe
the hoobevound,

*he oo view 15 Shat the psetein mlseuls is con.
timaally ohallenged by mutat fonnl charges resulfing fyom dame
sudstitutions and other mutational everts in D'A, Iintural
selootion scpeens trsae changes, Tt expresses the yanfom
nature of point mutatiors primarily an' only sseondary of
protain funation,



Maleealss that ceour in living zatter “nn beon olossie
- £%03 Into thres ¢ tepurien, asccordim to the degren to uhich
the apnoifie infornction sontoioed in on organten is reflset-d
in them (Zaokerandt ord Pauling « 1968).

() Sepeptopberstlc meleculos of Sencubies

The msleculen carpy the fnfornation of th» gems oy
o transeript thepecf, The gemes thema-luesn -p» the prisary
semanttdna (1imeor senss corrying units). WMRTA ape sseondmpy
ones ol polypeptide melocales ape tertisey nemgntides,

{b) Episemaptie Mslscuisg

Thesr molz2eains ape amthrenized anfer the control of
taptinry semamtiden, All molccules uhiok ase Duilt dy enseyme
n the shasnes of a templote are In this elass, Thouph threy
do not axpress the nformotion Content of the semantides, they
are o produet of this information,

(e) Ascodia Melagiles

These molecales are mot produced by the oprgrnisn
and 8 3o ot express, =1t'er directly or infimeeotly, ony of
the informetion that this organism containe,

e awilation of the oells in the Blosphere has
!mimd‘a contineas atvlitanscus goin 2’ Joss of propere
tine, Tn conseyunnen therm Tag heen a grent shaffline o



atsortoent to yiold the encrmous varfety of oells in saxistones,
Tus op the onvirormnt olonged, ths esquisition of nevw
propertien hy oertain organfoma was essantial for the sarvival
of all other living forma, This iteslf must Move 1n°tiged
nemy ‘oteredepandont pelstions,

Wittt the axnistenve of enclosed yepfont J4fCfartmg In
e"emﬁmz. ouaposition from thalr envizoment, mev wnrfeties of
eremtand meastions hheome sosafhls, oms of the priwitive
aperepstas promcts the aymttests of ¢'efr sun eonstituants
from other malerinls avallahla 1n the suprpoundings, Wen
thase oY jacts grow to a ¢ortaln size, thay “mocme gnstables ad
d4vidad, Oartaln sorts of moleeules and cgeregates are adle
% surviwve the viectsettaSes of the ohayging envircment and
grow at the expemes aof the others,

A part aof the diologiosl diversity stems from
irheritanpe, part fron intorsstion of ¥he orgamiss with ite
onviromment, Tn order to understand the wecranisme that
provide a esil with its features or phenotyps, we wmist question
thre nature of eell heredity and gemw astion,

Fortunstoly there 18 opder in BDiolegy, Just as these
18 in Chenistry, Physies aod Hathemstics, Information Thecry
ona be used to pat the postulates of Melsoular Biolegy in
nathemat $0a) form, TYnforeustion Theory contemplates the
changes 1n seoordanee with the Contyal Degnay the Secenes
Hypothesis and the Gemtie Oode,



w

The Taforeaticon "heory Dedmp d4spigsnd 13 hase? on
fanSmwmntal nathenaticnl theoreme and on the first prencipiss
m: Hodrealay Blolopy, T¢ ¢'n serye 0 de an tmatravent of
ﬁ%mvaﬁy n evaluation, Tre Central dogma nnt the seanuence
rypothenis ocamot esespe the cunsequences of error in
protein aynthesis,

8 hove yosd thene wery sass concepts fn o wry
nataral way % oaleazlats the Tnform-tion Comtont of the
Ybicehenlion) funetion of S ferent proteing, This knouladge
may contrihute 1n o datter unlerstnding of the orip'n of Atfe
and of evolation,

| “n tamononist olassifies voricus orgenions Into
groaps vhose wowbers Pove overlacpine festarea, The eytolopist
1ahela slasses of oo)) stractures, The chemist groups
molscules of sinilcy strastare and se on, Enowiedge thus
sllows the yational assortwemt of iuformetion imto orderly
arvays, 7These ocontimie to expose the scercts of nature, The
ohenioal story of the enll is the syrhesis of smal) welecules
and their union to form speeific classes of neore
o Ioe LN,
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T GENETTE CODR

Dus to the at-nd potnt oo ted, 1t 42 convntent
(Vens » 106D} to Gepart from the usunl pres~ntntion of the
mdjeet, A coling :oudlsm 1 specified by viautng the
profetne of M crgentom {effeotively a ¢nll) a8 a "topodoe
£tonlly 1ineor texts W a twanty 1atter alph-det = that s
othn standord aot ¢f emim aotlon, “he toxt i3 encoded I
th sesuenon of macisottlen 40 the topolortenily liveme
heredttary wirculng of W7 (Information, gommtie ete, ).
fron % s awener Typothtanias (Crfelkr « 1W70) follows the
$OL e Prodlent Tou 19 the omm text (the 7. nuolnotide
oa~soned tronalsted Into the other? (the atraectures of She
protein

n owion of £7o gasanption that the ppotein 18 a
topodortolly 102 toxty the structurs yeferre! ¢o ia its
primary stracture, ThYa assumption 18 justiffed ninee the
tertlary mtrueture of srotelin: arfsas 28 the munt frwaradls
from an emmrgetis stand point - 3 D eonfiruration ond sesuires
ne supplewent ey Informntionsl fuput, *hus proteins om deing
Atsopdered (donetured) dy an environwemial perturhation
(9.5 Yonting) uill, on vestoration of the orfginal comditions
spontansicualy returs to their original confirarntion, Thie
ot Yweolht Donis, 572;? a%z |

Hig~ “**




B2

Eguivalmtly, o en spegk of the growmap whioh
gommrates tha protatn toxt from the mielsptide alphshet, Fron
A nmope Spesilstive vinu pofint but justiftad dy the senby
mouladge of the molreular basis of swlition and t-xonomie
elassifiention, the st of all protetn text 1s conat@ered;
atractured dnto subonta by a series of intoprstiuos at the
mtrholtey phynlolerionly organionte, taxonomic and A0l
tionary lowel, Thenm only the strueturs and notars of the ocode
In relatiun o thean guhasts -l proups of subsots esn de
qanationd,

T vsemannen Hyputhasia® 4s sgppirvented by the
sonptral Depna® (Criol « 1070} semely that the protein taxt
1 at-Bip, Thiz Implies t'e gsusl formalotioms, MR iIs self
raplieting wth vy lou traneeription srror fyenuency,
iuythey the tyamsfor of Information frowm DA to protein 1s
oo a¥e Thia mezna that a perturbation in the protein text
ermnut Mo tranamitied o sascesding gempaticns through a
protedn to VA tnformstien tramsfer, Thia gocupds with the
t4ans of prenetype contimiity and of ewolution o2 a
stochastis ssleotion proeess,

Thean are of Swo main Sypes «
(o) Deqazzthe mgleis anld (PmA)

his 98 the pemstic nxteplal of ~1) orpg-nioms
except oortaln (R317) visuses, Tt consiste of two ohoins wound
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aroma? each othar, En~ch chotn consiata of devxy rhose (five
onehen) zupars 1inkad by .34 pmagmtz y:tsggmr sunia, Tach
238 E an’t has o hase (afthey o purinvescadiee (C), oOF
Thimnn (T)y or a pryrintiim.sfenite (A) or Garntne (G))

oAt -oPnl o ot tte V¥ cordon, ames opposite to eneh
other on thn Cw ehoine are bousd together with two (4A=T) eor
ttrae (G20} Tyirogen Bonds, This palrine 93 socurntely
foliownd o an ascuraey of approximetely 1 n m’ faplientions,
220 andlf wpliratine reckanisn availeble 4ae to th's ealastive
pateine puld 19 oBvious -md tavolves the astivity of only ome
aniym, 'of exaplng 977 polywerass, maafiad to form the
covalinrt hondin of the haok bDone Batween afjooant miclsotides

(baseesugar-phosphate units) on the mwly foraing strand,

“he A1ffaponens of BTA feom VIt are e

(1) Thyvire (D) 15 roplaned by Jronlil (J) uhich Aiffers
from T by ths 099 ¢f n methyl oroup,.

(31) The dachhone supsr 18 yidose vhich 44ffers from
deoxy-ribons by the addition of n hydroxyl atom
(OH) %5 plaes of o hyirogen ates (B) (0HH) at the
¢ carbom,

(111) "he mrag)l eenfiguratien s single atranSed and
kns a short 1ife time 1n viwe dun to the pressnoe
of Jdegredative snsyeen,




“he prodlem 45 the eneciing of polypaptide chntm
semmnms singe nany proteing are asseDisd from two oy moye
aaparately synthesised polypeptide shaine, A polypeptide
chnin 19 » seqwenen of oming aotds ma - g - c@{ m:m R
4n o o¥de group A¢fferont for emek asld, Tt nay da an
alkyl, phenyls oyolle groap or o combination of these, Thus
thn lattars of the protoin text are gming aclds,

Ttogs smine aoida are divided into a standard set of
twerty aming anids ond o super-mumerary set of the otler gmino
aetdn found iIn natural polypoptides, The oriteria for this
Atvinton wires

{a) The matno actds of the stonlard set oocury in
21l polypeptiden sxenpt for atatistion) flictuntionsy and

{B) e presancy of anine anids uf the sapernawerory
aat In neoteains 1n due €0 post synthetie smzymatio wodifientions
of thn at-ndned emine aolds uhich are the only omes that ave
tnearporsted furing aymthesin 1tee)f, Thad Irolims amd
Lonine are cach detter nrecurscre for oollagon synthesia than
the ir supermumerary set coanterparts 4,0, Pydrenyl Prolime
ad Hydroxy) Lysime, which aps the astual coeurring componants
1 oollagen,

*ris 4ivisfon 1nto standard set apd sapernumerory
ont 18 evidently tmportmt, if the code 18 to haw a simple
st antwersal struotare, This also provides n clanrly 4-fimed
alphadet for the toxt to h encoded,



As the rurpuoe of this chapter 13 to presont the
oofla on? lrepusg~ of the gone, %0 the general wee’mfen of
translating seauenos fnfurmntion in omo polymer into the
semannee of apothor 19 dDaing descr™ed wry briefly,

(a) Replication
This 18 the prosess of DWA dupliention, The str-nds

separate snd a pew strond 8 gasenbied on oach parent strond
hy oonplevertary Yoo palrirg,

(") Izanecriution

ria 48 tle production of mR7A By the fupmation of
o polyriho maeldsctide (witk T5U) on cne of the I ehalne,
Hepe ted stands for messenger, sinoe 1t 18 th's moleaule
which earplen informatien from the gemstie memory (DYA) to the
transiation site (rfhosome), THe polypeptide 18 senuentially
vonstrasted at the pibosenss, The weotenism 1s agafn coupls.
mokary boso patrine (A, T«A, ant G«C), The ensymse used
f2 RNA polymerase,

(o) Izanslatica
his 49 the prosess wheyeby the infurmntion in the

MRNA Dosn secusnes 12 translated into the miino acid sequsnpe
of the polypnptide chain, As the wifs basnn ape n gencral
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meapahle of foreine aomplrres it Mt netds, 80 9 Intore
med fate adaptor woleealn 19 refired, 7hia 43 anotler Rind of
RNA ¢¥~ Ceanafer 115 (S«R7°), Eneh €«R71 molecals hes o
necionet uf thres unpatred hases (antieodon) whiel %ae to

9o stapcoetemin-l npranemad of the muleesls ore untouely
afdapte? oat of all ¢he Yingan 43 tha C.RIA £ £9¢ CU o apeeifie
setiones of melsotides (cufun) on the BRTA Yy the a3us) Haen
pairin machantiam, On the gther hond there oxists encyms

{a~ a0yl synthesasd Mieh o oopedia of peccrnis?ny apecifie
e ing mots ant Sl ot Rinliae the tuc Sapatier, The
DHU oo {10, 1) 77 *Fieht £0 he fmyulved %9 48 proopnts
ticn,

Anirg Actd (An) + Afansoine triphoaptate (ATH)

A+tro Aoyl
e  AAAN AP & PP
Srnthesase
{AAS)
whare AMP 17 the pdonylio aol? group

MAAME +  RNA A5 . At RNA AR,

*he generalized schemn for the (mteraotion of theose

varicun moiroular units 13 shuun disgremmstionlly in "ig, 2,

Ao acocant of the wthoda ysed to arrive 5t an unlere
atordtne of th vending meetanion «wwuld he oxtremely lamgthy,
7ta dot-tle of the proeeas ~»~ nl20 Wt contral to dasie



Formation of RNA.
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‘nfornation teonofer proesases uhich hestenlly fnvolve only
Hedn palefnn (17 e ST WU W € R o) oimo oeft e €l
sanontation)y 1% 18 “oinr mplaeted, “mtad, the sttenticn
42 hinlup cLnfied to the =athoda qaed ¥g avpiys gt tha peagits
o4 portine the otarnctertaties of tto oode a8 otwen showe,
Baslonlly the =sathods of eude oraottme £all 1nto
s aotnporiess 0 vive ond *n vitro studtes, T 'a formey
provifes Inforaticn on £ naturs of the cude P1lp t'w latter

13 more gveful fn fnwnatip-ting tYe ecloneanime it nesipo.
monts, The Suo apprusetes $Ya9 complement anch othsr and
Lot of €'e euded s pruportfon -re dodunt™lna fron data
Ghtrtnd by elfthap, Tha fou econbraltotions remninfar e
heins otandily relucesd o8 € gnferat-mifye of the papemters
corter.iling e fanetivnty of eell fres {(*n vitro) atadlesn

“neraonon,

teane roly on tuo See’nlwen,

(1) Cenptie moppine using €2 property of “cruosing
over® (thrat 13 th» dresnkape »nd interoowdipation of uimilay
orromoegmes), This lasds to genc mesorteent, As the Drosking
froqanney m&mn'tw gemwtic loel! obviously deponde on the
S1stanes hatween thew . th4a allous the eonstraetion of a
gonatie mop of well controlling various S1atinet funetions,

(113 “n tanlem, otidfes . prutedtn atractuare
m 100,040 hy matations ot varfous grnptie loeid,



&8

omr ur €we clanr out axpariwents will he pecuunted
‘n aneh enda, Such tec' ntweg cerwit tre mawertng of the
mieationg of €he mﬁmw?ty, W rlapping, oodfmp rotiv, intep.
cdon pinetuntion ant Jegenmarncy uf the cule, Tao> experinent
15 woll confireoed by otley duka,

Tanofshry gt ol (1067} daternined the luetions of
aino el poploconents ’n o seventy Tive amine aetd sermants
of A protaltn of E, oo}l Tryptophan syntrasase, due to matations
5 th copperpontine pom wruse loo tiuns were detarmined dy
usual remetio mappine techniques, 71 every astn thn matntioms
wers appnnged in the game sequeance on the pametic wm-p a8 the
aning acld replagementa in the proteatn sequanen, 7T's Atatancen
on the Cuo mnps G0 mt correspend dus to dAifferentinl
probobilities of eroms over at various loeif, Later tm
seguenee of all 967 aino aclis in the protain was determined
and anitoe aold peplatements agatn correlated sesaentially with
the copgesponting mutsticome (Fig, 3). ‘53

23
. A
comttamp s Amc v Y % M Y M
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ertne W¥ s D4 W 2 210 212 23 ook
Flg, 33 Yarmofsky (1907), yeprodueced from Mens (1060)

A susher of asfnilay experimmots sapport the same
eonelasion,



AD overlappine cofe reatriscts the posahis snine
pntd nesgnnenn in proteftnn,  The regtetations woald dep ! on

P
"//”.#//é
"1 'n n n I
/% % s 5
l'»‘ » l
k) | _

ﬁl oen he £51l0ued oniy by =5 mine avid with % f% an the
£irat tuu lotters of *ta codon,

The Aetnfled statistfeal enalys!s bawe yevealsd no
nonw=rondon-behavicur anone the cbserwesd succanaion fressensisa,
Mopn 80, of the four hunired possfhla dipeptides all hut
tvanty theree hawe been foand to occcur nsturally (vh'er inwelwe
tha pager amine anids e.p, Tryptophan ur Mathlonine),

Farther, mtation asqelly M« only onoe smine acid
replapenent pather than the sevepal whieh uwoul? he ex-egted from
the atering of oven onr matated Bame, Wing nc14 proplagenents
11 Tobade: Mesale Virus (TMV) wers cheerved hy Wittmen, Forty
one waps indaced using Nitrous oc!’ as g mutapen, claven were
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spontaneous, Alnot oll 07 to stnrle mut-tlun: an? noos of
90 fouh 1l mutotiuny vepe mijnssnt, The Tryptop“an synthesgse
atation nxperiments 211 ~ive only » simrls replacewernt,

Apriort argamnts favour o nintwm ~oion lergth of
de A four Inttoy code will gemerate 4y 10y G4y eee fOF
alinglaty Tudilat, triplat ete, sequenor cofea, Iines 20
& *no sofda mist bo rodedy se the wintmanm codon longth s
3:

Varfoas ottenpts 0 deteratom the evlinme ratio dBy
ouantior U9 nuther of enine actd replasawnts induend dy
matagenny 1ndtyect oimpnrisome of atfia Jength and protein
chotn lomth ate, Povr tenn nate hat yield only approximete
an? bounfne presults,

“ho best Alpact method detepainntion 1s that of
Ratetr-mn (1064) u74ing the Satellite Tohnaco Neorosin Viras,
Sato1lito viruses enn multiply omly in the presane- of ot epr
virases, The impliestion deing, thet ainee their chserved
RIA content 4s lov ~ they have petalined only their coat protein
oletron (ome cistyon sodes for ons polypeptide ehaln) and
seguire the oistrons of other viruses to asoonplish otltey
fametionn, Refelmam found thot the eost protein cuntaimed
40C antine aclds wviide the ENA lsngth w-s of the opder of
1200 meleotides, Clark (1968) confirmed that this -tA esded
prinoinally for ecat protein “n vitro studies, This gives



Pigurae 4

414 type gene

¢ A ® € A T C AT 6&3‘3&?'*&&!6&‘5‘{}&?{}%?
E o Wﬂmmw‘mw

Ban odded

¢ A T ¢ AT 6 6 A T € A T C AT G ATCATCA T O A

(4)
Tace removed
¢ A ? C AT ¢ A ? € A T ¢ T ¢ A T ¢ ATOATEC AT O

Bane pfidedy Dase removed ,
¢ A 7T C A T 6 C & 16;&!’&?&1&8‘34&?3&1’6&3

-

- | | - ) ) (& 151 > n ﬁhm gﬁn

Notes wrmummustwmwm s base 18 to ahift the na!ing ofthegb. 1e
Mag that the msng bagine at the 1sft.hend end of the
hg. hsl messoge in the wild zge gene 18 CAT, ear".. Mding a base nhsﬁa
: - ”ﬁiﬂ %o TCAy TCA wune a base W 1t .ﬁ?ﬁ snes Adition and

removnl of a base puts the messgge in phau again,
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a coding rattc u” exaetly thres, Criek cf a} (1061} gaw an
ﬁmﬂlnmuﬁ demonstration uf seversl of the currently ascojted
featuren, A brfef acrcunt 2 delne piven, ey an-ad a
trindrt or Wltihiriplet colon, n noneoverlapnine depampats
oudn poad from e f4xed atortine point with o feommem®, “hin
taplten that o abift °n otepting podnt would choape the hnee
seurnen, Sach a shife -onl? he effretively prodicnd by the
*rnrtdcn (+) or deletion {(») of a cofe ((ip, 4).

“te rerdtue framn woul? B reatored by the ‘nesrtion
{+) 0F oy base n n ponttion suressile the firat dolation
regtorine the orfptinal ecdon se~yance rasd exenpt hetwenn the
tuo mutattoma,

Farther 4 %9 olpny ot 1€ teére ~pe 3 n honen
(B 1y Cp wes ) 00 2 oofion, then 17 3 n mitattons of th ngw
alpn vers itjend than the savienen woald remin annltered
nioant Yntwenn e Clipgl mnd Lot egtatisma ubiln otheruice
e whole seranoen w03ld rem-fn appedling, 411 thone conelue
atunn Sopond atromrly on the gasrptions malde,

“hay then per umed experiments uaing Aoridim yellow
end Proflavine pemerally scesptod an delation.insertion
mitagens S0 stuly mutetions In the B olstron of the rIT pegion
of the E, gpl] Bacterfo phage e Combinatimgof dedetions
trseption (3«1) spontameous mutations were sStudted by genetie
mappine techulauwes, Conbinations of 34 ¥3) 8 ~ 93, 64 s
nte, were shown to reproduge the oripin.) premtyrn (ns
A7s%tnratstad by shape ato,)s “'e other combin -t alme



g

powr panalls conaiotent w78 this asnamption, *'ess renalils
ere not being peprofucet ape, hut the connlanivn of a triplet,
commaless oule wit: start.detarminetion of resiine Croms may
bo taan €0 he aatsbliasted, This s supportsd hy all oter
ovifdones, “hey gattered avidones supporting thn vinu that
trere wop- two typen of fraw a»19¢ mtation nnd that
pairn 4emy ¢ 8f thaan paslted n the opipinal phenctype (with
cortnin pastriotions) and Chat 8iatlnP Dalrs (44, =) mver
reaulted In » vavertont plenctype,
Dogeinzany

e (G) ¢ {C) cuntant of 17 frem wwrl.as urgmions
vorlen no o fraction of tot-l Dases « frum €,28 to (.78, The
ryapope ocmposition of protetns owrwrr varias wery 1ittle
hatwesn widaly A1fTorent crganisms, THis alrendy sopreats o
Her» deproe of dopemerany, Jpon consldepation of vartous
othey possthle omices such as latter codes wit: “lyo Jatter
ecdona, varintion in tramseription rales; mon.aniversality of
tte sode, mon-pemtic DA Dasing ote, nay b slininsted
vaving degenracy a8 the nmoat plausiHls alternative, This
1a supported by other datn an? thtas implies that degemsraoy
18 %@ a considerdle extent inwiving Aiffepent codon latter
componition pather than just sequsnoe permatation,

. o
. Ly

Moast paplacemrnts -yo of siigls amtmo asids an? should
trepafore resalt from €90 replacement of on hose (n3 a daletion
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or Mmoeption wialt sSer-NHls the pandine frame nd ainen
probghility of alineem® Yann mutstions %o wmick Jower than
that of alnele boge roploprmonts), irstiy ohserved
replogesients apn oacn o B2 mack leas freguant ttan alnels
base agtatlom iInttentin dopensyrmny, Ratistienl eatimates
of dnpamerasy “ove bocn mede by claasifyinge the paplseonnts
nto poymitted (echicwahle by 2ingls dase sybotititicn) od
forbidden raplacerents o cumporring the hmoun replasemoant
freccenoy 1ot vitt the theoraticsl coe govnrnted hy nssuning
a pernitted tzanaition mber, He odtained 75 permitted
translatiors whte? evmpares worry usll with the 7¢ predieted hy
the Ytctionary,

Tus in viw, wthodz permit the detarmination of ald)
tre pampenl foataren Jf the sode, TE remiine to datepnine the
actanl eodon ansipmmentes, This 18 dest ond moat enstly dom
by ‘n vitro oethuds an'! ¢then oheelting with in vive aysteams,

hoean rost on exporizents smiivaiant to the dipeot
in viw oothod; to Jetoratne the Dase sequenee of a cistron
and the corprspondine aming aeid sequence in a polypeptide
chntn, ™o 1n viw method 8 quite unfeasidle due to
tsehnionl 41ffieqiting, Hovever, the discovery (‘lirerborg
an® Mgtthaed « 1061) thet the aldition of m-rNA (aynthetie
or matural) stimalate’ the incorporation of snine seid
procursors (the Incorporstion 18 dctegtadle unly by asing
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trages of 1lad~iled o ne’’s aa In vitro ay:toms are ati)l
wry feffictont oumparsd wItr the gorresponiiny *n vive
ones), “hi3 teedistely opompd up the ponathillty of aatng
syathetic R’ of tmovn bnae sequeme~ to profiee polypetide
anl thi3 49 avidantly asu’valent to the 4ipsct metrod md
tontnienlly admple, 7w teehnfeal sehicvements wepn the pawe
oondition of thia pob’emment,

2012 o KI5 9f A 530 Saio Secence

Randon vfho mclnctide polymers ta? denn reasdily
0B %0 Gravhere, Managc an? Oelosts disouwry fn 1088
of €' ensyesepulymiciactide phosphorylass, T 'S enayme em
ertnlyss the foreation of polymers of nuelsosides fyrom
meleosile triphonphates without 2peding a t-aplate, The
hans componition of the polymer baing Jependent on the
vone~ntration of precursors avatladle and the sequenoe being
ramion (within flactustions), Furttep dowelopsents i poly-
i irottis symiesin an? gedepring vill be desortded with thely

- (b) Ibe Davelepmerd of SSable Oedl Dass Jiebens

Previcus tnvestigators whils odserving the fnnor.
porntfon of laballed mmim ssids in a substanes presipitated
ny triohlore apetie as!d (a preperty of proteins) hod been
anshde ta parsue inweatigations dus to aystem innt-DILiey
arising from measenger Sepeaintion and ensyme nactivation,
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Thess A1€40ulbtos vope swereomn by Tirerhery 8% ad

{(1261)e  "hey prepowed n worizHis B, gold o031 fres syston m
folloues

{1) Dtsraption of ¢olls by grindtng uw'th aloming,

(1) Extrastiun 1%h haffrye,

{iﬁi)%&ﬁﬂﬁma&&an o prwcwn odbris ond Intsct enlls,

(1v) Sltroomtrifugntion ©o oepopats roaom and saperantent
{t~RNA an? anzowe),

(¥) Dinlysts egatnst buffer aning =ebers of varfous eell
slsen €2 separate oIt L«RNAS ol mvino«aoyl ansymen,
Marsorto ethrnol oddet to haffnr at-h11'z8d scwponmts
»1 made jou tesperstyrs atorope posathils,

(vi) A ~ixtare of wmshed pihosowro (this seperates cat the
attantnd m.RNA ata,) =01 $.F72 was baobed hy s ATP
gepegation systeam and 20 labelled amine asids,

This ayotem ual ahls to Insorporate lahelled pro.
parsors into pelypeptite otaina, addition of DA degr-ding
enkyoe Seoxyr homaolonse stopped inccrporation implyine thad
MeRNA was being oonstatly degraded and needed ronsual By
syathesis, Fimally, addition of cxternal me!'A from varfoas
soureesy natural ond synthetis, produeed a several hunived
fold incorporation rate inoresss, Tt sa8 subsequently osnfires
that m anomalons proccss uas taking place dy demonsteating
that virus ecoat protein chatne were smthesised upon addttion
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of wiral me’'y. fraeti.ns to tha £, gull onll fren scotem (aleo
sappert iy th Fypottasls of acde universnliity),

| T'e mathuds of deeciiing, uning symthretin polymers,
4%, trl and oltro (fou) mielactides will mvw he Afscussed
Tetnflv.  These £-11 fnto tuo sets of two elonens socording
to whather th2 € RNA« rfHhosoms hinitar or polyp ptide ehain
cunpenition 18 ot 8%4 and atter a3 randon or Aafimmd
sequnrno” nucleotiden are umml, A Alamiaston of matearials

=7 wthoda (Elrotrophornain, Papar Chromatopr-phy, J¥
sproatronecpyy Neae proparation ote,) will also ba omfthed,

(1) *he originsl Inpatas 1n this vhole £1819 caoe o
montionnd fron Mrotherg gk gils work (1961), After testing
that the ayatem worked, they added polyuridylic antd

(UUU gues ) to the saystem,

the trishlorcacetic acld ($,.4,f,) fosolasdls frection
contained S00 timea a3 much labellsd Phanylamine os in the
sheanoe of poly J. Parther the ¢,1,.7, satiafied the usaal
tosts uhich woald De axpecte? for polyphenyl.smine, Othep
anine arlids 411 et meapon? aimifleantly,

By using a method of unehing rifhosomna on “11lipeye
paper %o separate thuse Bound with t.ria from tha pibosoms,
Magthaet gt g} (1962) were zhis to shou thet Phenylamine.t
RNA-TIbosome compiex!s are formed as intermediasten i the
synthealis of polyprnyl anime 4n the prasonee of poldly U
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Stmtlorly thoy 510 found thet polyeyttanitc mtd
promoted mmmiﬁm tneorporations,  Tn view of thn 1 vivo
"enaite uh'ch ware gamrpolly Unusn, the oBorroent of phe &>
JIT a3 pro €= GO0 wa: notarals

{1%) Next mizn? pandcm copolyoors wern ased to atady
rino nold ncorporction By Both R4 Mintre ol polypoptide
ring net? content methudn, Thess polymers Yowe Cuwo O maPe
40 of hasen, |

Ctn oxpertmnt consints of atiing 10 Yeol* ant ome
thott {labellnd) oming ~ot? to o cell fre~ ayaten nlony with
t* copolyay (thin emwgren the avallah?lCy 0f precarsors
for o311 poseihle poliprptiten), TMa 44fforance Mo Hiordr and
+ oUPOLlyYr Incorpor~tion op HINM o pates than tells a2
wrattep tho aopolyer 40 Alpenting incurporation of e i
eot1a ur not,  Tvas Tirethors 8f o} (1962) obtntmad dota uhieh
2 holiry poprotaced holou

Tadin 3

A3ittion oF sopolymer '31";» A=ino Aeyl  ¢.5it1A Deund cu p "W

(ggﬁg;s; of base c¥ yal t.prA cA -::;;1 t A

No sfdition C\28 . 022 0,37
447 poly 3 Ce23 4,73 0,32
4,7 poly K 2,68 132 OuBd
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e chiaf MIPealtina mrloe g to kydrcpsn Hinting
atthar batuern F{ffernnt ¢hatns ur “atwesn basoa on the some
etnin, “;‘m’ axmpls, poldy J an? poly A wuld atiel to apeh
uthar,  DUly (AT (ATAJA seee) 47 “nactive oines 18 duuMing
wIth ftanlf, oly © an! C pick polywrs are ~170 Tnantive S0
to 901f honiing,

Effictancy nlso Sapends on obain Jangths (lone 100
mielrutidn cupolymers drant aynthesis wmaoh hattsr thon ahort
0 « 11 melsotife onrn) md docpenses pap'dly It £ doa %
polimny deprmdation iy ensynwa,

Towavar, cnos 1€ 12 garn thot Incopporation oteura,
restrictions on the posafhls codons for the mtino notd may
trmodictely ba fmpossd, These npe of two types and apr dest
11Listrated by exaDING w

(1) Poly U anf Poly C & mot 4irect incrpornstion of smimo
actd X bat poly (UC) doen, Threpefope X mast bDe coded for
by o miztare of J od C bates ( ualitetivwe approach),

(11) Quantitative; ™n ~ ranlom copelymep,

Freaaeney of triplet XYZ » Profuet of spriori freacusncy of
tnttvidual naolsot ides,

taay 1f Poly (J0) 311 13 ased, then evidantly
Frequency U » (V/4)° = 27/64

Preqaency UG = ta/ﬂn Vé s Vel

Fremenoy 660 o (V4)® (V/4) = Vet et
Freqssney 006 = (1/4)° = Vo4
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T8y sTnoe o brow 377 €0 eofe for Prangloite o
aspoct oty ol aet? coded by 8 J16, G am? 37 to Incorporste
n n retie V3, VB, V27 to t fnsoppor-tion of Honrl-mime,
fope 1U2G » UGGy GGUy GUGy o me fnfupe-tion un anodrnenn s
preen,  Thia fo Buurvey DU n-hila frum 5240 %8 unfmp pulyers
with o tnoun sengenee,

Sume pealinin ey rooulls on sesueness wero oht 1o
hy o corhin-tien of rondum poldymer ant! antno anid roploooment
st byt thepe wers fncceplate o od fo guntt eonfiemastion
hy thnoun degaencest =nthoda ainer a 0 aasirament of n
eudon o o8 1809t one or o wall loeatad {(ana'ly replia-dla
hy other et a0tn) oming aof!s uas ragqitmd, This el
(Rychlet o Sormy 106U} 40 Mwat fllasty tead as plven
balows | |

13 poss W v thet Vol ¢ GUA an GGA & iy ol CW & rla,

“hean 47 vak =9 £ly Y 0l e rla are Jhaerved, then pl

GAA ot rly 9 GGA ¥refdictely fullov by_tm a8aal 3ingl» hane
want arpaent ( J = 5y 7 -» O respoetively).

(2) $=RUs Ribeseue Blniing

T™ha peptide hond formation (peptisation), during
polypeptite synthesis ean he BHlooked by onittine peptidyl
tronoferase; GTP~ATP pemarstion agatewn ate, ' CaRNA
hinttner alone may than be studied,
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“Hyonhepg and Lader (10648) Sewrioped a wethe? i
which =10 0f Just 3 cotumn wore used to Ypeot tohi7s
hintine to rthosomes, Thoy Afrested poly JC with porlk liver
s10leats o 'ytne UGy GUy GUU. UGU pn% UUG mixtures, Uapep
etromatorrapty an' poper @iaetmammam wpre 1808 *n tanlen
Lo sennpatn and purtfy thage fraptlons, "ty purtty uss
aamayed Ly Jipagtiny wiE™ pancreatie RNAxse (1) 91
RNAase (£) 1n oltaration,

For axopls -

sA).‘l‘.’.....; “¥aZ GereZ e O
ot Re¥ wemiaGyYeU
(ay) b '
(5¥2) $2y G4 T2 wtero B m Op
() A . YeZ ulors YwJyZol

~tn prapaped trf maclsctides ware more than 98X
pare, On coniucting antm goyl € RNA-rBosoas Biniing asanye
with radlonetive precarsors, they ecbtaimed the data giwven
halows
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Tebls 2

q’ S o T T T T T T R R R T

1ee4 W, 1A boasd oM
Ad4%tion of oY mine Aeyld %%"A %’ga;ﬁ a*® 1
COpoLymy , " noian ~¥
(7 mogn of OV VAl terTA cA pranyl bR
bgan restdue) ) TR
No of3%tion 0sd Co22 C.CR
4,7 &2 L1 Cal7 G866
4e7 UST Oad G228 U 86
4,7 G Co? G826 Codd

This inlfenten olerrly that GJJ 12 s coden for Valine,
W 1n UUG s UGG do not aode Loy Phonylmimm, THLS sethod

Wl gory Vireet moy leall to errors due to v-ricun reasons,
For exoplo, JI0 18 not a lauetne codon (colum 4, rov 4),
Finolly 2%eleot i8an gove no 4790faromme ot nl)l Intteating
a triplat oole,

This %3 the most relfab)s 1n viteo wethod of
decofiing, Yowewer 1t %o not always applicadbls, The major
achiovemont of the taginique on whieh thia method s based
on s ¢w gonstruetton of polypeptifes with a repeat scquense
such a® '

KT eee OF ARUANARG 44 OF LR AR 2 1+ IRy
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Thegn gre yaforerd 0 89 PolPePeAB, pulyer«AC and
PO1JereBC) paapnctively, M wethod of propar-tion consists
of the praperation of 41 or tri nucleotiden, dy chemiend
nethoda, of afther t'e »iHo or decxyro form, Trese -ve then
polpwrised by asing a 74 polymsyase on the olfror Momclaot Me
of by usimy a WiA polyserase to fors a U714 strend md then
copytny thin st a 1774 polymerase with precurscrs for only
one of the tuo stronils £o enoture that only oon 18 copled,
7he ploteor work in €99 g2 of sueh ehaine uns o by
"horms g% a3 (1068)e

(£} ™ polymer JCNOTURUC sese (D01FereC) with chatn

Irnpth of the pfer of 110 Dosen uns afded %o on n vitee

Ea Sudl cystem and foun® to dMpeet the agmtheals o polypeptide

chain with an nlde:noting mguenes of wrive and Lsucine, This

secuence usd established from the «

{a) 111 iy ratio of the aeids

(b)) Toth acids weye requived for synthestis

(c) Al hpdrolysio gave o chemically puwre dipsptide sep-leu
{tsoted by chromebtigraphy et%e,); ™ mother sxperimeut,
by Khorana g% 2} (1968), they used polyer-AnS to stimalabe
polypeptide aynthestis and found that 3 Alatinet polypeptides,
polyelysind, polye-argintne wnd polyeglatamate wore
prodosel .

/Prm firet experiuent aplits an 084 codon sise and
sssusing a triplet sise gives UCT and CUC as the escdoms, Stnes
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Ucl triplata promcte anpe € 770 hinMnr, G & 100, A 00N
eliafon thot ecad? not He rensted hy tha triplat method,

“he pacund experimnat ewn only B2 explained uaing a
trinlet, mon-overlaroine, cormmisss code with M*tisl po'nt
ehonon ratonly 8 on thesn aasumptions {rodiately clwan
AAGy ADAy CAM aB the oofono Sor thn 3 actds, AAD ¢ 199,
CAA @ i phvan ACA @9 orgs o conalaakn ohieh could mot e
ranctod Ty the triplst & £ Hinitnp experiments whfch pove
ACGA »> 0.

Jofnr o curdination of the hove mathudn, thae Shis
g hng Baon Bos heon aprtved oty 7t only remaing to dtscuss
panctuntion an! universality, The rofe hns deen ocxtenmniwly
confirnd fa viw by exparimanta on mvino anid replroomnta,
mtra codon recodination, frome shift 2utation ete,

™o confine the 4%scusafon to a yessonahle length ol
afnoe punetantion s at1ll n watter of consideyadls 41scuseion,
hanoe, n deteliled consideration of sxperimental rensylte 1s
enllisd for, {f sny elcar out pattern 13 to emerge, "'
resallts for various investigntions apc stated hriefly only
with no preteutions toc conprehensivensee,

(1) The eodons UAA, UAG, UGA hawe baen shown not to eode
for any mine sotd and e hemnoe called nonsence codons, On
t» ocourrence of such a codon trauslation halfs and the w=RNA
15 veleased from rihusome, These codons thus funetion o
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effootive sop nignnin, Thar: s a wide varisty of n vivo md
in vitrc ovidoner to support this view, 7his 19 oalled
Cetapninal panotantion md fa falrly well undepstood,

(11) TOeterminsl Punetustion

The prodienm of o start siznal hovover still remaine,
™i2s 18 o conatderably mure cumplex wuatt-r and while Yy N0
the machanion fn the Jowsr (prokaryctie) orgsnioms uns falrly
w1 mduratood, but that I subersetic orgenions was still
shyouded i A1Cf1oalting,

o position oo regnrds pro®aryotes 13 an follous,
"t uon fuunt et n E, gold protaina g conslder-dis nasber
anded (bogeoily uith “tethionine, Farther 1t uns fount thet
Ee gld eon formylate the mitno proas of Methtonn wten it
12 sttrohed to omn of the tuwe RInde of met.t IT7A () ubie?
1s preosent in saller amoanto thom thn obtley (m), Touy 4f
hoanuse of satno group bYloekirg o watm neld enn proeede
formyl Methionine in an anime acid Sequenoe, Mencn 4t is a
tnatare} eterter, Some proteins may hawe their temminal
forayl Metkiontnes removed Dy ensyass adapted for the paurpose,
This 42 supported by stadles of transoription of viral m.Risle
in £, go)f 18 vitrc ayntema; the Serminol ewino ooids are found
to b» N.formyl met althour: the natupal protein ssquence £ollowe
thia groap. This ‘e e3plained by the remcval sus;ne theory,
*t oy b wted that no *dBloocied® aming aeyl t-RNA'R nre
found n namalisn syitema, Farther inwstig-tions have showm



eEnt the Methionine ocodon AUG peccynises formyl "athionine amd
that at lsnst two othsy cofons GUA sl GUG arn 0l espadls of
doinp 9 ot Jeawt M E. cplde T2 prodiom of thetr dual role
(thay alno code for Valime) con at deast be forenlly masvered
by tha tynothasia that they nye read s start sipnnls only of
tha precediig 2icnsl 19 o nunsenss or atop cofon, ot'»ruies
they nra pead os internsl ocdona, Voery hplefly this e-n de

atata? ams A Teformyl met €074 oan oecupy the ofte P un the
rihpaome Yren AL 15 empty da0 t0 the eceurremee of ~ noneenss
edon nt thy pravivas peattion md thia Mm'tinten the synteads
07 a new polypeptide, Towmwers tha wholn matter awn

Ee £33l 15 constdepsbly nore cum 0% and cammot bo d°neassed
here,

"pd ploge e.don degereresy, the existene~ of only
80«40 t-RNAS a8 oppuned to G1 sense codons, the recornition
hy pare t«RNA's of pavern) ecdons amd the oceurrencs of umasual
bases 17 $.RNATS Rave all lont support S0 Criek's Woddle
hypothants, This states that the hase fn the 3rd position of
the anticodon (5') 18 nut ne spatially eonfined as the othey
tw =t th's allows It to forw a hpdrogen dond, with more than
ons ind of base, Conerally spesking parine«pyrimntdine dase
pairing 1a fawursd, s rule vhiek 8 followed tm
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“ane T Antl.codion Tams 1n codon
¢ Jor ¢
c e}
” g
g AorC
T (Tnogine) Ay Jor C

Baproduoad from Wateen (Molasulsr Biolopy of the Cene » 1078)

Altyuarh this permits gne base to rocormine several
utrers, tha Hind'ne offiefencics &ispley o spresd, Thus this
mecT g any e Inwwlwd fn rote control,

The first approash, 1n the ghoesnce of Aireot date, to
the study of the evclation of the code mast naturnlly be a
ocuparative one detween organians of varfous species,

718 couparison has dean perforand in a nurder of
capes and the conclasion that the code is univeraal s supported
1z all but o or twe detaile, Three methuls ware used;

(s) CPll fyee aysten ineorporatfon stimalated by kmown 80quence
polymielest ides,

{(b) Protein aymthesis in viw Induced Dy foreign A, and

(o) At nold replacement Gaka,

(8) Spoyer g8 sl (10630 investigated whether urgantane vith
amiecal DRA composition odeyed different acdey, A osll free
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aysten from Alegligenwy Lomealis (G6E GeC) woo used to test
22 triplets and found ¢o spacify the some enino acids,
Marshall (1067) teated the yreadings of 50 codons in
cell froe gystems propayed from B, gojds Xspopys Lapvis
(atood) and guimea piz tissues, Tn the large majority of
¢ sen only muantitative 41ffeyences (biniing officiency) ware
ohserved and these weps most 1fkely due to the limitations of
- the teiplet method, 7The major d1fferences found were;

(1) UGA « noneense inE, gold 3 Cystine 1in guines
ple an? other wertebrates, md
{11) vertedrates lack a cofon for formyl Methionine,

{b}) ferptic Jocil may be trnmefepred hetwesn apecios and
virases introduced into umsual Mosts, In each case investi.
gated the treonafoyr is functionsl, 3ince Aifferent codon
asaipgmmonts, bat n sinllar ccde nature wonld 1s~d to chaos

dup to the pressnc~ cf host t-RNA the virus would hawe to
speaify t«RNA degr-ding snzymes and specify 1ts own t-RiIvv s,
This is difficult in view of the small atie of most viral
cshromosomen (DNA or RWA), |

{e) The smino soid replacemsnts in such widely diverss
organisms such a8 E. g0)dy ™V (0oat protein) and hummns
(Paswmog oD in) Indisate atrongly that the coding s the same,

Lot ues nov try to smalyse ewolution in this context,
There ar¢e two mafn aspects to consider thisg



=

{a) DNA eommon®®ison sy lution,
{B) The awla*on of the eoda tanlr,

(=) “ha matn Prets o he nesounted for 4u tha wids varim.

tfon Mn YA composition hetwamn diffapmt ateatas wnd tha fast

that uithin n plyan Sasononis elaes the wariation a mitm
small, “ther affrete misk on petndensy are also chnepyed,
“hus 91 Medar orpoions (haf not haeterts) 2ome sermants
are pévents? ap to 10° tomas,

_ s the yarintion of (Ge0) content smowe Mﬁrm
12 gnnlly the compoottion halne slustersd eround 424,
Invnptrheatan obou a somsubnt larpswr yaristion from 34.4G%,
Hiphor nlants oee ppa'n humedad gt 409, Mat uith spmatap
scpatitey thon warbtehraten, AlPes hew n No> (G4+C) somPent
({50707 wWith a £y prount of lovey econtsnt, Tunri evoup shont
emnlly m O rropeny 3Ge38%y 42-448, S50.52%, Frotozon mes
_ Mﬁw 0f lou {(G+C} contemt yith n fay aneniag of Mo,h; (G+C)
gontant, Basterts shou the most yowarksble spreat from
OBe75%5 the navhar I my pfven peresntile *a shout esual
aXoept thet thers spe proncumosd 41ps et IVedd, E8-G4T,
VYirases gomerally have lass them 80Z (0.0),

Sicoka (1961) s Freese (1961) Mawe proposed
stochastic theories hased on the sasumption *Fat thw hase
‘composition chenges slovly a8 o ronsermenes of rondon amrls
base mutations uhie™ Intagrate to profues a armilative
effect, THIa Sucoks antiwsten that 4f the Metial GiC moln



fmimo Acld
Alonine
rppingne
ropoaragine
rapartic Acld
ram md/or ASD

Cyateine
Clatenine
Clatomie Aetd
CIn and/or Cla
Clyeine

T atidine
Toolsucine
Leucine '
Lya‘ne
lfathioninn
FPrenylalanine
Proline
Serine
Threonine
Tryptophan
Tyroaine
Valine

4 Sy

Threa latter aymbol

Ala
Arg
sap
A

Cys
CIn
4 13
Clx
cly
Ms
Tin
Leg
Lys
Met
Phe
Pro
Ser
The
Trp
Tyr
Val

Notes Twenty emino apids constitute the atmiamrd set found

in all proteins, A fev other amino astds ocour

tnfrequently in proteins hut ¢ 13 syspeeted

thay originnte as one of tha standard set and Hecomn
chamt enlly modified after they have been fmcorporatdd

tnto a polypeptide chain,



BN AL ¢

T gTIRTIC Coun

Cys J
Cys C
Leu Ser Torn Torn A
Leu Jey Term Trp &
Lea Pro His Arg
Lea Pro His Arg LY
o Leu Pro Gin Arg
Leu Pro Cin Arg ¢
*le Thy Amn Jayr J
Ils Thy Amn Ser
A Tis Thy Lys Axg
Met e Lys Avg ¢
—— - — — NOT——
val Ala Amp oly U
Val Ala ASp Gly ¢
] Yal Ala Cia cly A
Val Ala ol Gly L]

Motes Given the position of the bases in a ooden, it is
posatbls to find the corpesponding smine avid, For
nm the oodm 8 AUG J' on wRNA specifies
methienine, whereas CAU specifies Maetidine, UA*
JAC and UOA sre stop sigmals, AU3 1s a part of the
1ntitiation simal, in addition to eolding for intemsl
mathionines,
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fraetion *a 0,00 mA A*‘;:.—é GO (uy ¢ Ywing matetion rotan pey
generation); ths ¢¢ t/ump.«;, than ghoat m” panarations npe
roafeed to puss from p, o 03 to P, ™ Ceds

For hacteria vith a ganerstion time of onn lour, this
corragponds to 2000 yearsy while with ponerstica ¢'me of one
voary 1t e 20 7111%n pears, Thus 1t follous that hacteria
starting from a Ycommon ancestor’ wald diverge in NJA composts
t4n mech nore rapidly thon say vertedrates, " fast he
predictn the componition heterogene ity rewmlting to he

é s (Standoed dertvntion)” m MWVmumh

THis hovevep, rives oo mmnll) a valan, even for
haotaring hat tn Wmtrodueed ssveral hrondming effect:, /gaM
gich ntoetmatie theorian are 2t Hoing denlt withy, hut the
question of DIA heterogome ity in the oontext of Tnformstion
Thoory will bde conatdcyed in some details,

There are thres salient facts to be mted sdout the
oode stoun in Sadle 3,

(1) Tt 1s offectively universal,

(41) Tt ezhibits a regular Segeneyany (Golfherg and Wittes »
1966} Twice dageansrate wyds (mmino eold or term) ave
all of the forn b pur or ab pyr, ILur Simes degensrale
amine aclds kave fopmula chx, whepo x 18 sny hase,
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Argininng Loucime an® Sertne e all G Gegonorcte,
Leacine hoa eoduns CUX en8 JJ purine, Arginine has
codolin CGR 1 AG parine, Thas hoth hoave thn fornm
b parine, ‘erine on the othey kel hos JOX ant 40
pyrnidine,

{111) There are dafinfte correlations between aminc anl?
ehenteal struetare vl ocodon pattemn,

{1v) Thare mre twd exceptionm

(a) Mathionine."solaaeinn, whers Taolaacine s 3 Aagenerabe
urfls Mathionine ?a not and Teyptophm - Tarmination (UGA) doth
of uhich are nonedogenarata, Also J0A 43 Ctopm In proltarvotes
bt Cysting 1n vertahratas,

Tt kx hoon arpued by Criek thot plven an estedlisesd
Aot fonary no oh-npe I8 1% ‘2 pomibzn a8 a change ‘n esodon
masierent wul! replass oo entnoe acid by -nother 1o ald
protaing in vhich the firet ocodon 4s used to specify the first
anine sotd, This thepefoye possssaes a Rig) prodadil'ty of
lethality, Quantitative satinmses inwlving wuite ressensdle
estinaten on the prodability of an anfmo o014 cecurring 1n a
erftica) locus 18ad to praotisal ccrtainty of the lthality of
d1stionary changes, Sowe contyoversy 15 posathls especially
in relation to the more infrequent arids such os Metrionine,
Teyptophan, Cysteine a4 th» pare teyainal cofon UGA, Thus
7aie (1v) tends to sapport the sonclusion tho® mincy ohanges
fnvolve codon splitting for e¢,



> |
IS B T Y AJA Tlew
a_ Liee7 1K Mot
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JOG Teyptophmn

Trase codon aplittings have coocurr-4 aince yile (1) Aoes mot
a1y to such codons os we veil! aprior! expeet, Trern are
alzo d1fferoncen in otoup atart aipnala, for exapls, X 18
Lya n vartebrates, AJ: does not ouds for formyl Methionine in
vertabrates, ,
Thdsy a 1ittle chrnge Mas talvon ploce fn tho eude ainee
1t uan eated}tahed, Y 1 mppeses to De a fintehed prodact, ¢
Fas hean sugreated thot s eatsdlladment wos with the awlatfon
of the oripinal metodolic ayatenn from ensymelesa £¢ entalysed
ones, |

" Thoorian of eode swlition (mechantstie and stochastis)
a3 they axist todny opm Riphly Ad toan, spreulative and only
o approner (GoiMerg =l Wittes « 196G) will de Aeserthed,
™is thaory seans $o de fairly scherent sven if parely
formal, o

T™he pattern of dcgeneraoy observed as cutlined above

(1 to 1v) is saeh as tc sininioce the &~Jetrioas effnots of
mitations, That 1s this Inwolves the !oelsction hypothesiss,
shat the foram of the cefle wes aryived of Dy et ‘optialzatlont
procedure yelative %o randon dase oharge mutations, Thae
Goidherg md Witbes point cut that the code 18 2uch os to
tnerease the proded ility that a bane palr ehange wWill result in
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e cudon o4 for the sooe amino onld, Thus ome mny
axpact DU 9 pur oo more Likely than DU « DyTs The tuine
~ degenerato smimo onids ore unaffected hy third place re;lacements
pAr « DU OF IYP e D¥Pe Sintlariy the 4 an? 6 time
fAapenerste aino aofds (0 uhich thers e 5 and 3 respeetively)
ore compliately anaffeotad hiy third plase replancments, Howeves
the Jatter, O degevarate 40 Invarisnt ander even more replote-
nenta,

The third place dapenerssy hos Scveral advantagen as
translation errors cre ot framient theps nd gfven the wenk
pairing ot the third ploos, thero extsts a posathility of
redusing the myder of t.RNAYS neaded an® =0 on,

Farther GoMderg gt g} (19¢6) mte thnt the acde 1s
such that matotions tend o produes a sinilar anino acid to
tr one originally coded for, trus reducing the prodabdility of
a lsthal chenge in protein (ensyuee) conformation and therefore
in its aotivity, A more Mteresting hypothesis 18 the of
hoese (INE?) namely that trasslatfon rather than mutation
ervors vicpe reduced by the evolutionary optimtzation of the sode
go as to refuse the cffeet of crrore preduces by the prinitive
translation mechonton which must hawe dem only funetional
group (rather than smino asid) and pronc to ostastrophis crier
propagation,

e 3 22
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CUAPTRR  YTY
TRINETOL TAXONONY

Temonony 13 the scionce of olassifying specles ‘nte
groups (taxa) agcording to gqualitative or qummtative simi.
larttien or 4fsatntlarittes anong them, "merienl TaRonony,
on the nome suggests, comprises the quentitative methods of
elasot flention,

"Tamerienl Toxonomy may be Sefined as the numerieal
evolution of the affinity or oiwilarity hetwern tamomomie
mits md the ordering of thess um*ts into taxa on the dDaals
of thoty affinittes, It 18 the alin of Tumsrieal Taxonomy %o
develop mathods By mame of ubtch WM ffarert scient’ sts,
wrking oatte indepmdently, w11l and must arrfve nt 1denttoal
estimston of the affinity Detween two crgan!sms, riven the
smme characters on which to base thelr judgenmts,

Classifiention ts one of the fundanentsl concerns
of science, Facts md odjects must be arranged ‘n @ orderly
foshion defore thelr unifying priwcipls can be 4issoversd
a8 used as the dasts of prediction, My phemensndn osour
18 sach variety mmd prefusion thet unlems soma system is
created mong them they wuld de unlikely to provide any usefu
!!ﬂ”ﬁ&w



then a set of unordayed odjects hns desn grouped en
the danin of like properties, Hologists call this classifi.
cotion, Oneoe o classffication kas dDeen estad1'shed the alloe
ention of afditionn) unidentified ogdjactn to the correet close
%8 imown as dentifiomtion,

The parpcee of taxonouy 18 %o group the objects to
be olosatfiad Into matural taxa",

A population consists of elrments, each of which em
be iIndtvidually described by reference €0 a pre-deternined 1ist
of relevt crarecteristics, Thie pepulation is sud.divided
into sets of elements, These sots for the sude-division, should
fulfill cartain requireomsnts to rank ns a claseification, ™
reguivensnts are)

(1) wWithin esch of the amy menbeyed set, there mast de
stisast one other mewber; whiek shares st loast one
relovant eharaeteristic vith mother such mewber,

{(31) To be the mambar of a parttoulsr set 13 not omsidered
%0 be a relevmt charasteristie,

(111) Each mesber of one set wast &iffer from a wewder of
mother net by atlisast one relevamt characteristie,



«

(%) Mgno-thetic and Belwbetic Clasetficgtions

(lass!f*e-tiong Hased on one or only a few charasters
are genarnlly enlled as "Monothetiew, “Me memns that all
the objects alloeate? to onn olans must share the charncter
o2 choracters unfer consideration,

Clasat fientions based on wmy eharactertatics are
enlled "Polytheticn, They %0 not resuires mny one character
or proparty to de untversal for a class, In such enses a
given *"Tumon® or class 1o estadlished decmise 1t ocontaino a
subatmtial portion of the characters employed 1in the elaset.
flention, Assignments to the tawon 18 not on the 2:}3 of a
sinrle property dut on the agrregate of properties/sny palre
of membera of the clasa will not necessarily share every

charaster,

T™he dasic exiomas as 4¢seussed sbove define a large
surher of altemative clase! flentions, md henve n further
constraint ‘s needed to Select from among then, This hew
to be done In sush a way that differences WIthin sets ape
to Do minimised and the 41fferences Detwesn sets are % de
maximised, There are two methods of doing thie,



&
() SoAf Struotaring Methods

(L) A function of the relovemt charscteristioca is defined
hetuwesn pairs of olsmants,

(11) An elonent may Ye oither a wenmber of a population oy
an entire set, If 1t 18 a set, then this sst may de
defined by any one of its members or by all of the
membors or by an elament constructed from all of its
nembers,

{111) Sets are ¢t0 de constructed so that the funotion 1s
minimum or naximua within them, =mexinmum or minimum
bestween then or both,

(b) Derived Stracturing Methods

(1) A fmetion 1s defined betwesn pairs of relevant uhu-ehn
over A given set of members,

(11) A characteristic or a group of characteristics 1s found
for vhich the functicn or a derivative of the funectien
18 maximal,

(114) Sets of members are defined in relation to the character-
istics s0 selected,

-2 Gausl Weighting

Sokal and Sneath (1963) acospted the “Admnscmimm®
postulate that every charaster is of squal weight,
Tn computing the similapity betwean the two temonomie

entities, numerical taxonomy treats all taxonomic characters



an of ejual valite end “‘mportmon, Tf ono coonot dectde
hou to weirh the features, oms mny give them esual welght;
unisns cne proposes to alloeante weipht on 1rrational groundes,
For axauple, aven 1f the entire genetic constitution of a
form were known 4t walld ba fmpossthls 0 £nd a basis for
woliphing the gonetiec units since they have nec fixed adnptive
significanoe, Neitdler can one weigh characters according te
their consteney uwith a certain taxon, desause the'r constmey
copmot Da deternined unti] one hns defined the 1iismits of
tason, |

*uo the atw of taxonomy 1a t y'el! taxonomie
groups whtch dring together orgsnisms with the highast pro-
portion of similar attridutes,

(9) g

These are of grveat advantege to the tawonowist since
they encdle to chupare taa at suy destyed lowl, The vast
majort ty of existing mmericsl wethods ave hievarehieal in
neture, Howewer it is posstble that eseh lavel in devieion is
astooliated with some meastre which shall fall as the hierarehy
Sesoesnds,

Gilncur has 4¢scunsed the properties as the soxt of
clansificnticn which onnt be reoognised as natural, Sush
alannifieations nay be tnmpd a8 paneral n Slatinction %

i
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speeinl clasnifiontions, This fmpliss that 1n construnting
general oclassifientions, characters have equal weight, md
that taka are based on correlations betuesen feantures, TThase
tuo ooatulates are onlled "Adznsontan¥,

Manbars of a notural tasmon are mutually mors highly
related to one mnother than they are to non.membera, Mis
lcafis onm to try to define vhat taxonomic relationships are,
GConvntionnsl tavonomints wish to esnata taxonomic realationshipe
with ewolutlonary relnticnships, dut numerieal Saxonomists
hs;ve pointed out that taxonomic relstions are of three

Phenetic relationships are dDased on overall sinde
larity among the objects %o be clasaified,

Texononic pelationships are to bo esvalaated pareldy
on the danio of the resesblance exiating in the matarisl at
hané, tho relntionships are therefoye statie or as Miohener
called them "Fhenetfe”, They do not toke into aceount the
Me‘ of origin ¢f the obsarved resesblmoes or the rate at
which such yesendlanoes have increased or Secreased in the
pasnt,

he restriction of tamonomic proesdure to phenetie
evidence 15 nocessary for thres d1stinct reasonss



631

{(4) Phylogenetic speculation ‘o not compatibles with the
stated alus of objoctivity ond repeatsbility,

(11) The avollable fossil recor? %5 80 frogmentary that the
phylogeny of the vast majority of taxa is umknows,

(141)7hony even vhen the foms!l evidence *s avallsdle, this
aviGence mast de fiynt interpreted 4n a strictly
phanotic manney, The criterin for choosing the anscestral
forms tn o phylogeny sre phenetio coriteria and are hased
on the phenetic relationship dbetween putative ancestor
and desemndant,

Cisdintic relutionahips ore Dased on commwn 1imes of
| deseant, Close clndistic relistionships penerally implies close
phenetic 8inllarity byt this 48 not the case alueys, ™MIference
1n evolationory rates may give rise to 1lfnenges thnt 4!verged
long ege bat sppear woye similar then a sudsequently diverged
pair of stens, one or doth of vhich has undeygons ryapid
evolution,

Cladisties Involves the formulation of hypothesis eof
phylogenstie relationship (defined by ressney of common
snoestory), It seels to 1dentify aister groupe $,0, taka or
Ssts of taxa, vhich are elosaly related to each other thm
either 12 to sy other tanon, amng sll under consideration,
Cenerally sistsr texa are pairs, 7This is a methedolegical
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daviee vihileh wrkn mad ahould Do applies sven 1f o

{1) the taxa mder constderation are ¢wo species which have
o anomstor - descendmt relationship snd henoe are met
ke aister species in the striet senne of & oWl
tionary dYfurcation end/eyr

{11) the taxa mndsr ocnsideration have closer relatives
wnkuown to the syatematist,

Statements of relation based on this mproash speei-
fieally avoid the cucstion of snoestor - descendnt relation.
ships, This %3 not of coures to say that moestoy-descendmt
relationahiy does not exist -« my theory of ewolationary
wsehmians mointaina they mist, But phylogenstic affin'sy
e only b oAidred on the basin of the shered possession
of dsrived character states among 8tster taxa, We om reject
a taxon o2 1 noestor only 4f it possesses atlsast one nod-
shored specinlisation, ™his ssms thek the claftstic mathod
of malysis 1sada 0 o detarmination of relntionehips mmong
taxa dasod on their shared derived characters, !rrespestive
of similaritios bassd on anceostysl retentions oy convergence,
or on geography or stratigraphy, Saeh hypothestis provides
a zininal statewent which dees not stress moestoy-dessendmmt
1taks; but vhich 1s open to test Shrough re.imterpretation
of oMy or smquisition of nev dsta on charooter stale
disgridation or extogeny,



DISSIMILARITY ermmee®

Fig 1.

Taxonomie #el atisns ‘\L{ac viewed

as Fe.cfs .

from three diffevert



Chroniatic or temporal relationships are among various
asvolutionary dDronches, Chrontstic relationships for mont
organ?sng are knowi seantily if at ally, n are generally
Inferred fyom phenetio svidence,

Thero 48 yet mother classifieation vhich exiats «
sThe Phylopenetic Classificationw,

T™he phylogenetic clauntfieantions of conventional
taxonony are usually based on an undefined mixturs of phenetie
and clafistic relationships, They oftsn represent mn overall
sin!larity among tho classified organtems disguised in e«
lutionnry tarminology,. |

Taxonomie relationships can be viewsd fyom three
84atinet aspects, UVith reference to Fige 1y we have the
relationships am

(1) Phenetically the crganiasn B s wore closely related o
orgeniss A, tha 1t s to C, even though ¢ ewlved much
_later than A es a bramch of sten B,

(11) Cladistieally the oygan'sns B and C are closer % sach
other than oitht,r in to A, sinee they have an ancester
t3t in common bdefore sither has a common anecestor *AY
vith A, '

{(111) chroniatically the orgmisms, A, B and C are cloeer ¢
one snother than any of them e te 'B\"’; sfnes thay
oecupy the same time horizon,
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From the abawe mantionsd facts ue 8so that “Tumeprieal
Taxononiatn propoan to haoa olamsificonticns entirely on
rosendlmen, Gefintng natural classifie~ticn as thoms ylslding
trxa whooe mevbers are !n some sense more similny €0 one
mother than theay are to meanbers of other taxa, Thus the
class!fication based on o variety of choracters will ba of
goneral utiltty to Blolery as a whole, whoreas a clasalfte~tion
raatine on only a fev choracters ‘a lese Yhkely to be penerally
agsfuly axcopt for thn spactial purvoses relevant to the
chosen characters, |

The nature of stmliarity s of course a fmdamental
problsm of taxonony, This anotent phtlosophtenl problam has
boecoy aeute in a variety of fi‘a:ﬂa becogan of the introduction
of automata for classifiention end 14ent?fication, Ome of the
underlying prinetpless of numerteal taxonony 8 that quant!fi.
cation of degrees of sintliarity 1s possidle, Similarities can
bn estnblished only on the ban's of homologous oy gorresponding
eharacters, Homolopy as fnterpreted by numaric~l Cemononista
is the sxfsting over all similarity in stracture rather than
sinilarity due to common aneestry, although this umay often
be the mierlying cause, 70 deseride saoh esemtial similarity
due to co'mon smosstory, one nends to base 1t on numerousd
ranit charssters® of the struetures to de ocompared, Numeriesl
Trxonounists pegard unit charactera ez those that eanmot de
sud-A1vited inte logienlly or empirically indepsndmt characters,
™heg 48 n complex subjset, sines the same set of diologieal



chrrasters con de descrided fn ‘nnuseradis slightly varying
vays, All these Aescriptions may not de used, yet one emnot
ovold yedandmey by chooning the best ones,

Anothar prodblem that arfses 15 how mmy charnoters
Eovs €0 bhe chosen for Asszser'bing phenetic simliinritien? Ts
thare an asymptotie similarity rmong orgmisns that is
approashed vhen more and rore charaeters are messured, or
w11l each alfitioncl set of sharacters contridute a new
4imension to eimtlartty, making the tamonomic structurs of
o group ‘nherently unstoble?

7he philosophienl origines of the present davelopment
1n taxorony derive from the wrk of Michel Admson® an
siphteenth oontury “French Dotamists who rejectsd a prioris
assunption on the importmen of diffayent ohorncters mnd
proposed basing natural taxa on his essentially phenetie
concept of offinity,

™he objects to be elassified nreo called “Operational
Tazonomic Units®, They may de individunls as such, individual)
yeprosanting specios or higher raabing Sexa such a8 "gensra®
or *faxilies of plants ond animals® or statistigal shatraoe
tions of the hghey ranking SteSomomie groupe,

Classifiontion by Muneriecal Tamomomy are based on
many numerically recorded characters, Thees may be
mensurenats thot ave appropriately represented numer!ecally,
or they may be coded in such a wny that the 4ifference detwesn
thom am proportional to the'r dlsaimilarity,



In order to estinate resemblonce hotween organdens
cone sets ap o tHle of Antn In mtz:x form,

‘oxa —>

:;

OB e © W

Charaoters

a & s L D p
SRuBcesswesene
S o600 B OO
a B 0 B e W
oo B OB S

Columns are tha orgenisus to ds investigated
and rows are the charncters,

Charaoters however should be unit eharacters oy 1if
they ave multiple, they should be bdroken inte unit charaeters,
a1t characters wmoy Do defined as thoss characters vhich cano$d
be farthey 41vided 1nts logieally of empirieally indepandent
ghagzactere,

The rul’ng ‘dea dehind this 1a that eseh state should
contridbats one nev 1tem of Information,

Sscondly, the untt characters must bds memmtngful,

One ahoald avo!d Jogieal correlations and mast inslade ey
propepty vhich ta a lopienl conseguence of mother,
| For eXemple, both the dismeter as well as the radtus of a
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elreulor orgon vill be of no uss, Partlal dspsndence of
charnoters mast olso be included,

Then, 1€ one has the evidence that mors thmn one
foctor determines the tw ocorralated festures, whather the
evidence comas from within the study or without ¢¢, one wuld
then be includirg doth characters, dut otherv'se only ons,

Amther vay of representing sistlarity 1o the 4¢stanee
between OPU's !n a miti.dimenstional spase, Suppose the
sin! lnrity Detwoen nll posoidla palre tokten from four objects
13 to bo agtingted on the bdaste of thres choractera, Tach
OTU 15 plotted into the thres dimensionnl opace according %o
sts stato or volue for the thres choractera, Those cdjects
that are very sinflsr will be plotted close to ench other
whils the dissinilar ones will be considerchbly farther apart,
the computation of such atralght 1ine 4fstonees s quite
simpls then, In oy real camey, howover there will of course
be more than thess charaoters and a milti.dimensional spaos
wouls be necessary,

The resalts of a numerical classifiention are
unaally represented by memns of a phenogr:-m, Thess tree
1ike Jtagrans indicate the sistlarity between O0TU' s or
stens bearing more them onc OTU along one axis, Beoause
phenogrens oollnpse multi-dimmsional relationships inte tw
dimensions, thers 18 an sppyecisdle distortion of the
original relationship o8 ¢an also ba ssen from a similarity

matrix,



Fy 2. gimLLavii:; can be Yapreseq;*wl az- the
distance behween the 0Gjects To be classified
_Ca"eol OTUs an A mulk dimensional pacs.
In this example the similany between all
poss thle pa'urs Jaken {rm {our ofz'eds e

estimated on the basgis a_f hvyee chara c‘krs)
which are mpmsamteo\ by the Thyee Co-ovdt-

Mfe. anes \x) 'Y av)\A Z . S’i”\uar oé)ecfs are
plotted closey Yo one another thauthe Aissi-

-milan ones .



Three kinds of wefficients have beon developed
for vesecdlsnes or similarity,

{1) Coefficient of amscciation - They refer to charsoters
41vided into only two elasses, such as positive nd
nopative chnracters, 7he data emn de tadalated in
a 2x2 table,

{31) Oorrelation Cooffioient used dy Bknl and Michener
{uv211 be Alscussed later),

{114) A third method 42scusssd by vkal nessures taxonomle

dtstence, It uses the convention of a maltie
4imansionnl opnes wth one dimension for each
choracters, (Fig, 2)

2
gg‘u(xznﬂ‘)a *» (’3' y‘) Q(Qaa l‘)g

Landoxang.

A Gendogrem is any tree like 8iagran for rspre-
sonting relationshipa among gemes, sygaisns, populations,
species or other diological meanringful 0,7, Units, e
dendogras 1tse)f arises fyou a single spuree or yoot mnd
branches progrcesively aatil 1% terninates in a eolleetisn
of bads, the conterporsry m.-

Each non root point has one parent end fn the
claps of dendogroric fach wn-terminating point has exgetly
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Fg 3. A Dendogram .
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tw off-springs, There wre three regions in n dendogram,
exteriory, interifor mnd the yroot, he exterior is the set
of all conterporary Operational Tewonomie Units, The »ool
boling the most mecestral point on the dendogram, ™he
interior 12 the set of agll remsining pointa, Tach mezder of
the exterior has exsclly one immdtate ansestor (or parent)
and no desomdants, The root has exeetly twe fmmediate des.
eendents md no ancestora, Eash member of the interfor has
exactly ene parent snd tw offsprings, A dendogran with

B contemporary (0T0s nluays has one 008, n exterior pointe
md ne2 ‘ntarior points,

There aro two theories which can de used for
/nwnﬂmet&ng the phylogemy ¢f 0TUs mnd hove also reos!ved
rigorous mathematical foundations, The fipst 8 a theery
of Camin o Soktal (1068), The conditisne of Shis theery
a8 4317108 by tstabrook (1968) (who gave the theory i4s
nathenstical foumdation) may de sumnarised as followe;

() @#iscrete chavacter states for eash OTU are mowm,

{11) the anoestyal oxder of wppearante or Melative primisive-
nese of thess charecter states is Imowm end {s
reversidlae,

{111) the ultimate ancestyal state happened only once, and

(1v) swlution 1s an parsimonicus as poseidls,
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This hypothasts hownwrr eannot s spnlted to studies
aotng molscalar charactap states in which phylogeny 9
inferred fyonm smino s¢14 sequence, 3,71,A, hidrtdization
ate, sfmply decause there *3 hardly miy resson to dsliewe
that my nuelsotide *a Intrinsically more primitive thm
mother 1n the scnse that one can often order the "primitive-
ness® of clasdical morphologtenl characters,

The asecond theory (Moore 1971) postulatas that the
more shelent the coryon sncestor for a paly of ONs, the
greater 1s the renetic 41atanes for that petr of 07Us,

Thus, the degrees of avinc.anid sequences homolory are
represonted fron knowlaige of the genetic ocodes as nintrum
nutstion diotaons (Fitehy Marroliesh « 1067), If moleoular
ovolation has oecarred ot o mifors or nearly miforn rate in
all Yven of descent, then the unweighted pa’r group method

of Sotnl mn8 Michensr (1982)s the complete linkage method

of Sorenson (19MB), the singls linkege method of Sneath (1907),
the divistive malogs of Moore (197R) of theee sgelomerative
wethods om produpe correst dendograms, that ‘s phylogmetie
tress fron di.ntmmity natrioes,

-4 ¢ &l g ) " g’ B R £ A A
PAYIREAMSSI0 _TIees L1080 amig 519 20Nanes S

They produced a trcc first, dy the mmweighted palr
groups methed using the disein!larity oArix of mintmum
mutation distences fron all patrvise comparison of aligned
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aino 00!l ssquences In the sety then these original fuput
mintman mitastion dlatmnoss are reused;

(1) to oatinate hou the linesges Ytesceniing from a common
ancestor very miong themsslves, with respect to the
aomt of mtational chmge, 8

(11) to caleulats a veconstracted mutation distsnee for
ench paty of 0TUs in the set,

Then the peconstructed mutation Aistances ore
compor~d to the input minimom matation d¢stance and sn o
measure of the deviation betwesen theen yeconstracted mnd
oripinal d'atonees, the gversge per omt standard daviation
coeffintont of T'itch mnd Margoliash (1907) 15 determined for
tho entire tree,

The evolationary hypethesis whiech boars a close
repembiones €0 wvhat 18 happsaing 1n the data seto 18 he
rafditive hypothesia® of Cavalll Sforza and Bdwards (1907),
The afditive hypothesis states that In o trus phylogeny,
thare ¢a a certain plus naber of matstions vhich ave fixed
Datween my dramch point on the phylogenetic tree md oash
of its immcSinte descendmte, Furthermore the numeriesl
valne in o comparison matyix ecorresponding to my pair of
ecntemporary O0TJ is proporticnal to the number of mutations
rixsd sinoco the time those tws O0TUs shared a commn moestor,
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Howevapy for actunl amino acid sequence data sets,
the al41tive hypothestis newer holds in the atrict sense,
Mroatlys dscoaee maltiple matations at the sase nuslestide
poaitions ‘ncrease with time md since these multiple
choniges ore not revenlsd by the patrvise comparisons of
contempornry onine ac!d ssquones) the nmintmum mutation dise
taneces boem veory anstently separated sscusnces, amd
ere much rmore groassly underestimated (telsost ond mawinlien
<’ hemoplabin chatn), than Detwesn more recently separated
sacuences (0,8, such as between 3¢ffarent mamalien o(!‘
homoglodin  chains),

If clossificntions are to be estodlished on overald
sinil-rity, sumarical tazonomy 1a required to put the
progedures on = operational mnd quamtitative daa's, Reommt
davelonment of Numericnl Taxonony starts with the stmultanscus
publiention of papers by Peter H, A, Snesth g British wicro.
dlclogist and by Charlss D, Michener and dy Robert R, Sokal
in 1087,

“he existing methods of gumtitaftive slasstifieation
are dased on «

1. The G,C, perosntege of the opacies,

2y, DleAe Bypridisation axperiments,

3, ™wublet Frequenciss of D,,A, mlscules,; ad
4, Amine Acid sequenee of proteins,



e prineipls mderiying the elansifieation dased
on the C.( & 18 that organisms whose GuC 5 1le within a
oertain arbitrory range form a group, A sericus draback
of this methia ¢s that oince the G.C content of dacteria
cat 16 mayvhers detween 26k md 788 approximately, ons emn
get amomelous grouping (e.c. & plant and a Dacterium being
grouped together),

The mathod of DJS1.A. hybridisation ta o take single
strends of the D,Ml.A. (0btained by dsmaturation) of two
spectes mnd to otudy the rate wnd degree of resssocistion
batimem the two strands, A Mgh rats ond degres of
séassociation would mean thet two D,"%A. have n large number
éf bu&ht!h' sequences in commn md henes the tws species

are clocely related,

™ the methed using doudlet frequancies of various
DiN.A. woleciles, tue types of malysis are useds

{a) ™he Prinetple ec-ordimated Analysis, md
(V) The ClusSer Asalyeis,

e atm of principle ssesmdinagts analysis s W
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reduos a systen of n points In a 8« d'mensional spaes %o a
systen of n points 'n a lowsr &fmansional spooe with the
mindman oot of 1oss of informntion,

Claster onalysin (Sokal and Smeath « 1063) is cone
coraed with n grouping of the specios, arbitrarily selseting
a lavel on the seals of similarity eceffieient foy the
paliring of tue opecics, For example, one could palr twe
spectes that haye the ainimanm 4*stanee (in some mits)
between then comprnynd ¢ all other possidls palrs, The next
atep 13 to caleiulate the Aistonce batween this palir st all
otheyr spnelns and proupe of specgles, The speciea (or
groups of species) closest €0 the palr would then de grouped
vith the patr a3 so om,

Toe Amine Acld Secusncs of Exetaln

“n the class!ifieation based on proteins the amtwe
aeld ssgusnces of the Momologous proteins of various species
(1,0, proteins that ave commen to all the spesies) are ueed,
ome such protein vhose smine acid sequence hns desn satabe
1ished for 2 large number of speeies is the protein of
Cytochrome C, a complax substmes found in the scllamr
organclss - nitochondria in higher plants =nd animals,
vhers 41t plays a role in Bological exidation,
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The distaion betueen organtems 4s dofined fu tarme
of the nurber of ehanges n the nucleotifes in the gens of
one of the oygmisms 50 na to produce identie-l proteins,
These 4distances cre then used to classify the orgontens,

™ all the chove schenes, the relation batwesn various
spaciers 10 exiibited through what ¢ imown as o phylogmmetie
tree, This %8 a dlogrom consisting of nofes snd branches,
vhere the mdes represent points of awslationnry division
of tw spoeles having n cowwon seestor and the langth of the
brmches (1n some units) pepresent the degres of dfvergence,
For any sach tyee there 15 a "oint of Earliest Time® mnd
redinting from thia point, time 1ncresses along droches,
vith protein sequenses from present day crgenisas at the
endn of the dranches, The looation of the “point of earliest
tino® « the connevtion %o the Srunk of the tree eannot de
inforred &izeetly frou the mmino-aoid sequences dut sust de
eatinated fyrom other evidenee,

In the first thres sstheds, the olaseiftestion 18
done ot the level of DN, A, mols, rather tham at the protein
1svel a8 in the fourth mthod, sSinee D;N,A, stores more
tnformation than the proteins (part of the information 18 Joot
due to Sagencrasy of code) mnd simes part of the DN, A,
molsoule %8 used for coding S«RNA, P-D.N.A; Ste,, the first
threa methods sre more auitable for classifieation,
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hus Numerienl Tamononmy ‘s the quentitative classti-
£lertion of orgen‘ams into groups, Class!ficatione em de
perforand at the lavel of protein (1ts aninc acid sequenes)
ahd ot the lawsl of the W,7,4,

(a) The prineiple “ehind th'c method used dy
*Fitek mA Margolicsh (19G7) e de indarstood dy constdering
threo hypothatienl proteing, A, B end ¢ with the following
sutation d1atmoess

8 ¢
A 24 o8
B az

owy which palr has to de Joined fizat? Ny arditra-
rtly accepting that palr vhich has the mfnimum mutation
dintnner hotwesn the two menders, ‘n the shows case hetwesn
A md B, So wo have a tree whiech looks likes

whore ay By ¢ represmnts the langthe of the drenches,
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The next prodadility s to get the valoe of a, b
|l o, |
"his eon e dope by solving the simple equations ae

b » 38, ate = 83y beo s 3B
giving a= 10, b» 14, nd c» 18,

When information of more then three proteins is
utilized, the basic procedure 48 the same; sxcept that
1514811y each protein forms a subsst of its own, One $hea
simply jofns two subsets to create a #ingle But more
comprehensive subsnt, A phylogenetie tree 18 nothing dut a
graphienl representation of the ordear in whioh the sudsets
are Jjoined,

{(db) Another altemative method of sasigning proteins
to sets A a4 B wuls b % ocheoss a mutation 4!etance whieh
is not greater by sone wrbitrary smowmt than the minimam
sutation distanes ad thus ove can get an allernatiw
phylogemetie tree, The Dest Sree 1s one wvhish has the wuinisum
per cont standard deviation defined by

: ~
Z Mt Doty :

wy =L 0o
vhere (1, J) is the input matafion 41atenes Detwesn sSpesies
1 end §, ;8 (J, 1) 1s the mutation #150amee odSained fyen
the tree by resonstruction,
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Oertain anomnlfen were found in the remalts of the
rbove anlysis,

le One woo that Fad the fregquenetes of the codons
bern 0wy a More accurats estimate of the mutation 4'stanons
would have been obtained,

(a) Exigolpad Coueonent saalvals

This 48 the method dy which o data ean de odtalned
by measar’ng the mmounts of o species in sach of n sapie
nito by a scattor Afagram of n points in an 8 - imnsional
eo=ordinnte fyame,

The most straicht forvard method of ordination s
'ﬁo pro joct the original s-sSpass ente a spase of fewer 4imen.
sions in such a way that the arrengenent of the point
suffers the lesst pessidle distortien,

Supposing that one has to preject a swarm of points
in the plane etito a line to odtain a linear oxdination, ™
41stortion will de a minisum 1f the Yine 48 orfeuted so a8 %
presarve as far as possidle She spacing of She points,

For exmapls, Figure (4) showe resqlts that aight de odtained
by sampling vegatation male up of only two species of
plante, The pointa represent the gumtities of apecies }
(measured along the X; axis) and of species 2 (on the x,
oxie) in each of n = 27 queirats, The origin of the



Fig 4(b) . Thustration of 'pgla‘tim\skip
among the Co- ordinale axes.
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CueGrltnaten 28 at (’1,.5&}, ths aman qumtttion of thn
p0ntes avepsged uyer 11 qiadyats,

A new orthoron ) amen 23 ghtined by aubjecttng the
o~ s t a rigtd pot-ticn throurh an mrde, *‘nlieated in the
£rase By e g1 03 ¥ axta, Then the y1 anis 18 the Une
%3/Cos6=x2/Cos § whepe ¢ = 7Y2 w0 , (Cosemd Coz ¢

the dtpeotion eoa'nen of the line),

A ot with coeordinatens (Xgy, B,y) Pelativ: to
the oM mian now Pos 0-0rdinates (Fyyy Fou) Peiatiwe to the
new nxes, A 1'nesy ordfa-tion of the po'ate may be ohtnined
by projsoting than on tha 3y mita nt one nay 8-y thnt the
@' atortion profdicsd By the ordtn-tion 20 lanst len the sum
of s~aspes of the yy vﬂmm‘g{ yf’ 13 o maxtivam, ™Mo
noxt thing ‘2 % £1nd cut t~ ¢ valae of 0 uhioh 1) ptve
thts remalt,

Jonetdeping £'g 4(B), the point © has e0.0rdinaten
(nu, xmj 1o the ortginnl oo-ordinates @8 (¥yps Fop) n the
oriptan) w-ordinatea ms (w“. ya) in the nev one,

W’a"'au* ':r . ’2:“ 2

" g B s B
SRS AR R A~

1t alse followe thnot #inoe the origian 1s mt the
onntrotd of the suaym of 'msntm treyafore

var (¥y) ¢ Ter (%p) = Vor (31) + Vor (’9) seen (1)
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ainos flu‘ia u'glu ?a « 0
Toars 4(0) 210 shows that

Top = = Xy S'ne 4322'3¢‘ [~

n -ttty form o ny he written ne

b4
ir , s e S'ne | (%,
Yop .S'me fose | |xg,
uhape P a l, 2y 3p & ssess

reYed ?

vhoga 0T = | 08 @ S'n ¢
«S'n @ (o8 @

-+ —
nd § mA Y ore (2xn) data matrix,
-i" 311 sess  Ey, and

%3
'g: g .o oy

Nl Ty eves T
2y Yo ... Yom

wl

?33 alao orthoponnl igﬂ.—(;? C'-a' ? = —f’

™e covarianee matrix of the xts 18

(2)
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: n 2 a
ZExacdr ¥ LT Ny X R

n 2 p
E 2 % = X
1 FErYy Top

Ve (Xy) oV (Xey X

- v v %) )
Cov (Xyy 3p) var (x.) ~

- mn Pas o £nd out that volus of 6 wh'ch will
mmﬁy% s Var (.71) a »axt-um, From equation (1) 1t
25 odbvious trat maxinmising Var (31) fnplico mintmizing

Yar (Yg)a
2 v
Fpom eqantton (2), Y ¥ e gy xxt ot (4)
or Var (?1} ov  (¥y9 )
oV (999 Fp) Vor (¥p)

G o n e x Cos o -Stn @
- 1 x X, (8

«S'n @ B0 6 x Stn o Cos o

e
whapn fur convrafencon tha (2xn) 4atn mwx"a replaced by
the vactor (Xyy Xg)

Prom equation (8)y Var (’1) » xi eaaa o+ 31 xa HAn L@

. { sm® ¢
e eonittion Sy Var (yl) to be mamimun %o
35- Var (yy) = ©



1.6, (.xgqé)maoﬂna 4':1:8@“20 s 0

rom enuation (53 ¢ 12 alm elaar that

Cov (¥ y)u(..xaq» 2} (o8 Sing+ x (mggasaga)
Yy T 1* % | 1 %2
ag.xi.p{jeoaos!no ”1’3 s 2@

s Var (’1) in a naximam and Vm‘(yg) o wintean
vhen Cov (31, ¥,) = Oy the nev varfates y, ond y, are One
correlnted,

Trepn~fore vhen Yar (¥1) 12 a maximum, sqiation

(4) drooms
-3 — 1 o - > >
fo gt w’ 0 I A or USx = AU {6)

uers M\t = Var () for 1w 1,2
¢ now broomns elany thet

(1 A1 mnd Ae are the Iatent roots of the symmetrie
neltex 22.

{(2) They awe the roote of the determinantsl equation
— —
‘ é, X = Af
—P

(3) the vows of U are the latent weetors of = x,

e 0 ond

T™as, @ may ds founmd By solving the ecuation

Ver (x,) 080 + Cov (X E) Sm 9 = M s 6,
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~ Wowy fnstead of defning rny potnt by the co.
ordinates (X,,%)) us orn treat ¢t ra the potat (7, ¥,)
whope ‘

shaz,‘&aae»:amne ;A

yﬁ, » .’1 HNARo+ B9 o8 &

T™hene two nev varistes nre thus a linear comdinntion
of the original veriates (monsured qumtities of the spacies),

{1) 7The nev variates -pe¢ s defined thot 7y vhich 18 known
et the fizst principal component, hos n maxtmon
posaidle varimeoe,

(2) 7The best linsor ordinotion of the po’nts s odtnined
by nrojeoting them onto the Yy sxis, the fipat prineipal
wxta,

(8) ™ this etwple two dtmensional ease the 4'pection of
the 3y ewis (the second prineipal wxis) is gfven onee
that of the firat 18 inowm, sinee 1t mwt be orthogonal
%0 1%,

(4) Alm the two nev variates y:ud Yo awe uncorye lnted,

vonetdering a 8 » dimenaional case, the odjeotive
wuld de to £ind the rigid rotntion of the origing) axes, or
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saalvalently the Unear corbin-tion of the oripinal variate
vrlaes (the xte), that w111 ytold derived var?ates (the
78) with the follouing properties «

(a) " wrience of qs 13 % he 0 grent as poastdls,

(B) “he varienee of the y's 18 to be na grent as posnible,
subiect to the restriotion that the 3, axis -ust de
orthogonsl to the ’1 sxte, Tho varistes y, ond y, wve
N« eorre loted, .

{e) %he wpienes of the 2P3% 18 %0 Do a2 rreat as possidle,
aubinet to the reatrtetion that the s axls runt be
orthoronal to the y, and ¥y, mes, Thare are no
vorrolstionn rmong the varfates,

() an? % on,

(0) e ffnal axis, the y3 o3is 43 to be orthogonnl to all
the (S.1) a¥es nirendy fixed,

e 8 4'rection cosines of emch of ths s prineipal
axes axe given by the eleswents of the 3 X 3 matrix Te (ayy)
with 45 § & 19 23 3 4ees 8, These moy De obt~ined by solving
the mabrix ecustion ?5—; 3 QR (oinmt dnr a8 eguation @)

-9
Pere Sx s the 8 X 8 covarionos matriz of tre x'as md

-

N\ 13 the Alpgonnl matyix vhoss eloments are
_)
’\3 = Var (yi) 8w 138, 3 40 5 (latent roote of £ )

™he dimﬁm eum: of the Jth principal aes ape
the .maa of the jth sov of tl (1.2, the 1th 1atent veolor
of S o)



86

In terms of the original coordinates, ths yJ axis
(the jth principal axis) is the_: line 31/“31 = Xg /un % cone

The jth derived variate ia '

Thus the ecordinates of the »th point (r= 1y 2 ¢ee. N) are
given by |

Tgr = Bg1 Fap * Ogp Ypp e esveccnen s+ Ugp ¥

vhere J = 1y 25  sesse Sy
The trenaformed variates hsve dean renked such that
Va Var e OVar (
ay (91) > (5’2)> see > (yﬂ’

Then depending on the information of the original
datay, ono can disregard the variates y!uz.’ Tioz *0° g (1,0,
those vwith omall variates) for some chosen k =nf retain only
the & variates with largest varisnces, the data can be
ordinated in a space of k dimensions, In general praetics i1t
has been found that the first few latent roots of £ x account
for a large proportion of the total variance,

Example
(a) Orlocl (1966) snalysing a data on the wvegetation
of sand dunes and dune slacks considered the most 101 frequent
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specieay found that the first three pr&néipal components accoun~
ted for more than 404 of the total variance,
{b) Likewise, Creig, Smith Austin and whitmore
(1967) presented a three dimensional ordination of forest
types In the British Solomon Islands Protectorate,

In both the examples quoted 1t was found that »cluatorl
of points recognizedle in two or three dimensional plots of
the vegetation samples could be associnted with environmental
differcnces,

gtayr / 81

For a preciss classificstion, a variety of numerical
clustering procedures have Deen developed, =mnd these are
carried out on the computer after the similarity matrix has
been calculated, The malysis being done for the classifi.
‘cation of species into groups, Different methods yield
dsfferent resulta depending on the underlying ¥similarity
stracturet of the objects to be clustered, These several
methods involve two considerations each,

_ 1. A measure of inter group likeness is defined,
(The so called similarity co.efficients),

Suppose two 'groupa 1 and J fuse to form a single

group k, then one can have three types of measures -

a) (1) =« measures which define a property of a group,
b) (1,J) - measures vhich define a resemblance or difference
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botwean tw croups,

e) {(2:3+12) » measurves whick define some 31ffarencon Detwemn
the orlginel tw groups ecnaidering jofntly mAd that
formed hy thely fusion,

The ®scuared cuelifiemns dlatonoan ‘s dsfined as
folloumy

(onsldering th exmple of the doudlst freguencles
8 the ortging) 10511 netrix 1n vhiok the alemrnts represant
dovigtions of the doublet frequenctes from rrmdom, Then the
Jonered Eucliden Diotance Detwean two apecies ¢ mnd § ‘s
dofined am

u a
ﬂ"‘ - hz; (Kﬁm ”} {6)

24 Wo0ndly, thn closen meansure hnos to ba incorporated
into o *soxiog atrstepy” vhoredy groups of olswents are
extrootod, COonstdering tw rroupa (4, md (J) v'th o, md
Ry ns alements pespectiwily and with an intar group Atatmee
a® (1, J) measure demoted dy d“.

upposing that d‘!J 1s the mallast mensuve remaining
in the systen tc Do constdered so that (1) md (j) fuse %
fors o new groap (k) vith "= (n, » n‘) olsments md
vonstder a third group h,

mam..c‘, al'z’-vd-“ t!ha ¢l3ﬁ£34-

vlem- %I o
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whapn the wmtmaci, dgs > emd Y Aetorine tha nature
of the 20rting styrategy,

The soprting ostyabegy that s inpeptsad hepe 48 the
£lexibls sorting otyategy of Lauce amd Wiillams, T™a s
the aysten derived fyom sgn (6) Dy the nusfrupls constraing,

ol + aC'J + =1 a(‘;:at‘j 3 Pet 'Yzo

The £1autHh11ity 1len in 1ts spave Aistorting proe
porting dapanding upon the velue of S, ™ orfier that the
styategy Be as clooe to apnes eonserving o8 possibls 3
19 &nlron 80 Do WCeilB,

mr\cﬂ'i “043 »  Oy628

™ns é& » C 088 (% & d!”) = 0,86 ﬂsa (8)

"toee Gy dﬁﬁ ol 5% P are all mow, "m can b8 caloulsted,

The Gatntls of the mathod of Mtalning a dendogrm
af th» oreiple of 13 apactes hased on the 1D doudlat fresusnotes
o312 then da sonething o followss

The computer 198 progranmad %0 cnloulate the 41sSmmees
botwesn all posaible palre of sntitien in the sample,

The computsy cutput ecasfsts of an (11 ¥ 11)
syanetric oxirix of 4istmess detwesn all posaidls palre of
cntities, This natris say MI 1s exemined carefully a8 the
saallsst dlatmos i each colam 18 noded,



Now 1f 1t a0 hanoanin that eay am - 531 s the
mallest dintanoe in tha first tw colams, This pamne Chat
apaaies 1 13 closar to spestins £ them to any of the othey
apesies, Thepefors,; spacies 1 4 2 form agroup 1, T
the ssone Ya true for some othey palrs of spectes thmn thease
prirs also fowm groups, All othep spesties whiel 4o not fall
nto sich patrn pematn ~a thay ave without forming groups,

e next atap %3 to construet Matrix YT uhome
alsnents yepreasmt Inter pyroup dtatmonn, group elsnmmt
distmees = the inter alament di{otmees, "he firat two
typas of 4'atmoes ope caleulsted fyom MI ustop aqaation
(8) werans the third type of Atatnees nre th» gome g8 they
vepe in Hateix I,

Agaln the senliast Ststmee In esth oolumm of MNIY

nre underlined snd nev groups ave formed in tw waym

(1) by the fusion of two elemants, or
(11) by the fusion of a third elennt inte an alresdy
axiating group,

™e entire procedure as shove 18 repeated sgain %
got BNatvix TIT end 20 on md sp forth umtil all slaments are
genbars of sowe group or the othey,

™e final step In Claster Mmalysia 48 the sonstruoe
tion of the denfogram whigh 1a just a visual method of atabing
that apectes 1 and 2 cowdine at a law] of siallarity
represented by the squared euclidesn Sietmmos datwesn them
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r—E. coli

LS. typhosa

S. marcescens

26
: [A.fae‘calis
. Rh. spheroides
—— M. lysodeikticus
! | ! 1 | |
1.0 08 06 04 02 o

Squared Euclidean Distance

Fy9 5(3).- :Dev\alog'ram of the sample on the basis of donblet freqpencies.

Data ave gateyed as deviations ofthe doublel frequencies From
random expectation.
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and 90 on, The dentograms based on doublet and ecdon
frequenslies are shown 1n the figure (Ba) md (8b) vespeetively,
The langth of the horisontal ines represent the distanees
batwesn apecios, The lsngths of the vertieal lines have no
meaning at all,

These rasults of the Cluster Analysis based on doth
the codon fregumncies ~mnd the doudlst frequencies shov an
anonaly in the fact that B, Oereus falle into the same group
s ths mammal rathar than bdeing grouped with the bacteria,
Thougk unfeairsble, this smomaly 13 net entively wmexpected
1n viey of the considersbils nusber of extrapslations,
assunptions, acproximations mnd astimations that have been
mode n arriving at some of the dats used,

The data for doth methods of clawsifieation were
ontermd an davintions of the oo fregueneles or deudlet
freguencies from randon expeetation,

Saaslasien

the controversy sbeat "Vamerieal Temenemy* will
continae for some time %o come mmiil a nev "symthetie Sheory®
of *Tamsnouy® svoepting what ts soumdest from various sehosls
becones established, The yewolatiom that the computer has
brought in Teaxemomy has only just begum,

Controversy hae arisen detween mumarionl tamonomists
and supperters of treditienal tamonomic practices md prineiplas,
Ta the early days of Modern Selemos i even todny, the classi.
fioation %2 based on o singls property or echaracteristic, the
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Fig B.(b) . Dendogvam of the sample on the hasis o Codon
fve?/ne_nc.ias. Data are enteved as devtations of the
coden {vequencies from vandom expectation.
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cholea of vhich might be quits arbitrary, Tor axeuple, (1)
mtnls batng divided into conductors snd monecondictorsy (14)
orgmisma into wiesllulor omms and maltionlinlar cnes
ate,

Horeower aines v 8o not yet have measures of
sird larity Detwean Sifferent genetic ccden, we are foroed to
rest %o the morphologlesl end prysiolopienl characters employed
n conventioncl taxonomy, HLseently, 1t has desn found that
thourh 1iffarent types of characters in a taonomic study
rny be correlinted, this correlation fo not sufficiently strong
for o classifiention Based on one set of etarneters (é,g.
external characters) t© srree fully vith a oclaseifieation
based on a second st (Internal charnoters),

umerfeal Tamonomists working in RNologieal Tewonowy
are ocontimaally surprised mmd impressed dy the applieshility of
the!r prineiples in nomerous selences and other fielda of
hamets sstivity, Thie imoviedge 1a sprasding throughout the
hologiealy medioaly geodorieal and scalal sciences, as vell
af the humanities, The bYrood spectrum of appliention of
Numsrienl Temonomy 2hould mot surprise, beestise after all
41t 1o "the precise categorizetion of humm sxperience vhieh
18 one of the foundations, for n selentifie understaniing
of the "universew,
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Pxploration of thn practtecl ond theoretfeal conse.
naenean 159 to ths 4fscovery that Bioshemtenl apectfiotty of
proto’ns 1o onrried by the oxaot order of twenty emno actd
reslilios, The sugpestion of Watson and Crfek (1053) that the
prnetienl information %a oarried by the exaet urder of four
indo of nuelsotide patrs provides g molecular veh’ols for
tho ponetic control of protetn speeificity, Information
Theory in 1ts simplest form 48 the ataly of cofled mesasgen,
tho measage beling the ecoding of the neednd amino arld
senaencas for protein oynthenin, The Infornntion content of
74 or the cole for genetic Information means that there ‘e
a spacific set of &1yections ovatladle in the struocture of
A molaculan, vhich specifies the primary styucture of every
protetn synthesized By the partfoulsr eell inwolved,

The Cenftral Dogna « a Dadte postulate of Yo lscular
Yology roverns the storage transfer and ressption of
‘aformation in DA, KIA sné pretein, The mathematical
disoipline that resulied fyom the inguiries of Shemen (1040)
wo found a dsfinition for Informatiocn is kuewn a8 Information
Theory, 7The mathematioal theorems of Mummu Theory have
airoady been proved, neverthelase rnfomnun Theory in
Noloey has a characber of 1ts own,



(A Tnformation Theory finds fts place in blologieal
thought througk 1ts obility to deal gummtitatively with
orgmisation snd specifieity, Lord Xelvin salds “hen
you emn moasure what you cre speaking sbout and express 1%
in nushbers,; you Imow something sbout 1¢, dut vien you cammet
megaure 't n narders, your knowlsdpe 15 of o meagre ad
msatisfactory kind,® ‘

™e very first thing to bde done in Tnformation
Theory ’s to choose a fintte set of symbols wh'ch are ealled
alprebets, From th1a glphebet, the set of all poasidle
serfes of langth 1 ehosen at r-ndom in agceordanee vith
given otat’atical structive e constructed, Each such series
18 a nenongn, The statistical straeture s reflsoted by the
faot that some aymbola maoy be chosen wmore often than others,
Some syrdols may often, or always bde followed by eartain
others, Thias memns thet there may be mn inter sysbol
inflience uhich may extend soms Sistance sleng the series,
™his rendon selection sesns odd, decense sscording te the
Sequenocs Nyposhenis, ve are move intepested iIn a series whieh
reflscts o exact order of nueleotides or smine aoids, The
prote!n ssquences of lmgth N, which carry specifiocity, ave
enmbedded 1n the ensenbls of all amine ecld seguenses of
langth N, The sequences vhich carry speeifieity ave a SNy
fraotion of the ensesbls,



tm the other hand, the Central Jogma regarde the
genetic aysten as a commmtention aystem in so far as ite
operation 18 conesrned, So we are conosrnsd with the syatem
mn? *¢s obility to function, £ the aystem esn racord,
trrnafar, replicats ete,, my given sequence chosen at renfon,
¢ o nlso J0 the same for those sejaences that earry
specifioity, ue !mnovw only the stat!stical straocturs

of the ensenbls of -“equencss 4 not the order of
the partioular sequsnos deing tramemitted, The system should
rovever hamdls eny sestence of the ensesbls, 7This wery
- soalMsation of a’a_anna vith the statistical properties of the
whols snsendle of all possibls mesasges in order to deal with
thoss feu memders of the ensesbls vhich do oarry Spesifieity
fa due %o Hlennmer (1949), Fano (1861) an? further dewloped
by Shennon (1048),

Caow (1084) was however the fiyst to see that this
contro) 1mplted the sxistence of a four lettey % twenty
istter ocode, Thus dy following the legieal conseguences of
purely biolegieal sr perhaps diochemieal prodisus one is led
41yeotly to o prodiem purely msthenatical in character,

Let us nov yaviev the methods of Information Theo?y,
which have deen pplied previously dy amy other mthors, %
the gemetic masssge eoded by the nuclestide dase sequenes,

1. Gnditienal trehshlilitx

Conditional prebadiiity 18 the prodabi ity of an



po

event Ay which has Deen mofifisd by the occurrence of mothey

evont B roferred to as ? SA/B.7,

The intersection of tuo events A mnd B represents
ths probapility that Both of them ceecur,

{a) If the two events are independent, then » /A7,
28] =2 LANB)

(b) If they nre not independent, then PL A7, PL WA »
P4 ANB.J almo describes the condftional prodadility,

Lot thors De a rource 5 emitting %, syrbols with
prodadility pae Then in cccordmoe with the resutrenent
that m Smprobadls menasge has a high information conteat
ms3 vice~verss; oertain gquentities have Lesn defined, One
ahould yenmerber that Soiut information is additive while
prodability 1s maltipiteative,

(a) The e)f Information 3, ¢f m eweat s, of probability
P 18 defined as 8y (83) = « Jogghy where the Dase 8
detornines the mit, The mits of this funetion are the
binary digits, needed for sepressntation of a given
event, and are called BNITS, The it 13 a tschnieal mit
of the emomt of information and not a small piece of
Information, The mit 15 ealled nat vhen the leg is S
the dase @,



”

(b) “bemon nd Wener (1040) defined the aversge inforsation
content per oyubcl of a souree S a8 the Information
Fanetion, This function should satialy three properties;

(£) T which 1s the measure of informatiom, is econtinuous
i pye |

§41) f there ave n Pet® ond If @ll py » I/N; then H 1o
1necreasing In n -onotontcally,

(114) 7f the choloe ‘o componed of Several suceess've cholees,
the original H 1s the weighted sum of thess choloes,

Thernon (1540) has shown that the only fimetion of
pg which antiafies these conditions 4s I (3) =

nﬁ .
.xhl ’ﬁ g ’i ~ ese (D

vhere ¥ 13 o positive conatant, n 4o the nusbey of ayndols
8, vith prodability E 49 thas always greater than or
equal % Zero, L we set X = 1 gnd takte the log to the dase
2y wo bave

. é% », gy Py O™ (2)

At Py = p‘, the naxinom of Shis funetion H"—fhg R

From ecuations (1) =8 (8)s 't 18 clsar that we
are not Sealing vith the p, themselves, but rather with a
fanetion of P, wvhich 18 conserved during the pecovding,
transnisoion, reception md duplieation of the genetie
managa' @4 which 48 proportional to the langth of the genetie
rmssoge, The conserv-tive md ofditive properties of I' mé



the fact thot 4t 15 well defined makes this quntity a useful

cmaver to the purpose of qumtifying the notion of Mformation
5 “oleenlar M1010gY,

3 T™he oconditionnl prodability that svent x cocurs
prven that 3, 2 4a4e 0CCUrD %0 denoted a8 DI(X/Y¥s 3 4 o o) ®

PUZs T¢ % «0a)/PlYy 8) vhore D (X, ¥y 8) 5 t» Joint preo.
hebility of X, ¥ mﬂ s

As the fnfoymntion tranafay aystem $s not deing
considerad a3 o vhols, bat only mm ervor free trmmalation
is oasumed, hence o detnilsd ocnaideration of Tnformation
Chonnels 25 Deing onitted,

A Marhov process 18 n sathemstieal crearacterisation
of o series of depsndsnt trials, Thus m u'® order Markev
soures 18 one such that the prebability of the & trial
yieliing on a glven synbold :r: 1s dependent on the cutotme
of the previous m trials,

The procsss is staticnary 1f r[':’(k)/rl(kon ese
xm (k-m) 7 18 independent of time,

™ a Harkov Chatn 1f

(1) mm= o, this 12 a renfon cecurrence oade
(12) m= 1, this corresponds to neavest ne'ghdour correlation
(Joudblat frequency nonrmdon)



(111) m = 2, second neareat ne’gbbour correletion correspds.
ding to triplet frequenctes (nonraniom),

(a) Lixgt Crder torkey Chaln

The information gained on moving one 8%ep ahead
from state a, 1

q
8**5’. Pay log, 913

q
== 4 aya) g, pase,)
=}

Panees the sourese antrony per aydol ¢

Vrere g 1o the number of Sfat‘net aymbdols,

in a 8inilar vay a seoond oxder Harlov source has

entropy

M) = S P, £ P(R/LY) g, P(R/1S),
13 2
1 4
m this chopter, vo ave uainly concerned with pigorous
Jevelopnant of Information Theory as applied to WIA and RIA,
*hia work was initiated by Catlin, following ApSer end
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Wolpers! s eritieanl survey of previous attempts tc apply this
tachnique,

Apter aid nlpart (1065), eriticised enrlier attempis
of Daneof? (1953) and Raven (196)) in this fileld no faulty,
meaninglesa and trivial,

Earlier Raven (1901) had estim:ted that there wers
3!109 hase: in mammalion nuelsus (TA), As there are four
Itinds of equiprobable bases, each base carries H = 4 Py WBgP,

E"{i gy § = e, 4
ﬁabltﬂs

mas the total Information ccntsnt %o ¢ X 30° bits, This

eotinatn 28 complotaly ardtrayy,

Jonocoff (1963) aspecui~ted on informntion content
storting from estimaten of signifiemnt moleculas, ortentations
oto, TI'e arrived ot & x 10% bits of %otal tnformation content,
Nere the objection i1s egainet the eheles of She dullding
blooke, for one ocould even choose clectrans amd protons %o
oalsulate infermation per wolaeculds,

hue Ravent's estimate iz merely the maximum infer.
mation ensodedls in 4 3 = 39 lettay sequenes of four Matters
with squal predabilities, This em fimotion & the met o8
an apper dommd to the number of preteins coded,

Apter mnd lelpert (1908) coneladed that



»

p Tormnticn Theory 45 usaful only vhen nformation
gtorags m3 transfer are a ehallsnge &0 the orgmnists
ecapdilitioe,
Lo Only the fnferantion sneoded 18 relevmt, since
only thet 13 1nvolvad *n the characteristically ocellules
process itsalf,
Js han con~idering iInformntion stormge 4un "MIA the
infornation tromemisaion aystenm in 1t generality s not delng
considarad dut only the encoding iteelf, 7The question 1s
eimply of translation and not of infoymation tronofer and
noise,

A rigoroun spplication of Infomsation Theory Co
Saxonomic ad ewlationnry prodliamms was =ade by Gatlin
(1966, 1968), Sha took Into accownt the works done by Josse
g% al (1961) and inedin (1928), She rTecognissd the conusetion
of the transition prodrd?1ity natrix (measrest neighbour
oxperimenta by Josse) vwith the Markov Scurce Entsepy, This
ensbles a oaleulation of the 'mformetion Contemt of DTA per
syabol for a given INA, 7This yesults in a namrienl) ordering
of organisms, |

We are using Gatlin's netation foy convenienes,

Alphabet A s /A, Ty C) G/ souros enits ssquence
(3&2: Eg.1 Xgt Xyy seee ) of synbo ) X st tiwee ¢,
If sybols & ., enitted ot tiwen ¢, (1 5 1 0)

than the aet of all sach sequoncen defines a oylinder ¢ of
jongth n (Rinchin -~ 1988),
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Fes = C e (Xg.yy Xoe l Apys c‘lﬁ’ Gays Xyq soee )

where 'Cu are the seouential eymdols and n = 3,

For a pliven scurce evory eylinder ¢ has g dafinite
probadility of emtsnion p(C)y. Tvidently there are &
ocylinflers of length n, The entropy of such a eylindey is
40, |

The aet of all € Alfferent sequences of length n
of the apovs form defincs g set of elomeatary events on a
fiattely additive probability spave, The sntropy of such
a set is them

% oy
Ma== 2 90 16 pioy)

vhere i!:' - lng 4'- N,

Catlin hos Seitan sash 4iffsrent Dase seguenes s
distinoet, Rowever, this point of viev will have % de
Dendoned vhen this method ‘s refined 4n relation %o the
oodsd polypeptide ehadn (omith . 1000, Easegova and Yow -
1978).

The Sdevintion of observed umesrtainly freom maximum
unosrtainty per cylinder is defined as Information Denmsity,

na ] oba,
v&nﬁ‘ .R‘ !%4 uﬂn
Juith sbendoned .~ = Jog 4‘ alsoy &S our knowledge
inolndes the Conetie Cods md hence peduces the naxiwmm



amoertatnty az'.

It 1o argued that from the point of viev of the
racaiver, 1, 15 o measurs of the aversge informrtion stored
per cylinder, The average informntion per symbol of the
e7linder 12 then xn/n (rotes of informstion tymafer par step
of encoding). ‘

A2 1 increasseas, In also norenses oid s L/n
converges rapldly oo n Increasses end appyoashes a nonesere
untt,

Gatitn defines pitoR /n = A = Souree Entropy

The Mnit neeo is justified only if the convergsnce
1 falrly rapid oo that Infinits 1A chaino are not assumed,

eilarly 1t n/n _-_: 1= Jouree "nformation per

n oo
syrbol,

Tinally the usinl llerkov messares have been defined,
a) he sverage satropy per symbol

L = - . vithin
Ry = ’é‘.; 9391‘! g Pk, This 18 remved

the MIA %0 give sn Tnfopmntion storage per aymbol of x" =

max obs
By =
®) The probability of a first cxler Nariov eylinder of

length n 1aP(Q) = ?(xl) P(:{!a) P(a‘/ta) J—



The tronsitional probability matrix eon De enlote
lated from the nearest neighbour data, She gives on exemple

of the calculations for Uicrecocens fysodeikticya using the
data of Joase gt gl (1961),

A 4 L+ G ——Glven Ba.sie

Row Sum
0,019 0,088 0,087 0,040 0,147
0s0LL 0u017 04063 0,083 0,144
0,082 0,080 0,113 0,139 0,354
0,005 0,086 0,121 0,112 0,384

& o wu > Be-g

Colum “um PLA)
P(T) otc, 1647 O, 148 ©,354 0,984

¢ In the sbowe dat g'ﬂhm!lanuthlv
nnd the &ad!tum in the 3' position,
T™he tramsiticn prodability 18 ealsilated as 9(8/’) -
p{x, 9)/p(y) as only one strand is road, with the provision
that it de vesd only from & to 3', This 1s becauss the :
datn of Josse have the given dase (¥) always in/w:!mn o,
T™his corresponds to ant! parallel DNA chatng,



Qe R o
ow p(1/6) = p(Ty @)/ plo) * o083/,384 = (183

o mo on,

The probadil’ty matyixz {s given in Tebls 2 delews

i

) A T ¢ G Given Bage
P Fov s

A 0s180 0,158 0,161 0,138 0,500
g&:ﬂ‘lﬁndl T 0s078 Co1X7 C. 178 0,183 0,88
. 0,354 04345 0,339 0,393 1,311
G OudAR 0,386 0,348 0,316 1,487

Oolomm oum .00 100 1,00 1.00

Thas the colum ouwm 5 1, decaise f P(3/§)=1 always,
~ Towsver 2 3 « 5 reading of the malrix 15 1uvalld
md 1t fnuu nesn & P(A/A) = 1y vhich ve ser {3 not true,
The sum of the usa&aﬁiuﬁ the validity of this point,

As 2 p (e e p (6)
“- e
H. itlvei 931



e
1) The observed uncartalnity using base doudlet frequenctes

4
Hgm= £ 9(C) Mgy B(O,)
1e1

From Table 31
By = « [0 =g, +019 + 022 log, J022 ]
= 3,727 !ﬂ”’

Ty Jog, 4 - 3,727 = (271 Dits

A T/8 = JZ7Y/2 » 0,1386 bits

11) 70 caloulate rﬁ/z ote, the prebadility of the tripisat maat
be caleulated,
The oconvention 3' « S' 15 estadlisked,
The transition prodedility ij s Oonditional prodadility
of &k givem J, Dut as in Jesse ot al Satn, She given dase
16 alvays in the B position,

Be-3¢ > ¥
M p“ - P (k’%"ﬁ

4ol Jawly
! 3{

- —
DX 3 X)) = (x) p(xy 3 ufz_:ir')
P (xy x, 3) = p(xg/ 3g) p(%g /%)) P (%))

Thus p (GCA) = p (G) p (GC) p (CA)
= 0,0804



w?
Ele~ 3 KR
Mo larly p (ACG) = p({ GCA)
- v
s p (A) P(AC) p (CG)
= (s147) (,354) (342) 5 0133 Dite

Then Hy w o [aCE24 ‘&ga +(G24 ave o+ G4 t'ues ]

fmd I = Bog, 4° = 5.534 = 3 lop, 2 - 5.584

3% 2« 5,584 0,412 bits
A In/3 = 041373 bita,
and 80 on and mo forth,

148) {innldy ’R " 4‘ - ﬂ}%

Bl A AL AN
¥esultss A typienl result obtained vas nx shoun for Mouse
Thymas DNA, Vn wns fomd to de bdounded adove dy I, The
rasulte vere arrmnged by valass of I/g awe I/, wmd I i and
they vere foumd %o group by Sssenoxie @4 similar oriverts,
The oscurring ves invarte$ whichever 1./, ves used, (Fig 1)

rig. 2




!M was plotted egninet GeC composition, The
points for the bacterial data feoll on the curve ashown
balow, This 12 just the usuel I! curve, (Fig. 2)

Vertobrate aoteria

54

L
LR R R B R NN

Tnvartebrate

5

G+ C par&ntao

e curve corresponds to the fant that «

1) For Nacteria 0+C wartes fyrom 29. to 754,

11) Gatlin (1973) hes shown that for simpls systems the base
doudlst frequency i3 a linear funetion of 0+C compesition,
4 o =0 x A .
And under this conditiom, the bBasterial eurve shoul

hove She form



nax 2
vIﬂ"" - P P g P

v 3 S 3k
) ﬂ:a ~ 5:1: Py ‘GJRM log (cs“/\)

= u- i '\ A
loe, 4 ﬁ; P, O (A 208} Aoz )

I 28w f;?g Py (}ak/\[hg/\o g g7

Thus at naximgm entropys one should get mintmun
dnfoynation and oo on, This & a valid point,

111) From the gbove derivationa, 1t e be 4nferred that ot
any given base composition, the informntion messure Induoces sn
ordering arong Mviw orgentfons witr the charscter

Tert” Bact > xmw t beoanuse 't reflscts awrsge ‘aformation
per aymbol,

1, The sbove mentionsd results are dubious sinee bdosteria
are given a higher position than invertebrates, The Gegeneracy
of the genetic code 18 not taken into secommt alm ot sy time,
ﬂ genetic messsge must be seem in relation to the functional
effi}:iemy as reflscted in the polypeptides wessage md henee
aeg%orau eodons wust be coumted as ome, 7This has bemn

_ 1ekhr taken nto sccoust by Smtth (1963), Masam! md

Rasegaua (1975) alse obtained some fmportant results using

kh:b Infoymation Theory,



1

B  Lele Gatliin (1068) hons obtained other interesting results
for anicesllular orgonisms vhich reflsct the slagance of this
tecknique, She recognised that this 13 btaegase the m!:er;
goneric A in unieollular orgmnfens 1a large, while tho intra.
celinlar Yo negligible na compreod to the vertebratsn, vhich

are clossly prouped orouns 425 dm A , Nut thia vnlue 1s the
averare of the compositions of 1A from warious oall

argmellss wm: quite A¢ffayent funotions, M8 80 1t, oo

on overnge of rnother averspge refiscts phanc-typie charaster.
tatioc mach mors crudely,

Thuy &f me = 10, of basen X !,1,

then the date 40 as glven in Teble 3,

Table 3
. 4
PYIAG™ In Itota x10 ‘biu Rengrie
ar T 0,080 30 Lysergenic (Cell
a3 ¢ 1o ruptua very
T 0,0638§ Memn 1,52} Meen viralefit)
. 60881 . 1,99
"6 ¢ o.08 g;sérggoa ho:t MNA
o1y T ¢, 0473 08 BOT rap-
& ’ ture os1l wall,
T O.188 § Ca 13§ on Virulent
1 Hom Memn
A* 0.,0108§,0178 0,134 .13
1Y $Xe174 0.0242 Celcd |
| E,%1I B (217§ Muoh prentar them
o all of asbove,

Betoll-Na  (,01601,0188
¢ I~produced from Catlin -« 1066,



1
'ron Table 3, 1t ¢ he nferred that

Viralant  Jemd Viralent fion Viralent

& o1 >. Ty 63 ) T, (B 011) > 1, OB

whils I, o (E, ©M)DI . 61D IM 6G3>1 &g

tot

This opxdering 15 reallly comprelsnatbls on the following

conastderations,

3{n) The kigh zﬁ,‘ ?.'e“ of GX virusen corresponds to the earrying

M)

(e)

(8)

of sufficient information to code for nl) ensymes, ooat «
proteins eto, tn? hence fuyther sythetic activities of
BBt VA may be dlapersed with and ofter a suitchla
numdber of reproductions using the host Ribosomol and
Mitochondrial (ATP) system; the host 18 destroyed,

In 6Ty I, end I“‘ are both small, This {3 dhecause
they ape less se)f sufficient and need Most DNA o ocode
for ¢t - nm& ete, THenos these phages are non-virulsat
“parasitea®,

76 (O0TII) occupies an intermsdinte position and corres.
pondingly Gegrmfes hoat DA only dbut does not dreshiows
the oell wall complately,

Thess observotions become sven more comprehensibls whem
1t 18 noted that I, (G 1) > Xy (E, coM) (Dy adout 3 = &
times), 18 IM oorresponds to the rate of Information
vemission® &t 5 followed that even trourh ~.
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I,. (Es €11) 2 Tgae (C )y the OTT phoges will alunys
vin, (This 15 hacouse of the reasonchls assumptions
of polypeptide chain length for GIX md E, Coll),

T™ia 18 a0 hacoune G!z viruses synthesise the!r reguired
proteins (such as ensymes for cell woll degredation) approxie
mately £ive times no fast no B Solde

It koo been inferrad that this 43 the reascn why the
' CIIFOPYY of the injected cell as an environment for the GI
phaoges stensdily decreases snd henoe provides all the more
reason for them to 4tsrupt the ecnll and look for fresh hosts,
Conversely the B, ool f8 better nbls to compete with the
61T viruses, This orrengement ¢s thus stobls from sn evolu-
tionary point of view,

LeLe Gatlin 414 not take into secoumt the highly
deganerate nature of ths genetie code; siwply beeause !t was
not known oomplately st that time, nother defect vas the use
of I. and the ignormoe of next to nearest nsighbour
eorrelations,

Smith snd Catlin Doth used Goudle stranded data for
DNA,

Later in 1960, dmith took inte ascount the degenerasy
of the genetie oode,

Fut 1n 1975, all ths chove three falluras wers taken
tnto account by Mosegava and Yo,
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itk lork » (1969)

Smith argusd th-t sinos the messege conesrnad emine
nctd mme@§ 8o degener:ts codono shonld not be tokem a8
3stinet \wards bBut regoried oo n oingls wrd, Ne thus Aafined

n"fopmntionnl Jncertatnity?-H ne M w « § P, Yor Py

‘hore § Py = 1r Dy represents the prodadility of the

1“‘ emine aetd, oekre or amber codons, The sum 43 thun over
the esdons corpesponding to the Iﬁ' word, Thas 1 runn gvep
the twenty ov'no aeclia and Behre oo’ Avber tolen ns two
A4stincet wopds, that 43, in nll thers nre tuenty.tw ucelds,

The fnformntionnl Genatty ” 13 definnd nn
Inﬂwnﬂﬂwaﬂ* s o]

S |

Agatn ns the prasent day imouledge includes the
degensracy of the code, Smith otated that K camot de taken
as the moximze entropy of a ronfom e¥ain dut In faot 1€ muss
be maxinised in the appropriaste varisbilss,

™8 wems that f‘;ﬁ Jog n

Smith eonstrueted Both a 'Remfom® as well ns tFiret
Order Markov Model',

ez py

| The probability of the 1'" axine aetd betng comumded
for, 18 glvn as p, » § $(1) p(J) p(k)

whora p(1) = boose péresntege of codon (nuclseotide) i,
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p(3) = 30 sttar gpriors prodabiitty; md the sum
1o over all ocodons coding for the same gminoe acid {(deren~rate
ocdons for 1)

Thers sre thren constraints,

néﬁznl

8) LA = L1]s
3) ['GJ =0/

Thia lagves p to he the fumetion of just one paraveter
and that 18 A o [G + G/ peroemtsge,

rxemples
Pﬂs‘! e P(T) P(G) P(T) « P(T) P(G) P(LO)

= (T P(C) £ ()« K0T
towin L7607 + 7

From conetratnt (3)yA s 2 0.7

ox [0 ] = /2 [$V)
Mgadn 3 a7+ 8067 n 2
or [A7 + (O]~ .
b ' = ”» - A
setng (D SAT =1 =)= Qgd) (2)

s T o o A
Py ™ (2 %: (A B )/f /2.7

s



The probrbility of the 1“ anino acld daing commanded

fory 1o glven a8 pln éi p(d) P! ’jk

whare pu, 933! nay be enlealnted na 4n Catlin's poperj
£from negreat neterboar fresuency data (base doudlst),
Thare are three constyaints again,

£ p w=yforall &
1) 3 st =» *

vy LA =17y oo
3 (o7 =L07

™e oon 3s agalin over the codon degenerocies as dafore,
P(4) 13 the sofonts £4rot letter a pricr prod:bility

Pyy 18 the cond*tionol prob, that the seound letter §
follovs the f4rst letter i, Thesa p“!s form on organisns
gonetic cofe tronoition natrix,

mith arpaed that the 16 elsment tronottion matrix
"was yedueed to 12 indepenient parcmeters ‘byéa Dyy = 2 (4
eonotratnts)

Again becnuse of the base palring dus to the other tw
constraints, we introducs

DF (Ay A) » DF (7, T) ete,

31x such ejuations are odtained, s'nce thn dase doudlet
esperiments do not d'stinguish the polarity or cha'a while only
one chain 4a repd with definite polarity, “teuse peduce the
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numder of fres tronsition natr!x parametsrs to only sewmn, of
vhich one %a still loddnle S0 7 ¢ 70/,

mith defined *Tnformntionnl Deneitien® for doudble
stronded XN o8

1A

"WIA obs
xg .mm( Gy A) = HM (6, A)

1) The reference points mvn‘, mm vere ealculatad for
each orgenioms withAtalen to be srual to on experimentally
mensured voliae, HMaximizetion for AM (G4 A ) won done by »
Tavior certes sxpantion « 2 mMnlenmaxinm randon search method,
™ {By )\)‘ﬁ,s vas ealculated from doudlat frequency data, HRis
rosults confipm the same tomonomio clistering by using I, and
3}1 that Catlin hal Semonotrated,

According to his ecalealationsy A = 36, to 70,8 for
B« 234 phages,
| I, = 0,02 % 0,04, and
’! s 0,06 to 0,08
Thus 1t can be ssen that IM 18 n detter meosure,

2) ﬂtmlhfcrﬂa()) w!li”(a,h)mmohmu
interesting, INe showed that Doth have an sbsolate maximum at
A= 418, This 13 also the value at wvhich the values for sll
the vertebrates cluster, Mmith thereupsn econcladed that
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avolution sesma to work by coding "higher orgmions® informnae
tion more “"sffectively®, by wriing tovards a maximum in
Hy (ngA ), However, this result was mot obtalned by Oatl'n viw

had Yrnored codon degeneracy, All organisma were found to hawve
R belov the maximiun carves, (Defer g, 3)

™
Fig, 3

%\ o ; v ¥ % T
S ded
|
72- 42 ! Informational
2 ' uncertainty
3 LIS B n(b1ts)
5 40 . T
~J 3,9 : @ = vei tebrates
;3 3;3 ; l——-‘m Ce
é 3.7 : X,0 = Ho“}or each svganiem.
‘_54 s

30 0 80 o ™
Londa (C + O nucleotide dase composition £)
¢ Reprofuoced fron Smith « 1900
8 Then 3mith introduced an ewlutionary measure
porenetay e, by assuming that ewolution bdegins from o randon

bass tstridutien, whence the root mean square deviatien
betuesen observed aud random tronsition matrix elements, (s
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- 83
“fﬂ‘mﬁ migg

e greater the deviation, the higrer ‘s the
orgmism, |

On plotting e versas x;m and £1tting the vertebrate
points to n stra’cht 1'ne, he got the groph showm In Fig, 4

- Fige 4=
$
Evo lua v
tiocnary ¢ : f, f
neasure
in arble ¢ } I, BLM’ '
rary ' B H { Vo i
anite : { V: Vorus o.-‘f»l\«df-
e B: Raectevia
: Pz Retozoa .
: Pl = Plaaf.
’ In- Io\vg-rfdaﬂ'_t_&_‘ »

.aﬂ. W06 07 08 , « JA1 .
Taformaticnal Deastty . (bits)

* The mftmeuml Density versus She swolatienary
measure 9, fitted with the proposed line of maminum
selection officiency, (Reprodused from 9mith « 1060)

Ty

Thas all the lower organisms were found sbove the
line which thus seems to net as the lfmit to the Inforantion
dennity avallsbls by n given valae of & (deviatien from randem)
md thia 18 vhat the hipher minals have achisved,




he axticls *The Cenetic (pde mmd the "ntropy of
Protein® (1978) of Fasegena s Ymw 15 the rost well argusd
s coherent of this ssries md presents the most clasr eut
sonolusions, They mote the follaving o¥merv-tlons, sbout
the wrl done pravicusly 1a thin fleM,

p 4] AS pointad dae esrliar by G,B, Welss (1970), the
genstic cofe used by T, F, mith (1960) wns not corrmet, Mmith
oonstderad that UGA cofles for Tryptophm, while todny — —
1% *8 scenptad as a ¢lain terainating ocodon, Thuo Teyptephan
has one, not two, cols wrds, Also eines UAG (ochre), UGA

and UAA (arber), all thrse, ccde for chaln terwinating |
cofono, heneo thoy shoull gll be rrouped os one wrd, The

64 codona then code for 21 mnd not 22 Afstinet wnds,

2) They quentioned the ass of Informstion Demmity

v o 55 rpb! o s

Tw PR & a2 on ewlutionnry measure,

hetp gbjretion ern be understood by 11lustrating s exemple,

A\

4 e A ¢ T c A g : 4 ¢ A ] P

A € T 0 A G T € A G T 0 wee =

| The sbove example codes for four smino aetds at the
most; in faot enly thres as TCA » /0T = Serine, GTC = Valine
snf CAG » GluSemine, This woul give a Mgh value of
Tnfora-tion Demsity T and hence 1% ought to belong to a
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higher raak thon ony existing orgentism vhieh 18 evidemtly
ohsarved,

, 21
" we £ P, Mg
£, 3 g1

= .euﬁ WE 0 e = Mgy 21

. 4
.7 , v
° - ~i1 chggi’laall}/‘ 1681/‘
- Mﬂ‘
m:un“’..s@"‘umgﬂx--maa
ryifently value of I fo awimalma 81))15384

On ataiying thisy ¢t e'n bo concladed, that In spite
of this objection, Gatlin md Snith found I %0 B2 n useful .
information, This 28 bBeocause, wiils assuning feviation
fron maximan unoeartainty to be ~ meamire of tha inforastion
tenonitied to the polypeptide ohain, they meximised N
‘ot the given ) , Thus by ereating m individual reference

objection
point for sach orgmism they removed the W‘# high

Hﬂ!&.

Aso; Dotk Hasegava sd Yene chose S0 regard R
ftaelf an o weasars of swelation, This was alme done dy
mith oarlior, Hamegawn md Yo argued thak H om be
regarded as a msasure per anino asil of the varlety of
anino acido of the proteins of the orgemisnms, As highep
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orgonisns vill have dtvngns proteins %o sarry oud thely
funections,y hence thay uill require n large varioty of amino
acld sequense :m- sino acid ond will thus lagd to the
naxinisstion of the meertainty 18mir,

Other errors of Smith in ealeulations, vere ovalunted
by Oatling who alfo orgues for A m 428, a3 befng m attempt
“to diversify proteins, Towever, according to her, the
binsed doublot frecaencies arn the result of svolution e# o
gane theoyetionl sptimisstion procedure foy redoeing error
- in a noisy ohannel, DPasagova i Ymo gueation thiae, sinee
the mnalogy with hunen yeceivers, who ase shmnon.Wninney
redundmoy (biroed doudlst freuency according to Gatlin)
to refuce error by traman’tiing highly micue conbinaticne,
copnot be extmdad to ribososnl compiax, Taste~d, they
conatfer the biased Soudlat mnd triplet frequency as Dene-
£1einl In encoding a greater variety of proteins,

ﬁiné (1972) removed mothep defect of mithhs theory
by detarntning the hase ocomposition of single etronded m -
RNAs that would optinise the Aiversity of predicted amine
aeid fraquencies na resd Dy the Cesstie Cofe, HNowaver le
used n "hemdom Bane Modelw,

York of Nesexwvemd Xme

with the sbove ghisetions in mind, they considered
the m=-HIA Dase seqienos as 2 second oxder stationary Marony
Chain, (They took ints nccommt both tha nearest netplboure
and next to nearest neighbour correlimticns), They optinised
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hase doudlat snd triplst frequency tovards maximal Iy They
used the latest cofe / Tadls 3 of Chrpter 11 7,

008 Grder Hachey Chaln

This assumption mesns that a Dass probsdiiity in
m u RIA segaence depends only on the preceding tw dDanes
alons the atronda, As this dase sequence 18 asauwd to de
stationnry, the prodobilities of the four Dawes P(1), the
doudbiat Lre-uencies &1 P(1,3)y the triplet fesjusncies
P(143s%) 1n wbtch 1,3,k € (Uy04A4G) are conatmat in any part
of the strmnd,

Consequently P(1,3) - 8 r(k, 53)
i ! 5

ag P{14d4k)
giving 15 indepmdent constrnints,
The normalisation condition

!2“ Bigk w 1 gives 16 constraints in all

Thay have given sgqustion for determining dobdlet fre-

nusnoy from triplat frequencies,
tmilarly P(1) » é; P(1,0) = f P(3s1)

There m G4 P1lkts dut only 48 are independeat,
P(I/1) = P(4,5)/7(1)
POR/13) = P(1,5,k)/ P(1,))



fntroples
he entropies have been defined as

y B , L p(.9) £ plust '
0 Ty = = £ P00 £ P00 g, B 0a)

M F e SR SR W (/L)

;] '
f S o(1) g PCS
e) ™ g() g, P(1)

@) The probebility of the Ith Kind of amino acld P(T),
nd prodobility of ontno actd doudblet Ty J 4 P(T,d)
are given on

p(T 4 P(1434K)
‘).ﬂk (1334%)

P(1yd)m ék ém P(1434Ks2ymyn)

1 dumatt : Lamrnq J

So the cntropy of amino usid ssguence constderad
as a simple Markov Chain 18 defined s

My == £ KD 2/ Josy P/

The entropy of aaino aseld ssquense considored as a
Rzndom Chain is H‘M. .% P(T) dogy P(D)

*he surmation ¢ over £1 codoms,
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©) The prodadility of the mit’A sequense (1,J,k,1,myn) i3 gtven
by P(198ske1emyn) = P(1934k) P Jgkye1) P(ky1ym) P(1ynen)
¥ | J , ‘

Nexty Nnsegovn ond Yano maxinised ":A vlaee BY a
rendon ssarch meathod 4n the phase spade spaned by the 48
independent P(4,5,k)0s,

The c4 valaes of P(1,3,k) are aswumed € de pandom
REJE™ («1<R1Sk1)e  TP6 upper Limit of the displacement 1e
denoted by & and P(1Jk) 18 sltered an f0llows «

PYOCASk) — PCLSR) o RAJK O

T2 Py (1,3,) {0y then Rijk !s generated ogain
and againg wtil a posttive Pt (41jk) 1s odtalned, This
procedare o carried cut for the G4 P{1,J,2)'s 50 that they
satiafy the constralnts caloalating H,, o € th's valse 1s
greater thm the previous valns, then the nau walus s
adopted; an3 the prooedure 13 repsated, The nevw rmnfon
nambers are used on the original valuesof P(1,3.k),

oontd eue
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Tebls 4

TrinuelsotiGe Frejqusnoies of the H” Naxingm 17

b lt G089 (,0002 O0,0217 0,0200
0,013 0,0046 00,0121 0,0801%
0.,013€¢ 00,0158 0,01228 0,0364
Ca0234 0,008 06,0011 00,0023

@ > O Q

0,041 C,0143 0,003})
00,0008 0,0232 0,087 0,00854
0,0188 00,0036 0.0804 0,0

@ > 0o €

0,0306 0,0089 0,0883 0,0133
0,0038 0,071 0,0188 0,008
0,0139 0,0302 0,0008 00,0848
0,088 0.0 0. 081 0.018

A

Q » 0 g

0,087 0©,007T1 0,087 0.0)38
0,003  0,0127 0,046 0,0113
0.01& 0.,0829 0©,0861 0,0006
G.m 0,0088 0,0198 0,0134

3
£ EEE
|
3
=

e > o Q

s Caloulati.ns veps done by NITAC B0C0% (aiversity of Tokye)
a3 FACOM 880 » 00 of Hokm do Onivereity,

Faproduosd from Hasegena and Yo « 1975,



lemate
Fig, 8 a)
Roooo,
m‘a, °.°°'°%'oz;£i°?“°°
B
‘“m ' ¢ " 31,0
u : S ¥
= 4e35 ‘. B Y 1488
‘ "8 ﬂ“nnnl-l»n‘ .
4,20 ¢ Y8
W
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No. of Repet!tions(Renbom)

Fig, 8(b)
M

Log'121;° e % by H.%gta'oo 3
4o -v"n.‘;n H:&’:A 4495 'si/
m&‘g o B, ! L0 3
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4,888 o aM? 1,86 T

. :' unu nﬂﬂ";"‘

$.2 ¢ L

(Spleen)

L Reproducell fyon Napegoun md Yoo « 19787

s In fig, 8(a) =8 (b), th process of mexinising F o a
function of pepetitions as been shown mﬁ. .w/‘a._
wo initial points were ta’en for the tw models,

a) Complately Tendon Nasa Sequenes,

%) Humm Spleen DRA,

e

BRAA BRTA
RE :k' 8,

vere alse caloulated with the asme

2, ?he finn) states were miquely deteruined for vhetever
1nitial oonditions are eewrried out,

Eianl Yaloas

ﬂf“ . 4,376

s 4,907
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MRy 007 T, = 1868

Hm = 1,838
nRIA

P(U) = 0,268, PF(C)w» 0,177
P(A) = 0,3X71 P(G) » 0,2442
P(C) ¢ P(G) = C,4100 = 41,008ar 423,

The corresponding ol . nuoleotide frecuenoy are

glven 1n Todle 4,

b
2

Je

he maclectido frequency ave highly blased (Todls &),
™he CC compoaition 18 423, the arme valde sround which
vartehpate DIA compeaitions vory, Measuremmnts for 03
apactien gove 36,78 o 41,88 for nudn composition of WA,
Sa this result ‘s botter than that of Saith « 435 (1968)
md TIng » 44,48 (1972),

The large difference in HF, H By, are dus to the highly
biased Sriplat fregueney,

JCU, CUC, C5G and ACG are nearly sbassmt in the maxinel
H,, state, These ocodons should therefore bde very rare
in higher orgemioms, 3inoe in INA odservetione, TOT,
OTO, CGGy ACG aie arranged with AMA, GAG ele, these

may e observes, but f (G, COG' and $ACH, CET' are Doth

- yare d o these triplets will Do rare,
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Hamogova and Yano (1975) on comparing theiy pesult with
those odtained by Goal et, al fowd out the folloving
agresments in spita of the odjeetions ghout the inascaraecy
of the data used end non-uniqueness of the solations,
These sinilorities sre »

777 (Phanylalanine oodon) iz used in prefersnce to "TC by
vertahrates, P (UUU) = C,0200; P(UJC) = 0,0183,

TOG, COGy Allyy GC& are rare In vertabrates, Bere theiy
frecwnciss are 0,008; 0,0088; 0,005 0,0035 respactively
a8 comprred to 10°F on the svorege,

Thoy oaleulated the deviations of 41 - nuclsotide fregusacy

- P{15) from ranfon expestaotions

1)

11)

, L8 .
Sefels @ SiDIBCH 2

51
for humen spleen WA, B @11 OV and the B, mak, DA,
All avoroge with the complessntary strand and 1t vas
also found that

e Soudlet pattern of human WMIA 12 much closer b

H:A mazimam ONA thon that of E. o)l ONA,

In particalsr the CG frequency of both are vary searee,
This 18 a feature shaved By all higher miwals ol 1
interpretables a8 a stralcgy %o incrcase protein

diversity, |

The Diased base composition &s 3 result of the diased ocode,
The eode is universally degoncrate,
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Lo, ATgy SAr ore 6 = D,

Mat end Tryp are non degunerate,

Four Wtinds of bYases are mot used svenly,

There 19 n correlation hetween (IC eontent nn? 1t degree
of degensracy, Sets of acdons /71,0, M, 4 = U,0,
Aly ABe (emAy0) or A (bed,0) /] uwhieh cofle for the
sgme ontno oofd with maxtmaw CC eontent in the fipst
tw pos'tion are at lenst four fold degmnarate, Those
without CC orn twe fo0)4 degensrate, "lov the greater
Pindine onergy of the GO paly mny obviata the reaiing
of the third naslsotide in thoss tripleta, contalining
only C ond C n the firat two positions, thas requiring
eonplets degeneracy to De relfnquished to sush codons,

Agatn, an aminoasid with hirh degenaracy are GO

rich, ths GO composition shoald de 1imited so that sxine
oeids ave miformly d1striduted, 7THus ) = 428 % optimn] In
this sense,

The GC rarity 12 nov mderstood o o
MB"M tsvamtman /B¢ 07 = LAs 2]

Argintne i1s (CGA d = U, Cy) Ay 0 and Al ( 0 = Ay0)

are 6 « D vhils Almine (GO )y Glyeine (GG) md Proline
(COS) all have C or C in the first mé second posttions nd
are only 4 D, f they are %o eppesr evenly, Arginine mast
prefer % use Abe, rather tham CGd, so that the insufficlient
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nuelsotide O or C may ds ased for Alng Pro (becoaoe of 425
optimiagtion),

And for this reasn, only CC ¢n searee In verte.
hrates, |

™his 1s clearly seen, s'nes P{0G) m 0,0122 and
P(ACe) = C,0378 1,8, thriee as often while one would expeet
P{OCa8) = 8 P(ABe),

The obmervations on vertebrate iA's confirm these
ratios,

sanclasion

One e remarl in connsction with thn grommuar that
gonerates the functional sst of poly-peptide comrwmieations,
A ontraftetion axists detween smino anid seguence anéd 3.0
stracture e’ the protein fumetion,

The ghaenes of e™no acld correintions fn all tnves.
ttgntions uwpto date s smother anomaly,

Smith teatad the predioted amine aetd correlation
with the yendom ones, Predicted correl:=ztion «

Poa® 3 D P (DR (1SR (D)

n % %
where P‘,' (£) 1s the predadility of amine eoid codon emding
18 dame £,

Py is the prodability of n ocodon starting with 1, !'“ is
the £ <4 1 trmeition natrix elonnt,
mith 414 not ind my 81fference,
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Similarly Hasegawa snd Yano got H’:A = 4,367 and
Hik = 4,376 i,e. no nearest neighbour amino acid correlation,

‘ Hefoel that all such attempts will always exhibit
negative results since g stationary chaln is assumed, and
the epriori correlations which lead to t‘unction. are averaged
but.; This would howe%r involve a time independent Markov
Chain, Such a possibility has not been tackled up to date
due to the noneavellsbility of suitchle data,

seReN
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CEAPTR ¥
IMSULT3 ATD DIOCUICINS

Ye Inow very wmll that the tronsfor of iInformation
fronm I'IA nte proteln involves the monomer units o5 the umits
of the ocde, There ave four &ifferent kinds of Dausen ¢n the
DNA molsculs, Thase bases detersine miqm:.y tuenty anine
m!da olong the wwmﬂda ehain,
| We are conceyned u'th the information conteat, As
'has bean stnted snrlfer {ehapm V), ShmnoneWiener (1040),
-Safined Information content as the amunt of salsetive

information,
| | If m be o classifiention with cateportes 1 md
amsocinted prodobiltty P” then the Inforsation countent of
m %o Gestrnoted o H(m) n? 48 pifyem by
A(m) & - % P, gy Py (V

n
vhere S Pym 1 j the sam 13 over all the m dfstinct wrd
p |

probabi i tien ’1‘

We almo kmow that the diological code is degeneraVe,
A detalled discusalon has desn pressnted in Chepter Y7,
Gosl gt 4} (1972) pofnt out that 1f sodon frecuemcies are
just funetions of MIA composition, then they have mo speeifie

o 134 e
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functions, If the codon frecuencies of the different orgm'emm
are not nttribut-bls to varfations in INA compos?tion, then
we oould think that the synonymous eofons have Affeyent
funetions, md oo the eodon fresusney could also be aseld

to "Tumerical Tamonomy, Further Goel g% gl (1972) alsc assumed
that the sum of codm fresqumcies for all ther codms for sn
ordno acld are eaual to the frecusnetes of the emine

aetd,

| Farthar, the orgenisation of the Cemnetie (ode 18
such that most mutntions remlt fn either a synonymous code
wrd or fn o cofe word for o chenienlly similar gino actd,
"here ore Peritohls chmmgen in the gemetic matarinl, hence
the matations cre tras, Choges *n omine aeid sesornoes
oeccur mach moye slovly thm ohmpes in total WA, Chengen In
¥IA vhieh cause chongen in proteins are helM 1n eheok dy
nntural salsction €0 a far greater degree than are those Whiech
o not,

(ne 18 interestad 1n the frequency of oecurrenee of
ardne noid In the genetic code as compared vith thelr aversge
lavels !n proteins, 7The code has 61 codons for amino aeids,

A protein with one amino aec!d per eoden would have the
follewing ocompositions

am4' .‘6’ mﬂ’ ma' G”a’ ‘hg' sn"

3”‘0 m.gi 1"3! mc! 1”3! maty mg'

pre y 00Fgy m‘n tyzys trpy vale.
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Let us novw tmow the way ¢n wiich the 20 aclde mnd
terninator are coded dy the naturnl genetic code of nuclactide
triplete, If these 21 categories are equi-prodadls md coded
eptinmally, them

o
"y} = -.g" /21 1“2 /21 = ksa 23
d

& 4,4 bitn per mmine anid,

™he ngxinum valse of B(y) in a protein sequence
vhere there are no terminators 4s

&0
R(y)nwg 1/20 Mﬂamu ucam
3

v 4,322 Bits per smino aeid,

Ilovy ench gtnoe antd 95 coded By o triplet of
marternory 4igits Uy Gy Ay O There nre thus G4 fferent
sodona,; each renyirins some bits for 1ts apecifiention,

If the ppltention to Molesular Mology, degeneresy
18 absent in only two cases, mmt and tep, uvhieh have eseh
o singls codon, This term yepresants the redundmt informstion
dus % the code degrneracy, This {s the information which
comnet do trmsferred from RYA %0 protein,

™he maximam valas of H{(x) for codonm {8

P(2) » » 02-: 74 !us Véd = "‘a e

s G bits per colom,



wr

I we consifer o gty protein ohain vhepe there
are® no terminators, them ¢ runs o 61 =nd mot to G4, e
’1 for the oofdous UAA, UAG and (CA nre set to Beye,

n(x) ...%1 V6L log, VoL = leg, 61

= 5,931 Y ts per codon,

te are enleulating the Informntion Content (D)
telrtnpg Into ascoimt

1) the GC content (following the =mthod afopted by Tmith - 1969)
11) the codon freqammoies (o8 oanloulated dy Goel gt gl « 1978)

Ihe o0 Centemt liathed

W are aefing the rendom Dase model for caloulating
the information content from the imeviedge of the 0C condem$,

e Imow that the UA (of tmowm G « C contmms) s a
complately renfon sequence of dases, By this we mem that the
frenumey of a partionlar eodum 15 just the pretuet of the
1n4tvidunl frequeucies of the thres bases Shat nake up the
eaden,

™his 1» not strietly true in our case decasss of eur
assumption that the frequenetes of noasenss codoss is zowo,
1.0.9 (UGA) = (UAN) = (UAR) = O, Tn order te incorporate this
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asounption ve are calealnting the frasnmmcten of the G4 colms
firat by the method mentioned dhove, |
Jecondly, we nre a2lse ocaleulating the freoyencies of
the remntining G1 eodonn (sense-codons) by the sdove mathod,
o aum of these 61 frecuenctes w11l obhvioaaly de lsas tham
unity, "o order to maintaln the normalization (aum of all
G4 codon freguencies shioulld de mity) we 87vide each of the
chove codon frequenctes by the sum of all the - |

(1) 64 codon franuenotas in the first came; nf
(14) 61 eofon frecumncies In the second case,

Txremplss The predubility ?1 of n wrd (anino act'd or ochre
or amder) ‘o p*m by the ymdon model as Pl -{p(z) P(3) P(K)

whepe G = dspenerary of PI ecfons

Thers ocre 3 constenints,
(3P m 1 (18) LAT=L%T wh (119 [0 = L
Jrav'n; one parnoeter larbda,
Aw LOTe L0
Alme 2 LAT 8 [¥ ) =1

© o7 eov7 e
Thus LB J = /8
@m LA = VR =07 = fed s 00T
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% the prodadflity thet swine ac'd eyntelne (2 =
Gegenerate) 185 eallsd for s gilven as

P eys » P(T) P(C) P(S‘) + KT P(8) P(C)
= P(T) P(C) LW(T) » P(C)T

Povam( dgly (Vo)L dde T2
, . {222 |
22

On sudatttation of the value of )\ for the d1fferent
species under consideration, we e-n calculate Peys, ™ a
sinilar nanner we enlealats tha probabi ity ’1 of other amine
anids,

Finally the sums of all such prodbahilities gives the
neasure of inforastion contant for that partioalar spesies,

he spestes for which e Mmferastion Content hes
been calealnted in this monner sres

1« ¥em ( GeC contmt » 40,8i)
2, nit ( CoC content = 48,0%)
3. Salmn - ( CoC contemt = 48,08)
4, Yomnt ( 6+C contant = 38,0%)
8, Boofllus Cereus { G+C content = 37,0%)
o. Epsbarishia sl ( 0+C content = 50,0%)
7. Salmualia Srabesa ( C+C content = 51,7%)
8, rratis mEoussns ( 0+C content = 50,0%)

9. Alealiswes fascalls ( 0+C content « 67,2%)
W, Bodonsendomues Sohereldeg( O+C content = 67,75)
11 Werccoous Jzeodeikticyus ( OeC contemt = 70,.8%)



Naman Spleen 40.8
3almon, Calf 42,0
e o2l | §0,0
S Yistesa 5147
=+ DIRCQSONNS 80,0
& fosealls 07.2
Bh._sphepmildes | 7.7
Y. Jzecdeikticng 70.8

4,0640800

NTRRRE A R

N.% 1 The grapht have besn plotted taokiz

3,0023587
3,9815116
3,5144781

g into accomt tuo decimal points only,
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Fg.2. Ranpem ModeL,
The Cuvrve shows The vanahon of H usihh X
calc,'u(atﬁd‘ omLY for the sence (1) Codons.

(Fo"oww\g S‘h‘\t"\ '963)



140

s data on the hase composition of the ynylous WIA
molscnlas ore the resalts of chemteal 4~ternination (' vatt «
| 1951). Thay have nl=o basn caloalated by using the doublet
frasuenelan (Josse g% al., 1961) =nd from huoymt dmu’ty

«H?@Mh&ﬁﬁﬂ (Coml, 1067),
]

i A Eragh s then plotted between the 0+C (\) content
m” the Tnformation (unteat (B). Toble 1 represents the
Taformntion (ontsat calculated for 64 ocofons o? Gl ecdons
roopectivaly, Fip, 1 a8 Flg, 2 represents the vartation of
th» Mmfoymation Contemt vith the hase peresntage content for

the tw ensas respactively,

Ocden frequencies in ONA of warious orgmisms (the
spectes mentionad shbove) are sstimated dy Geel gt ) €1972).
ey use the deta on e dinucleotide freguensiesy; the
Qﬁnﬂeb fregameton 3 the aversge anine asoid cowpositions,

We are %0t dtscussing the mathed Sy which the mine
acid frecuency Sata has dean determined, Nowever, 1t should
be yeueaboryed that 1f all MA 18 coding for prodein, then the
freguencies of the sums of occdens of saoh anino aold ave the
so as the aversge fraguencies of the corresponding mmine
acids In protetns, This aversge 19 saloulated dy piving squal
waloht to enssh specties of protetin, sinee easch species ond not
the mount of a g'ven protein male corresponds to a ofstron
in A,



7 C TARLE - &.
A Compavison of the Codon F’vecl/uemcies of the DNAs of DPfformd Cpeeles

Codon(s) ggiZZn ggiius Salmen Yeast B.cereus ‘E.coli §.typhosa -%ég%éis -%;fi:_ -%%g;%%; %é%%%%%u:
(cce) 0.0003 €.0250 0.0080 90.0156 0.6092 G.0130 0.0071 $.2195 0.0170 0.0270 0.0263
(CCA)+(CCGi T 0.0051 0.0358 0.0231 0.0142 0.600L 0.0095 0.0253 €.0219 0.0267 0.0167 0.0240
(ACT)+(CCT) Q.0511 0.0881 0.0659 0.C803 9.0516 G.0339 0.0384 G.015¢ 0.0235 0.0003 0.0
(acC)+(GCO) .. 0.0299 €.0174 0.0150 0.0419 0.038% 0.0404 0.0371 0.0815 0.0%33 0.0933 0.1115
(TCA)+(CCAY+(ACA)+(GCA) 0.C815 0.1045 0.0991 0.1203 0.0583 | 0.6457 0.0552 $.0353 0.0008 0.0020 0.0008
(ZCeY+(CCe)+(ACG)+(GCG) 0.0001 0.0 0.0 0.0244 0.0011 0.0538 0.0607 6.0959 0.1Z231 0.131C 0.1351
(TCTY+(TGC) . 0.G220 0.0230 - 0.02320 0.0080 0.0188 0.0190 0.0190 0.0191 0.0193 0.0193 0.0193
{TGA) 0.0 0.0 0.C 0.C 0.2 ¢.0 0.0 G.0 0.3 G.0 0.0
(TGG) 0.0153 0.0153 0.0153 0.0160 0.0148 0.0150 0.01590 G.0151 0.0152 0.0152 -0¢.C153
(CGT)+{CGC) 0.0 0.0042 0.0001 6.0021 0.0383 0.0452 0.0406 G.0490 0.06G0 0.05%42 0.3437
(CGA) 0.0001 0.0002 0.0006 0.014& 0.C001 6.0 0.008¢% 0.0045 0.0016  0.093% 0.6032
(CGG) | ' 0.6 0.0001 0.0 0.00544 0.0005_ 0.0 0.3003 0.0001  0.,0035 9.0109 0.0149
(AGT)+(AGC) ©0.0290 0.0149 0.6254 0.0058 0.0043 0.0321 0.0397 0.0157 0.0104 0.0158 0.0é57
(AGA) ’ 0.0330 0.0141 0.0174 0.00C61 0.¢C 0.0035 0.6009 ©.0038 0.0003 C.O G.Co07
(AGG) 0.0033 0.0257 0.0238 0.6 G.CO01L 0.0002 0.0002 .0 0.0 0.0 0.0601
(CGT)+(GGC) 0.0260 0.0335 0.0511 0.0604 0.0436 0.0870 0.0615 0.6720 0.0573  (0.0579 (1.0493
(GGA) 0.01390 0.0247 0.0179 0.0114 2.0133 0.0105 0.609%7 0.0064 0.0149 0.0064 ¢.0C12

{C5G) 0.0351 0.0166 0.0058 0.0 0.c062 0.0015 0.0683 ©¢.0058 0.0168 0.0150 0.C4G6



TABLE-2 Contd

Codon(s) lggfzzn g;iius Salmon Yeast B.cereus E.coli §.typhes2 -%éﬁi;;s -%;ii:f g%;z;z;
(TAI)#(TAC) 0.0351 0.0345 0.0345 0.0279 0.0318 - 0.0260 0.0252 0.0219 0.0182 0.0179

(TAA) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .0 0.0 c.0

{TAG) 0.0 9.0 G.0 0.0 0.0 | 0.0 c.0 0.0 . 0.0 0.2
(TAC)+~(CAC)+(AAC)+(GAC). 0.0334 0.0510 0.0355 0.0 0.0101 0.0492 0.0542 0.0803 0.1031 0.1024
(TAT)+(CAT)+(AAT)+(GAT) (0.1334 0.1147 0.1102 0.1416 0.1566 0.0988 0.0922 0.0588 0.0z78 0.2279
(CAT)+(CAC) 0.0223 0.0222 0.0222 0.0229 0.020} ¢.018C 0.06189 0.2182 0.0175 0.017=
(CAA) 0.0407 . 0.0150 0,0141 0.0208 0.0344 0.0230 0.0165 0.0063 C.0006 0.6043
(CAG) 0.0006 0.0192 0.0272 . 0.0 0.0 0.5280 0.03¢6 0.047L Q.0531 0.0493
(AAT) +(AAC) G.0534 0.0535 0.0535 0.0449 0.0505 0.0510 0.03511 0.0514 0.0517 0.0517
(AAA) 0.0485 0.0556 0.0275 0.0683 0.0863 0.6403 0.0295 .0162 0.0023. 0.6C0L
(AAG) 0.0129 0.0048 0.0330 0.0164 0.0009 0.0117 0.0211 0.02854 0.C353  0.037¢
(GATY+(GAC) 0.0560 0.0555 0.0555 0.0459 0.0583 0.0520 0.0512 0.0476 0.0435 0.0432
(GAA) 0.0198 0.023C 0.0303 0.0522 0.0808 0.0429 0.0337 0.01$9 0.0249 0.060%
(GAG) C.0345 0.0379 0.0235 0.0027 0.0122 0.0271 0.0355 0.0459 ¢.0370 0.C610
(TEO)+(CGC)+(AGCI+(GGC) 0N.0114 0.0114 0.0 0.C 0.0325 0.0921 0.1006 0.1106 '0.1034 0.1084

(TET)+(CGT)+(AGT)+(GGT) 0.0666 0.0612 (0.0996 0.0763 0.0765 0.G712 0.0602 0.0452 0.0436 0.052&



TFapLe- 2 (ontd

(TTT) 0.0437 _ ©.0377 0.0371 0.0020 0.0152 0.0307  6.0352 6.0285 0.0001 6.0 2 osoi

(TI0) ‘ 0.0 0.0025 0.0 0.0299  0.024% 0.0043 0.0260 0.0031  0.0284 0.0283 0.0270
{TTA)+(TIG) 0.0117 0.0066 0.0118 0.0497 0.0548 0.0294 0.0150 0.0247 0.0 0.0215 0.0002

(C1T) 0.0537 0.0494 0.0052 0.0091 0.642& 0.C197 0.0195 0.0115 0.0007  0.0007 0.¢

(CIC) 0.0096 ©6.0229 0.0284 0.0225 0.0192 0.0225 0.0243  0.0238 0.0557 0.0492 0.0498
(CTA)+(CTG) 0.0124 0.0020 0.0355 0.0 0.0001 0.0144 0.0001  0.0261 0.0297 0.0148  0.C362
(ATT)+(GTT) 0.0425 0.0481L 0.05C6 0.0545 {.0484 0.017¢  0.0173 0.0068 0.0 c.0 N.0004
(ATCY+(GIC) . 0.0002 0.0078 0.0139 0.0002 0.014l 0.0363 0.0348  0.0619 0.0250 0.0542 5.0623
(TTA)+(CTA)+(ATA)+(GTA) 0.0342 0.0033 0.0429 0.1315 0.0958 0.0503 0.0354 0.0224  0.02i0  0.0062 £.0255
(TTG)+(CTG)+(GIG) 0.0628 0.0640 0.0545 0.0001 0.0368 6.0703  0.0572 0.0835 0.100% 0.0926 0.078:4
(ATGC) 0.0158 0.0155 0.0155 0.0160 0.0232 0.0210  0.02C6 $.0160 0.0171  $.0170 G.0183
(tcr) 0.0172 0.0202 0.0192 0.0306 0.5 0.00%4  0.0002  0,0171 0.0 0.0006 0.0506
(TCo) 0.0072 0.0137 0.0215 0.0063 Q.0085 0.0002 0.0 0.6 0.0182 0.0C48  0.0173
{TCA}+(TCG) . 0.0217 0.0262 0.0089 0.0512 0.0130 0.0063 0.0041  0.0114 0.0156  0.0121 G.0208
(cct) 0.0437 0.0085 0.0183 0.0220 0.0001 0.6115 0.0071  0.C001 0.0 6.0%02 6.0G04
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The ossumptionsa based on whieh the codon fregquensties
M8 1t as a funotion of G + C content have Desn caloulated 1s
boitng sammartsed,

The genctic oode 18 correet In !ts presemt form
{Toble 3, Chapter TI),
. Qe he codons mre d'striduted at rmdom throughout the

”IA molsculs, ™ia memns that the frequency of tw
odjoent codomn 18 the product of thelr indivtdual fre-
quencies,
3, The atatistienl diatridation of sodons 15 the agmw,
both In the coling o8 well os in the non-ocoding parts of the
iA mlscalas,
The first assumption has besn tested to be correet,
nfforts to £ind non-ranicmess have fatlad (ns the
oonurrence of an overlopping oode hns Desn raled out « Yous «
1088, Kreywiokl gt al. « 196G6), This fmplias that the
randomens of the nearest neiglbour sequence of amino acids
18 trae, ot lsast for the wrk that we are doing,
T™e evidence for the thisd sssumption 18 soares,
Teble £ gives the codom mdu of the spesies
" under consideration (Oeel gf gl =~ VWTR)s The Taformatice
Content 1s caloulated ns mentionsd earlier end is showm in
Tobls 3 (Codam 3), Fig. 3 represents the variation of the
‘ Mmformation content with the Dase perosntage of the species
vhien the cofion frequenefes of Goel gt g (1972) are used,



. T 3
TRFORATION CONTIIRY FOR
—— ¥ — "
“pecies G.Cs Content! All the codon The unique codon Codomz of linear

pereent ' frequencies(49) frequencies (25) combinations tsken
as equiprobadble

T e e i

3. geregs 70 47427540 3,368606437 4.8758775
Yoast | 3.0 464786213 3.7427360092  4.8820781
Fumen Spleen ©5 401081 3832071449 5.0383208
Salmon @0  A.982085 44116694955 5. 16454503071
Calf Thymus I 2.0  4.942883 4.035315406 5.057715774
Calf Thymas IT ©.0 485781 4.035319406 4,911700808
. sodd £0.0  4.8082089 3.872848850 4.9178697
$» tyohosg BL7  5.044808006 3.934222621  5.163922

3, parcesoens £.0 4956251508 3.817630918 6. 1066427
4 fsacalis 2.2 47202723 3.563791839 48666423
BY. spheroides 7.7 A.e850614 3.385606624 4.7803877
M. Jysofefktious  70.8  4.6057486 3.394741680 46930052

- -

N.B. The graphs hsve bsen plotted taking into account two digits after the decimal point,




LR

b

»
°

rl
S

INFORMATION CONTENT CH)
»
»

»
&

45

B BN BT N RSN 7R | SRS ¢ R BN (R

GC CONTENT CA)

Ft35 The Curve S’\DWL’\g fke vavialien 04 H wdh A
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Flia 4. The euvrve ghowing van'aﬁo)\ of H wih 2,
when the codon }'\-a%v\cie; ave Jaken 4o ke
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It 18 olear from Tohls 2, that some of the codon
frequencies ~re given a8 lnesr conbinations, W should
rerwmebey that the diolopiecal cofe 18 deganerate md s the
anine acld compoaition of protetns dces not datermine the
colon frequanciss uniguely, Twemtsyp.five of the forty.nine
oodon frequonetes are umine whils the yeat (twentp.four)
have bemn glven o2 lioeny combinations, his, prohadly |
Introduces m error 4n the caleoulaticn of the iInformation
content, 7This also hoMs true 1n the light of the mathematieal
ronlity that

(2aedeerd) Jog (wdrovd)£ o 1og e Dlogh s © W 0 » 4 log &,

™ order to eliminnts this prodeble error we Nave
naxt caleulated the Informntion Content (I) for only the
tuenty-five nigque codom froeguencies, Tadbles 3 (solum 4)
given the msamire of the Inferuation Oontent 1n bits for ¥
different orgenisws, Figure 4 sepressnts the graphical
representation,

Nexty the cofons of the limear cowdinntions ave
aswumed %0 econtridute equally for the endom fregusnoy.
For example, for Muman Jplesn one of the linear sombinatisn
i PTA+ CTA ¢ ATA » GTA w0048,

If each of thess four ecdome have ocentributel
equally, them TTAs CTA = ATA = CTAm  ,0343/4 »= ,00885,
n t*1s way we have taken the individual codem of the linesr
cosbinations as eqaal contridutors, It should alse dDe
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noted that in tualve of thn linenr combinntions, the differemes
£0 only fn the fiyst nueleotide place, whils for the other
tuaive, ¢¢ %3 ‘n the thisd nucleotide position, Ue have alse
ealeulated B for the different crgmiems dased on such type

of data, Tadle 3 (colus 8) gives the value of I' for the
different apectes 4 figure 8 the graphical representation,

As £0r o8 amerieal Toronomy 13 concerned, we
817 not do any clossifiestion dased on etther the oluster
aalysis oy on the prineipls co-ordinate malysts, (mn the
othay hond, us have reproducs? the reaults of 6, ubdde Rmo
{1971). The phylogmetic tres (Figure 53, Chapter 7IY) &
bnsad on the doudiat frequancties mnd on the ecdon frecaemoien
(Ftgure 5b, Chapter IIT) vespsctively, A stady of the twe
trees reveal Shat D, gereys groups with the mesmale rather
thm with the bacteria, Mwmn o oalfy, wnd B, @)l w4 3,
S0bess have been grouped together, A eomparntive stuly
of the sw figures yeveals that in the apalysis Hased on
oodon frequemeien, nan md calf are closer to eash 0ther
than o 3almon, In the classifisation Dased on Aoudled
frequencies, all the thres are squidietms, 7Thun we may
say that the ciaseifieations dased on codon frenusneies is
finey them that based on doublat frequencies % a eertaln
oxtent, |
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The has used tun more typen of dats, The firag
type of data are ‘evintions of codon frequemele- from the
corresponding freqienctes expected on the bdasin of the
minimm amomt of Ay Ty C ond C required for the sarvivel of
the orgenisn, Mo mamwly of 3. gorqus falline ‘nto tht
namal proup has besn removed by cluster maelysta md
principls es-ordinate mu-lysts, At the swume time, some
other undesirabls features have croppsd up, I, cp)d is

shown to be eloser to . Darcesgeng the to S. fyohesss
Bhe smbamiden 0 clos-r to A Laagalds thn to i,

Arsedelktious.
™his mams thnt the renglts of the clasmsifiestion

depends on the type of data usel to some axtent, These
realts wuld have eertatnly fwpreved {f the sixty.four
cofon frequemetss were unique,

The mst importmet proeselure in Numerieal Texoneny
1s the compubation of ths phenstie similarity, It begine
vith the sellsction of values for the sharasters of the
tosonomic groud whieh is % b8 slessified, W ocould have
curselves constructed o tree followvisg Margelimsh md Fiteh
(1007} method of the minimus mutation 4istmees, 1f the
anino aeid sequenses of cytochrome c for thete very mesies
undey consideration was kmown, s partisulor aspect is
ot deing tackled at presmms$,

Phylogenies md massomolecules provides mu exeellem$
sscount of the molagalar mopeets of ewolution, They permit
the estedlishnnt of phylogeniss, whish usually, dut not
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alvayn, agres with the phylogenies dased en mrpholory or
other non mlscular datn, Theye are certain guestions thet
St1ll need oladorate ansvers, (Yat are the reasons for the
ewintionary chmge of macromlecales? T a molecule performs
a highly spec'fie funotion, thsn why doea 4t chemge In the
course of wmilliona of years? Do thess changes ocour
in spite of mn opposing fores of sclsetion or are they the
remult of seleetion?

Large nushey of axine acid replagszents accumilate
in proteins during ewslutton, This becones evideat vhen
homologous protaine in diffsrent spoeies of Uving orgsnisns
are compmnd, Ihis prooess roasalits fyon point mitations in
WIA, |

The result of Marpoliesh snd Fiteh (1907) 48 based
upon a quantitativ daterminantion of matations, This sugpeets
that ultimately this uwill be the most accurate method of
sonstructing phylogmmetie tress, 7THese very sme COnOeps
(mintoum matation diastsnoe) have doan used in o wery natural
vay %o ealeulate the Information Contamt of the dlochemieal
fanction of a family of homolugeus proteins 1ike hasterlebin
or aytochromn ¢, (Yookey » 1977), The kuowisdge cf Inforastien
(ontent for the spsciss lmowva may well confliridute to a detler
underetmnding of the origin of 1fe md of ewlution,

Tn the Nea-Darwinimm mdel the snino asid eswpositien
should be strengly inflasaced by the Geuetie Oedle, oines
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by hypothesis a signiftemnt proportion of the amino astda
present have arisen by rondom mutation md érift,

In the Darvinian model, all ewlationary chunge
depends upon natural selsction, 7This predicts thet there
shouls be no relationship datwesn amine asif frenuency md
the Genetia Code,

The average smino acid composition of proteins is
detarmined by the Cematie Code, Amine acid compoasition ‘s
a product of molacular svolution, Proteinas with novel
funetions svolve from pre-existing preteins by mutation, The
novel protatns ultimataly esenps the control mechmism whiek
determines the yate of production of thelr mcestors, The
noclactide sequenos of MRNA 18 a cofs dstermining the amine
sold sequemeces of proteins, 1% 48 nlsc an eatablished fact
that the segusnoe of basrs along the polywer variss from
orgmion to orgaism (ONA soures) snd earries the hereditery
information,

Oeming back to the contral 44en of Information
Content, wa kave bdeet able to grt results simtler to those
obtained by 3mith (1960), The curves (Figupe 1 and Figure 3)
represmt the information content (dits) against the G¢
eontents for the sixty-four and sixty.one oodons respestively,
T™he moximum information contemt is at 42 per eeant GC (Salmm)
content, 7This 1s in sscordmee with mith, It should de -
noted thet our caloulations sre Dased on wmoonditional
mosomer freqwacies (base - composition), The comparises
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batvesn the informntion content of the Aifferent orgmisms
reveals the relationship batwessn the fnfowmation content ot
the taonomic or evolativnary claset! fteations, Closoly
follonp Smith, ve o4 fnfer that swlation doms coda the
more compiax crganian s more efftotently by workiar from the
nxtmun in &(R,A) 1,8, the Rendom Mofel Come,

Hs hav~ used ¢r'plet frequeneisan ond comparisons at
the phylogsnetic lavel, “he umiveranl genetie oude hre a
hichly biased nataro ond So we can any that the 1A base
arcusnces of hirhor orgonioms haw rrent capanities to code
various proteing, Ths GC cowposition of Aoudls atrmted WA
13 42 per oont, thn volas around uhieh Mgher orgentons
clanter, 7The hamn compoaition of vertedrate 7IA 48 not exantly
fMxed, Iiparn 1 ond [dgare £ which show n waximum for H at
42 per oant potnt ont th~t A1ffarant spaefes hut same GC
contant poosesons aome aoamt of Tnformation Content, T™his
means that vertedrates snd magmals sust de grouped together,
This however 18 not tyue,

The graphs (Figure 3, Figuss 4 sl Figure §) also
reprosenta the vartiation of B with )\, one for the eocdom
frequencies caleulated am such by Goel gt g), (197R), the
seoon? for the twenty five anfgque cofons end the thisd for
the forty-one codons (linear ooudinations baing treated as
constating of equal econtriduting codens), If ve neglact
Se $mhosay them in a1l the three cases, I maximises for
Saluon (GC content m 42 pay cent) a8 1@ evidemt from Tadle 3,
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“he grapha have howev r besn plotted Dy a curve of the power
oaries, A paradela of the second degres of yu a «dX ¢ ..2
9 £itted 30 the data, This parshbolie curve lowvever
ind4pates o maximum at 80 par oent for B, golle TRIs indicates
thgt there 78 etther some error fn the experimntslly arrives
ocodon frecumetes of Goel gt al. (1978) or we ecan make o very
q_;ﬁxﬁh generalizption, ‘o emn Say that the information content
ftonfia to "neresse for sll sach orgmaisas, 1n vhich the GO
" r ot tenda to ectial the 4T popr eent,
“he formation Content of the twentp.five migue
piona (Tehle 3, colum 4) forms » major portion of the
information Content o3 erleal-ted for the total codim
fracaenetes (Tahls 3, colum J), Thia ndlentan 222L vo are
/net cornitting n sapican error in nsgleeting tha 1U'neassr
(ca@mrmam. Tk4a means thnt the 1inesr comhinatiune rype
porhnps not playing = Importast role ‘n ewo latienary proosss,
*he gvine asids deltng coded by thess twenty-five usiquely
datepmined codme are Pro, gla; 1ye; gla N, ser, mt, lsu,
pbe, gly, arg, %ryp end term, Thas Shese cofe fer tem of the
twenty saino actds mnd the terminster, |
There aze »t present only tw expertmntally mewmn
qumtitics relating to total Dase Ssqusnees,

(1) monomer frequencies (dsss compos!tion)
(8) Soublet fregumeies (or nearest neighbour freqamacies)

| The first 3 an unconditionnl wenomer prohability,
g%’wna ta @ uncont?tionnl Aoublst predadility, which has
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besn sythesized from the fntorsection of two monomer probas
b11ittes, one unconditional mn? the other eonditional,

A8 hss Desn atatesd by Smith earlier, we need to
ealoulate Mgher order corrslations for a more preciss end
aseurate study of the subjeet, T11l today, the main prodlsm
1les In odtaining o good wRUA statistical data « ths needed
test of the nformation Content epproach,

A selontifio theory of ewlation om oniy be a
theory of descendomes, Ideslly, we adould thersfore da dcbls
to ocompare spocica nlong thelr Airect derivation, wbich 1s
impousibla, as the spactes from vhich the pressnt are derived
have alither 4isappenyed oy have themselves ehanged, At the
some time commn snoentory msy not ds the omly posaibla
basia for simtilarity in evinoe acid sesuences, Quoting
Hargolieah and Fiteh {1960) "Tuwo proteing may bde simisr ot
a t'me, alao, bacsuss having artesn fron 4/fferent mecatyal
origine thay bave tanded to avolve fo aimilar or *dsatieal
functions in A4ffayent 1ines of evolutionary dnscmnt ond
have therefors asomiired the degree of aimdlarity of struetaro
required dy this aimilarity of fonctions,™

L2 1 J
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dovendix I

Hardv-rieinbers Len

Let us supposs that there fa a populatica composed
sntirely of the gamotypes AA end that the second population
consiots only of the gemotype aa, rarther suppose that
the tw populaticns are drousht together and that the
ndividaals interdreed at ranfon, I'inally 1t 13 assumed thed
there {5 no migration, no Selsetion and mo mutation, het
will de the genotypes of the resulting population in the next
m? 1 0l) following genepations? ’rhat will be the frequen.
¢lins of the two genes A end g These questions were
enswered by Vardy,

Hardy uas ihla to show, vith soms simple algedra,
that 42 the 1nttial frequeney of the AA gemotyps was p ot &f
the fnitial fretasncy of as vas q and 1f thess were the saly
twe alleles ftawlved, 20 that peg = 1; then 1t would follow
that the distridation of genotypes in the next nd all subes-
quent generations will de "M ' mi d’ any when all the
sssumptions stafed earlier holM tyus, Thisfpepulstion has
bacoms knowm as the Mapdy.lieindesg Law, d 1t 1a the
foamdation of population gemneties,

Geetieiste today state the Bepd)-Weinberg formilas
tion in a slightly different way, Hasdy postulated that one
population consisted culy of the gemotype AA, Tt follows al



that 1t consiots only of the gene A, A similar argument es
be ntated fur the second populationg whieh consiated anly of
the genctype aa mnd 20 only of the geme a, T wvalnes p
q connot be aseigned S gemotypes dut to geme frequmcles,
Thias memin that, n tha £irst population, the fre~vumey of
the gene A= p; M3 ax ¢ 18 the frequemey of the allels in
the second populstion, If the frequency of 'gm As Dy them
the fregueneyof AAstouli bapxp e ’3. n asiMie
nannery freqasmey of an sloul! dDa g X g w ga m” aA shoulM
be 8% D ¢ The coefficlent 2 13 necessary Decsitos thare ars
two uaye in ubich an em ocenr vis, a from one parent and A
fr0m the other parent or vics-varsa,

SR
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