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Sequence Analysis of Mitochondrial DNA Variation in Daphnia

Abstract
Lsrimllcs ot ;to.hondriol D\ A srrpence rariabllir! $.n'determined lbf rs0 rtosely related sper n s rJ Daplnia. Sequfnf analvsis

from rw, g.n.s. \ADH dehrdrogdrase subunirs ,1 u,l 5, re\ealed ! pall,,.n of rucleotide substitrrLiru that h$ a l0 lo I t.adsition

bi6. This lJattern is consist.nr $irh lh.t fronr oth.r |!$. suggestine rhi, .\isLcnre of a unirersrl t.:nslti.n hiN. Iininal{ s of nucleo

t id ( ]d i \e rs i t1 i f i th ins I l l l | i r l s le res ln i ] t r roLhosr lohan led f |omoth . .spe . ieS 'Thees | im lLd ] lc re lo

Dqtnia nLl Dn:ophiLa *as appro\imnr, l\ as predicted liom rnolecular clock anrl)s.s- Estimates 01 milo, hoodrial DNA !!ri!bilit\

an ]ongPopu la t jons{eres in r i1ar1ors rqu t r redatar

tide lcdrrut( ,isl;dates o{ populaLi,)tr-l.lel genetic vlriahilit!

lntroduction
Advances in scquen<ring technologies over the past
decadc (Sanger et al. 1977) have provided cvolu-
tionarl biologists vith a remarkablc tool for a--.sa,v-
ing genetic rariabilit,v. Sincc its inception, DNA

sequencing has been uscd as a molecular approach
for infelring phvlogenetic rclalionships among spe-
cics. IIowever. onl,v rcccntly ha-s L)NA scqLrencing
bcen used to examine genelic variation at or belol
the species lcvcl (see Hillis et al. I99l lot a rc-
liet1. One molecule that has receivecl cons;dera-
blc atlention is dnimal mitochondlial D\A (mtD\A).

Animal rntDNA is a relat iveh' small  (- 14-16

kilobases). covalcntly closed circular molecule that
is matemally inhcrited rdthout lecombination. Thesc
propertics. along tith its supposedl,v high ratc of

evolution (Brown el al. ]979), have led to its wide-

spread use in cvoluLionarv studics. Brown et al.
(1982) proposed that transit ions (C ( '  )  A, ' l '  (  -  )
C) are strcnglv lar.orctl over transversions (C( - )O.
G<->T .  A< ->T .  A< ->C)  i n  r r i t ochond r i a l
crolution, despite thc neutlal prediction rvhich sug-
gesls that therc should be t$'icc i$ manv hansver_
sions as transitions based upon their probabilitr of
occurrcnce (eight l,avs for transversions to o(cur.
four $'ays lbr transiLions). Bro$,n el al. (1982)

showed that in closel-v relatcd prirnates. 920/o of the
nucicolide substitutions are transitions. Holvever'. in

comparisnn to morc distantlt- related ttl\a, this lran'

sition bias disappcars. Apparentl,v, this transition

bias is the result of mr.rltiple substitutions replacing
transitions as translersions (Brorvn et al. I9B2; Dc

Sallc et al.  l9B7).

The st|onli tlrnsition bias lrhleen closell_ related
tara i-" also suppolted with data ftom roclents (Blorvn

'Current addrcss: l)cparttrert of \rturul Scicrces. Long*.-'oo.l

0 ) l lege .  F l rmr i l k .  \A  2 :1909

and Sirnpson I9B2: Kocher er al.  1989), birds
(Eduards and Wilson 1990), lish (Thorna-" and

Beckenbach l9B9), sea urchins (Ciorgi er al.

L99 l ) .  nc rna todes  ( f homas  and  W i l son  1991 ) .

:rncl planarians (Bcssho et oL 1992). Honever'. data

lrom Drosophilo (Clary and Wolstenholme I9B7)

suggest that this transition bias mily not occur all

tarionomic groups. In fact, in Dnrsryrlzila there is

a slight bi.u towarcls transvcrsions that is ven' close

to the thel)rel ical expectat ion (but see l)e Sallc er

al. 1987). Thc lack of a transition bias in

Drosophi.kr is mosl likel,v thc lesult oI the compar-

ison of /1. -r nku6a rdth D. neLonogo.ster, trhich are

not verr closelv relatcd. Tn facl. t'hen more doselr'

related species ol Drosophih are compared. the

bias becomes more evident (Beckcnbach et al. ,

I t r q : i l .  < i n . c  t h ,  ma jn r i t r  o f  t h ,  J . r t r ,  - u l i t ' o r l i ng

the e:<istcncc of a bias have come from lertebratcs

{mammals in particular) or DroropAila, thc hvpothe-

sis of a l'idesprcad Lransition bias needs 1o be con-

f irmed l ' i th data f iom othcr protostornatc

invertebrutcs.

Nlitochondrial DNA (mtDNA) is knonn to be

variable both within and bctr,ccn species (frloritz

et dI.  I9B7 ). 
' fhe 

amount of mtDNA variabi l i tv
uithin specics tends to be high. For example.
'W 

ayne ct dl.  (1991) recentlv reported up to B7o

nucleotidc di, ,ergence vithin a single populat ion

of blac,k-backed jackals. Bdrveen-population csti-

matcs of divergencc can sometimes appr-oach ten

le r . en l  r { \ i s .  p /  d / .  l i tBT r .  l he -e  u l r : . na t i on - . r r e
in aglecment with prcdictions from moleculal clock

analysis. Calibration oi mtDNA rnolccular clocks

for protein-cc-rdinpl gcnes pledicts signilicant le"els

of dirergence at zcro divergence t imc ( i .e..  * ' i thin

species). suggcsling the potential for high levels oI

site-spccific heterozvgosity (Lrnch and Jarrcll.
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199i3). Hot 'ever' .  sornc species with large disper-
sal capabil i t ies or-those thal har.c sui l i r .ed rcccnt
bott lenecks miw -.hou Lnl lo.els ofdivcrsitv (Avise
et al. 19Bi).

Du,Tthnia are protostomatej frcshlater micro-
crustaceans that inhabil  lcmporarv ponds and per.-
manent lakes ovcr rnuch of Europe and Nor.th
Arnerica. Restr ict ion-sitc studies (Crcase et a!.
1990). rereal that l)aphnio cxhibit  signif icant
{mounts ol l.illiabilitr' lcrr mIDNA both $ ithin and
betwecn populal ions. In this manuscript.  I  repofl
{)n thc pattern of nucleotide substi tut ion rvithin and
betrreen trlo species ol Dtphnia and prolide esti-
nrates of locus-spccfic nur'lcoticle diversiLv fcrr por-
t ions ofthc \ l \DH dchvdrogenase sLrbunits, l  and
5 (\D,1. anrl  ND5) genes. Datr on rnrl)NA se
quencre variabilitv in Dophnia proridc vduable in-
sights about Lhc pit tern of nuclcotide subsLilLrt ion
ancl aLso alhw cstimates olvariabilitv obraincd from
seqLrencing and res t ritl ion-site analvsis to be r:om-
p . r re , l .  . l ; r r r ' . l l  r - r r bn r i t t e , l r  l u -  s l r us  n  t he r  r - r i r n . r r e .
of variabilih iiorn rcstr-iction endonuclca.se analrscs
tcnd to be lo\rr than estimatcs oi variabi l i tv meas-
ured from sequenc,c clata. Final lv. thcse data for
within-species lcvcls ol locus-spccifi c heterozvgositv
can be userl to test the prcdiction Lhat signilicant
levels of baseline hrlcrozygosill- should be pres-
cnt lbr cerLain loci and shoulcl be posir ir ,elv cor
relatccl t ' i th the r{tc o{ evolul ion of these genes.

Materials and Methods

Fie d Samp ing and Co lect on Localit es

Sanrples ucre lakcn fiorn scrcn Daphnia pu,lex
populat ions (FC 19. FC23. 17. TSI' .  l 'A. Bt,S, and
AN{Z} and litur Duplnia 2zlicono populations
ODL. LCt..  KLA. and HOS): (scc Table 1 lor a
coml)letc dcsc pt ior of the populat ions). One in-
dir.idual was isolated lrorn cach ofthe elcvcn sam-
1 ,1 . . .  n l J . c , l  i r r  , un r l i r i n r r -  r hJ t  t r \ o r  ; rmF i , , l i .
p:rrthenogcnesis (Lvnch 1983), and al lol  ed 1o
mult iplv unti l  cnough incl ividu:r ls tere prcscnr ro
prol ide an adcquate arnount of t issue for DNA
rnanipulal ion. Thc accumulalrd individuals w.cre
placcd into 1.,-> ml eppendori lubes and k(- 'pl  at
-80" Cclsius prior to T)NA isolarion. One r.al-
dornly choscn clon:r l  isolatc per poprrlat ion t 'a-s
uscrl  for l i rr ther stuclv.

DNA Extract on and C on ng

Follr l ing the prrxrcdure ol Crcasc er al.  (1989).
approrimatelv 100 ug of /)aphnio t issue (wct

TAULII L Sumplins Localities ol Da2hrld Popularnrs-
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'r\lthough Lhc pond ns penranr:nr. rhere ras an annual er,
lincrion of rh. l)qlnia pattd it,n.4ch fall f(nlo{(l bl re

I ,o tn ,h l ion  in  the  s t r ing .

weight, lhole animals) t 'as ground in 400 ul o{
a solut ion containing 0.r.  NaCl.30 mM Tris (pH
8.0). l0 mM EDTA, l0 mfrl  B-mercaptoethanol,
and 0.506 Tl i ton X-I00. and suhjerted to two
rouncls of phenol cxtlaction folbwcd by nv(r rouncrs
oI chloroform:IAA (24:l)  extracrion. DNA was
precipitated bv the addit ion of 0.I  volumcs 2M
NaCl and 2.5 volumes l00oi cthanol. and then
resuspcnded in doublv disLi l led t 'ater.

A gcnomic DNA librarl rvas construclecl for
each of thc eler.en ind ividuals by l igation of - 0.5
ug of BaalTT cl igested genomic DNA with lug of
prc-digested lambda phage (Promega Packagene
svstern). D coli NIXI294 r'ere infe.-rcd rvith the
rccombinanl ph:rge ancl plated onto T,B plates.
Rccombinant clones nere screened lor thc pres-
cncc ol TnLDNA inserts by plaque hybridization
Lechniqrres (X{aniatis et aL, 1982) using radi-
o\alrcllcLl Daphnio mtDNA (Stanron et aL. I99)).

Prer iorrs analvses of Daplrnia mtDNA had es-
tablishcd that part of the ND4 gcne and part ol
the ND5 gene $'erc ut opposite cnds of a 1.5 kb
ATraI-SsrI fragment (Figure I: Creasc er a1. 1990).
The drsircd subclonos *ere produccd bv l igarion
ol the thesc fragments into pBS vecror. One ug of
cach mtDNA rccombinant rvas digested rvith ApaI
plus S.srl .  0.2 ug of pBS vector nas digested with
the sarne complcment ofenzvmes lo produce com-
patible ends. and trcated lvi th phospharase ro pre-
rent scl l  l iplaLion. In both cases. the enzvmcs
(restr ict ion enzr,rncs and phosphatase) were re-
morcd bv entraction lr i th phenol. After ethanol
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l . . i g u n . l ' H . s t . i . t i ( ) n l l l y l l I ) q } n h
a=Apa| b =.{r  a1;  r :  = BamHl:  d= Bcl l ;  e=Bgl I I :  f= BstEI I ;  g= ( l la l :  h=}-r tRt ;  i= E{ oRVi j  = Hhdl l l ;  k= HpaI:  l=} t lu l :
n:Nol ;  n:  Pst l :  o:PruI I i  p:Ssr l :  q:Srul :  r :Xbal !  s= Xholr  r :Xnrnl .  Consened s i res r i th in species ore shon above

Daphn i  a pulex

prccipitation, thc fragmcnts r,".crc rcsuspcndcd in
l0 ul o[ $ater and combined b make a tota] of
20 ul.  lhe l igation tus carr ied out by adding 10
ul of l igation mir [20 ul lOX l igation bulter (600
rnfr l  l r is. pH 7.5. 70 mlt fr tgCL.600 mM Pl-C.
10 rnl l  DTT. I  rnl\ ' t  ATI ')  and I unit  ofT4l igasel.
This ni\ ture vras incubaled o, 'ernight aL l6o C.
Ten ul ofthis ligation mixture were added to 100
ul of conrpctcnt E col i  (XL-1 Bluc), prcparcd by
the method of Hanahan (I9813). Fol lowing trans-
f, ,rmrt ion. l0 Lrl  ufthr trrrr ' Iurmrt iun mi\tur( \ \ere
plated on "blue' Luria Bertani (I-B) agar plates
containing 0.590 II'TC, 40 ug/ml X-gal, and 100
ug/rnl Arnpici l l in. Thc platcs wcrc incubatcd ovcr-
n i gh l  a t : J7o  C .  and  l h i t e  co lon ies  we re  p i cked
according to Slaniatis er a1. (1982). I'lasmids were
scrcencd for lhe appropriatt l  inscrts by isolat ion
from transformcd bactcrial cclls usinpl thc ''mini-

prep" procedure o1 \{aniatis e, aI. (1982) and sub-
sequent elecLr()ph()resis on 0.{ l{ l /o agarosc gcls.

DNA Sequencing
'l'o 

prepare DNA ol secluencing c1uality. 10 ml cul-
tures ol the desired clones \rere gro\ ln overnight
in LB media and plasmid pLrl i f ied bv the usc of
l ' romcga ! lagic Sl ini-prcps. Thrcc miclogrdms of
puri i ied double-stranded DNA were alkal ine-
dcntrturcd using 0.2[t NuOH at room tcmpcraturc
for l0 minLrtes. The mixlofe was neutral ized bv

thc addit ion of 0.5 volumes 0.9M sodium dcctatc
and the DNA \\ 'as prccipitated by the addit ion of
three lbur volumes of 1000/o ethanol. This pcllct
was lashcd vith 70olo ethanol and resuspended
in 7 ul of doubly distilled water. 

'l 
he l)\A t'as se-

quenced using L'"SdAl'Pl and T7 D\A polvncr-

asc rvith thc Scqucnase kit  ( t lni ted States
Biot lernical).  Al l  reactions were carr ied oul ac-
cordinpl to manulacturer"s direct ions. The
l\'l l3-univcrsal and NIl3 reverse primers were used
in sequencing the ND4 and ND5 genes. Al l  se-
quencing reacl ions were eleclrophoresed on Bolr
polyacrylamicle gels. r 'hich h'ere subsequentlv
dried and enposed to autoradiographic film for
I2-24 hours.

Seq uence Analysis

The CCC group of programs for thc VAX were
used to align and translate sequence data. Con-
scnsus scqucnccs !r'cl-c gcncrdtcd bv dctcrrnining
the most frequent nucleotide for each site. The
Drosophikr gcnctic cLxlc (Clary and Wolstcnholmc
l9B5) tas used to translate nucleotide sequences
into amino aci. l  sequences. Nucleotide diversity
(avcragc numbcr of nuclcotidc rJif fcrcnccs pcl si tc)
$,as estimated bv equation 10.4 ol Nei (I987) us-
ing 170 bp scqucnccs for cach gcnc thut $crc pres-
ent for al l  l1 individuals (one per popLrlat ion).

Nfi tochondrial D\A Diversitv in Daphnia l65



1 GCCCAATTTTCTAATCCTATCTTATTTTGATTAATACTGTTGGCGTTTCT 5O
l |  |  |  |  |  i l i l  l t  |  i l  |  |  |  I |  |

9034 TTTATGTTTAATTATGATTTATTATA?TTTTGTTTATTATGTGCT?TTTT 8985

5 1 AGTCAAGCTTCCCGTATATTTTGGACATTTGTGACTTCCTAAGGCCGATG lOO
I  r r  r r r  r l t  I  t t t t t t  t t l  I  t t l t t  t t  t t l

8 9 8 4 AGTGAAAATACCAATATTTTTAGTACATT?ATGATTACCTAAAGCTCATG 8 9 3 5

1O], TTGAGGCCCCAGTTGCAGGGTCTATAATTCTAGCGGGGGTTTTATTAAAG 150

I t  I  l r  |  |  l l  l l | | l | |  i l i l  |  i l  | i l i l 1
8 9 3 4 TTGAAGCTCCTGTATCTGGT?CTATAATTTTAGCTGGTATTATA?TAAAA 8 8 8 5

| | t  l l  l l  l l  l l  |  | l |  |  l l t t t l
8 8 8 4 TTAGGAGGTTATGGTTTATTACGAGTAATTAATTTTTTACAATTAATAAA 8 8 3 5

Figun 2. Alisnment ol /)opluar \ADII (lchvdfogi,nrsc subunir 4 yent: fith Dturophik! )zftabo. Dopi.nia sequenre is on top.

Results

Compar son of Nucleotide Sequences

The consensus scqucnccs for ND4 and ND5 from
thc clcvcn individuals arc aligncd with Drosophikt
lahrzbd sequences in Figures 2 and lj respedively.
Overall, there were two mitochondrial types for ND,l
and fir,'c dilTcrcnt tvpcs for ND5 (Table 2). Summed
over both loci. six different mitochondrial types are
evident. indicating a high degree ofsequence polv-
morphism. The sample frequeney fcrr all but one
o{ thcsc typcs is 2/l l. lhc other type had a fre-
quencv ol l/11. There were ti{o polymorphic
nucleotide sites in ND,l (positions 33 and 40) and
five in ND5 (rosit ions 84. 89, 105, 123. and 210).
The estimated nucleotide diversily (average num-
bcr of nuclcotidc diffclences per site) \rns 0.220lo
for ND4 and 0.6906 ior ND5. The combined
nuclcotidc divcrsitf is cstimrted to be 0.51 0/o.

Both ND4 and ND5 shor, ied dirergence at the
arnino aeid lcvel.  Therc terc four amino acicl sub-
stitutions amonEi the eleven sequences at t1r'o
di l ferent si tes (posit ion 30 in \D4 and posit ion 89
in ND5). These t iro changes $ere trvptophan *

cysteinc in ND4 and isoleucine - thrconinc in
ND5. l'he estimate of amino acid diversity (com-

bined over both species irrr each Lrus) is 0.2Vo.
ab{mt thc samc as thc nuclcoticlc divclsity for \D4.
but substantially less than the nucleotide diver-
gence for ND5.

(lontrary to the result frorn resrrrctron en-
donuclcasc rmolyses (Crease et al. 1990), indi

IAULE 2 .  \a r iah l { i  nuc lco t id r :  s i t t . s  i , , .  \D4 and \D5-

\ l l1 \ t)5
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( i  1 l 1 '
c t l T
A c l t '
A c c t '
A C C r '
A C I t '
- , l C T T

c c T
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T C C

T C C

c C T

c c T
l C C
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' I  1 C

c c T
C C T

viduals from thc two Daphnia spccics do not form
distinctivc cladcs. as thcrc arc no fixetl differences
between the tr lo spccies. The mtDNA genotypes
bctl,".ccn spccics arc no more distant to each other
than are genotypes l,ithin species.

Pattern of Subst tut on

Patterns of nucleotide substitution (Table 3) shorv
that most ofthe substitutions among the eleren in-
dividuals were synonymous (i.e., did not result in
an amino acid substitution) and occuned mainly
at third base positions in codons. Combining all
loci, there lere eighteen svnonymous subslitutions
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.  -^"-^^^-^:--"^---"^:--^^ ^^^^;""---^--" :^^-^-"^-" ;  . "

|  |  i l |  l r  | | r  i l  |  l t  l | | | l  | |  r i l t l
7 818 CATTCTATTAGGGTGAGATGGATTAGGACTTGTTTCTTATTGTTTAGTAA 7 7 7 O

5 O TTTATTATCCTTCT {{U{\GTO{{GTAGCGCGGGTATAATCACAGT CTTA 9 9

i l | |  t l |  |  t l l  |  i l  | l  r  i l  t  i l l
7 7 6 9 TTTATTTTCAAAATATCAAATCTTACAJ\TGCTGGAJ\TATTAACTGCATTA 7 7 2 O

1OO TCTAACCGGGTGGGGGATGTGTGCATCTTACTCTCAATCGCTTGATTCGT 149
t i l r  i l  r  |  | | t r  t  |  1  i l  i l | | |  t  l

t t l t l I  t  t  t  i l  |  t  |  | | | t l

'7670

l -95

1 62r

245

'15'11

?7 1 9 TCTAATCGAATTGGAGATGTAGCTCTTCTTCTTGCTATTGCTTGAATATT

-^"^ ; "  ^^"  - " - - - .r A IAJ\TTTTAOU\TTTGGGCCTTTTATAATAAT
I  l i l t  | l  | t  | t  i l |  t  l l  r  i l  | l

7 669 AAATTATGGTAGATGAAATTATATTTTTTATTTAGAJ\GTTATACAJ\. AJ\T

1 9 6 GTAGAGTTTAGAAATTGGGTTCCTCTTCTTGTATTACTGGCCGCTATAAC

7 62 O GAATTTTCAATATTAATAATTGGTAGTTTAGTTATATTAGCTGCTATAAC

2 4 6 TAidd\Gi\C
l | l i l t l

7570 TAAAAGAG

2 5 2

1563

Figl leJ.  \ l ignmeni  of  Dophia N.\DH d-rd.oeenose subunir  5 gene wi th Drosophi la y uba. l lqrai t  $qu.n(  is  on ror .
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bp

et aL. I99O). Estimates of nucleotide diversitv ob-
tained from sequence data gcncrally agrcc rrith
those obtained from RE studies. bul average
s l i gh t l '  1 " r . ,  r .  P ,  r  l u . us  r  s t im . r t r ' -  . r r ,  r ,  r ' r  - im i -

lar. but the total estimate is lorl duc to littlc varia-
bi l i ry in ND4.

Sequcnce analysis ol Daphnia mLf)NA genes
does not elucidate phylogenetic relationships
among populdtions and spccics that arc suggcsted
lbr these populations at both the isozyme elec-
trophorcsis lcvcl (data not shown) and the mtDNA

€{enome restriction level (Crease et al. I99O). A
Jarger survev of sequence variabilit-v tithin the spe-
cics rvould most l ikcly rcvcal thc pattcrns oI
phylogenetic structure that are evident in the larger
Icstliction-sitc surn'cv.

Amino-acid substitutions obsened in this anal-
vsis occurrcd in both gcncs. In {act. csl imatcs of
amino acid dilersity lbr the ND,X gene are nearl,v
as large as the estimates for nucleotide diversity.
I t  has been sr-rggested t lrat the amino-acid replace-
ment rate should approach the mrcleotide substi-
tut ion rate ;n gcnos that are lcss functional ly
constrained (Nei 1987). ' I 'his has been the case

Mirochondrial DNA Diversitv in Daphnio 167

\OT[: bp : bue pairs, srn : srnonr-mous. non srn = no.

NAI)H suh-,,nit  : [ :  \ l )5 = \.q.1)H sub-uri t  5

and four non svnonvmous substitutions distributcd
amon€i the eleven individuals. There exrsts a strong
t r rn - i t i on  b i s  i n  Dophn ia  m lD \ {  ,  r u | r t i L ,n  m- r *
urcd both rcithin and betrvcen spccics. The transi-
t ion:translersion rat io for the tuo loci combined
was  l 0 :1 .

Discussion

Estirnates of diversitv fnrm restriction endonuclease
(RE) data for D. puk.t arerage almut 0.006 ((irease



fol  other mtDNA gcncs i iom olher organisms
(Drosophih, Cl:rrv :rnd s.olstr-'holmc I9B5;,'1prs.
Prrnro ef a1. 1992). Thc cst imated degree of in-
traspcci l ic rarial i i l i tv at the arnino ar. id lcvcl is
shown Lo bc on the same order as r,;as predicled

lrreviouslv bv rnolecular dock:rnalvses (Lvnch and
Jarrel l .  1993). dcspite the ef lects of lccent hotr le-
nccks (e.g.. Pleistoc,cnc glaciat ions) on Daphnia

[ 'herr lhc equations I i ]  and l4 of Lvnch ancl
J : r r r  r l  , l q q 3 r  . r r e  a 1 , 1 , 1 i ,  , 1  r , ,  . - r i n r J r . d  l c \ ' 1 .  , , i
arnino acid dirergcncc betl een .Doy.,lznio and
Drosophila" cstimates ol the datr-' of dir.ergence of
lhcsc t$,o species arc obtained (Table 21,1. The es-
t inrales for '  the t$,o genes gitc similar esLimated
dates ol clirergencc. S'hen :rveraged ovcr both loci.
the (lala suggest tlraL the Duphnia-DrosophiLa sytlit
rnav have occurrecl about 320 mil l ion vears ago.
l'ossil Dapllnio-Jikc animnls are known fr.om the
Pernrian (280 mil l ion rears ago: Smirnor 1970),
- o  l h i -  n . r r  l ' .  . r  r , l . r t i r " h  n , l , r r J l ,  i  s t i m J t e .

T.{BLE,[.  Anino {cid Uirergrn(..  J. rnd l ist imated Tirr
l o  f tmmon {nces t , r  {N l \  I  $ i lh  95 t10  c .n l ide . . . j
l,lits hir$r'tsn Daphnh ani Dnu,philu.

DeSallc et al.  (1987) suggcstcd thaL the causc
of the bia-" is duc to ineff icient repair sr.stems of
mitor:hondria. lhere is ericlencc for lor,;er levcls
o[ repair for. mitochondria (Clar,ton 191J,X. l991).
and bactedal mLrtants del icient in rcpair sho$'
muLational spcctla that are, 'erv similar lo that ol
mtDNA (Schaaper and Dunn l9B7). ITtxtcver, re-
cenl rescarch t ' i th 1-D\A polvmelr"e. Lhe on\ '
knorvn eucarvotic DNA polvmerasc to be founcl in
mitcx.hondria. suggests thal i t  mtv possess l i ' lo 5'
cronuclease actir'iLv ancl prooi-reading caJrabilities
tKun le l  a r l l  \ l ' r - 1 , . r ' r gh  I qB , - , r .  \ 1 , , n  u \ . r . . c r t r i r l
types of rcpair enzvmes havc bcen identi f ied in
rnitoclrorrdrial fract ions ( ' lomkirrson et ul.  l99ol.
although their u-re sl i l l  fonains quesl ionatr ie.

Tn  l i gh t  " t  l l , ,  : ,  r . l i c  cod ' .  t r . r ns r ,  r ' - i on .
should not outnumber transitions bv il lactor oI two.
In Jrlotcin-coding DNA. thc majori ty of synonv-
rrous changes within lr,;o-lbld and sir-fold degener,
ate co.lon groups are transitions. Among hr,o-codon
groups. transversi l)rrs in the third posit ion of the
codon rcsult in an amino acid change. l ,hereas a
trusit ion at thc third posit ion specif ics the same
amino acid. fhe same pattcrn is observed in thc
lirut position of the triplct cocle in sir t.odon groups.
'l'hus, 

it seerns likclv that transilions arc selectilelv
l l r o r . r L l ,  r , ,  t r r n - re r . i o r r .  . r r ' , 1  . h , ' r l J  o " , . r .  r , , r .
iiequentlv during thc replicative proccss. The ob-
serval ions that transit ions arc the most l ikel,v mis-
pair during rcpl icat ion (Topol and Fresco 1976)
ancl that thc bias is fairlv l.idcspread among cliflcr-
cnt tar:r and loci. supporl the contention that selec
t ion has shapccl the fepl icat ivc machinerv Lo bc
In , ' r ,  l L , l c r Jn l  o l  t r . r r r - i t i , r n r l  ch . r r ' ee .  du r i l ' 9  n1 ,1 ; -
cation. Thus. i l  i , .  unnecessarv b;nvokc any spe-
cial propert ies of mitochondria to explain a
h:rnsit ion bias.

Expanding on the ral ionalc ofJukes (1987).
thc neutr:r l  prerJict ion of nucleotide substi tut ion
should not be for a transversion bias if thc majoriLy
of sLrbsl ihlt ions are l i lely to bc svnonvmous (as is
thc case l ir  ntDNA rvhich is under strong lunc-
t ional constraint (Jules and Bhushan I986)). Us-
ing the hrrman mtDNA genetic codc.62 ol the
potcntial 126 svnonymous substi tut ions arc tran
sitions. suggesting a neutral ratio of ncarh one tran-
siLion lo caoh tlansversion (duc to the differencr:
in gcndic cocle, there exisl,s a slight expected lrans-
vchion bias. I.25: l 1br nuclear D\A). Dcviations
awav lrom this neutral prcdiction would most likclv
r c l l pc t  t hF  r rn i r u . r ,  i r l  cnm l ,o . i r i u r r  r n , l  . odon  r r - -
agc bias ol proleins.

\ ' l \  + r  ( l l .
0.28J 0.370

:100 +r loq 340 +i tB8

Jf al l  nucleotide substi tut ions are equ:r l lv l ikclv
to occur. then lransl.crsions should outnurnber
t i lnsit ions b! l \ro to one over efolut lonlrr\ ,-  trme.
This is clcarlv not the paltern obser-\ 'ed. Dala from
rr varietv of lara and fol a rariet l  oI gene-s indi-
c{tc that there is in fad a transition bias. Data lrom
Daphria nitochonclri:rl DNA confirm thi-. bias as
t ' ' 11 .  l , t r  Dnph t , i a .  t l l  r , .  r r e re  r ' - r r l !  t c r  t r r ns i -
t ions lbr each transvcrsion..{ l though this is less
than lhe biir.s that is obser'led frrr manv \.er1ebrales.
i t  is st i l l  suhstantial lv r l i f fcrent from the ncutral

1 , r . d i ,  t i , , n .  T l r u - .  i t  i .  1 ,n - - i l ' l ,  t h r t  r h i -  t r a r - i r i o r l
bias is a l i i l l r  widcsprcad pirenomenon.

The cause of thc bias is unkrown. Onc h1pothe-
sis is thal lar iat ions a$av frorn the neutral e\per-
lat i l )n ale c:rused bv activation during l) \A
rc1 'L i ,  ' r t i n r r  , ' l  I n | | l . l l , ' t  gcnc -  l l r . r l  l J ! i , r  l r i  t - i l t o t r -
(Jules 1987). Such mutator gcncs iue kno$'n to
cxist in bacterial (Cox and \anol.skv 1967) and
r i r . r l  rSp ,  r '  r  l { t o . l r  - r - t e rn - .  b r r t  r he i r  - r i - r . r r ,  -
in eLrcar!ot ic svslcms is hvpothetical

16{} Jarrcl l
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