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ABSTRACT 
Mitochondrial DNA (mtDNA) haplotypes usually are assumed to be neutral, unselected markers of 

evolving  female  lineages. This assumption was tested by monitoring haplotype frequencies in 12 
experimental populations of Drosophila  pseudoobscura which  were polymorphic for mtDNA  haplotypes. 
Populations  were  maintained for at least  10 generations, and in one case for 32 generations, while 
tests  of  mtDNA  selective neutrality were conducted. In  an  initial population, formed from a mixture 
of  two strains with different mitochondrial  haplotypes, the frequency of the Bogota  haplotype 
increased 46% in 3 generations, reaching an apparent equilibrium  frequency of 82% after 32 
generations. Perturbation of this  equilibrium by addition of the less common  haplotype resulted in a 
rapid, dramatic increase in frequency of the second  haplotype, and a  return  to essentially the same 
equilibrium frequency as before perturbation. This behavior is not consistent with  mtDNA neutrality, 
nor is the equilibrium  consistent with a simple  model of constant selection  on the haploid  mtDNAs. 
Replicate  cage experiments with  mtDNA  haplotypes  did not always generate the same  result as the 
initial  cage.  Several  lines of evidence,  including  manipulations of the nuclear genome, support the 
idea that both nuclear and mitochondrial  genomes are involved in the dramatic mtDNA  frequency 
changes.  In another experiment, strong female viability selection was implicated via mtDNA  frequency 
changes.  Although the causes  of the dramatic mtDNA  frequency  changes in our populations are not 
obvious, it is clear that Drosophila mitochondrial  haplotypes are not always  simply neutral markers. 
Our findings are relevant to the introduction of a novel  mtDNA  variant from one species or one 
population into another. Such introductions could  be  strongly  favored by selection,  even if it is 
sporadic. 

A NIMAL  mitochondrial  DNA is an  extremely 
well-studied genetic system  with  several  novel 

features.  Due  to  its  strictly  maternal  inheritance, lack 
of recombination,  and  rapid  relative  rate of evolution 
in  higher  animals (BROWN,  GEORGE and WILSON 
1979),  mtDNA is exceedingly  useful to  evolutionary 
geneticists. Most evolutionary  studies  of  mtDNA rely 
explicitly or implicitly on  the  neutral  mutation  theory, 
which  assumes that  mutations  accrue  at a constant 
rate in  mtDNA,  to  produce  an  estimated 2.0% se- 
quence  divergence per million  years (e.g. ,  WILSON et 
al. 1985; FERRIS et al. 1983; DESALLE, GIDDINGS and 
KANESHIRO 1986).  The  mtDNA molecular  clock is 
useful for  dating  times  of species divergence, for 
dating  events in the history of a  species such  as  bottle- 
necks  (BROWN 1980),  and  for  inferring  maternal phy- 
logenetic  trees  from  mtDNA  restriction  site  data or 
sequence  data (AVISE, LANSMAN and SHADE 1979; 
CANN, STONEKING and WILSON 1987; TEMPLETON 
1983a; AVISE 1986).  Neutral  scenarios  are  commonly 
advanced  to  explain  population-level  phenomena  in- 
volving mtDNA,  such  as  population  structure, 
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mtDNA flow across  hybrid zones, mtDNA dynamics 
in  hybrid  zones,  genetic  breaks  in species distributions, 
and  amounts of mtDNA polymorphism  within  a  spe- 
cies. 

Natural selection is an  alternative  to neutrality. This 
selection  need  not be constant  to  have  an  evolutionary 
impact.  Natural  selection  acting  sporadically on 
mtDNA  variants  in  natural  populations  could  perturb 
the molecular  clock so as to make  it  appear  episodic 
(GILLESPIE 1986),  thus  accounting  for  uneven  rates  of 
mtDNA  evolution,  even  among closely related species 
(TEMPLETON 1983b,  1987; DESALLE and TEMPLETON 
1988; VAWTER and BROWN  1986).  Such  uneven  rates 
could  affect  the  accurate  dating  of species divergences 
or of historical events  within a  species, or the  inference 
of phylogenies  based solely on  mtDNA  sequence  di- 
vergence.  Uneven  evolutionary  rates  among  mtDNAs 
or even within an  mtDNA molecule,  although  impor- 
tant  to  document, will not invalidate  use  of the clock. 
The  mtDNA clock  would still be valid under many 
circumstances,  because  its rate is an  average  taken 
over  time,  much  as  it is for molecular  clocks  associated 
with nuclear  genes. T h e  effect  of  selection  on  the 
clock will be determined  to a large  extent by how 
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often selection can be shown to  occur,  and  whether 
selective differences  occur  between  organisms that  are 
closely related genetically or between more genetically 
distant  groups. 

In principle, selection could product distinct  geo- 
graphic  breaks in mtDNA  frequencies, one  mtDNA 
haplotype  being  favored and  therefore  predominating 
in one  geographic  area,  and  another haplotype  being 
favored and  predominating in an adjoining  environ- 
ment (e.g., SAUNDERS, KESSLER and AVISE 1986). Se- 
lection could also explain the low sequence  divergence 
for  mtDNA  found in some animals (e.g., DESALLE et 
al .  1987).  This low divergence  could  be indicative of 
a few, advantageous  mtDNA types sweeping through 
populations (S. R. PALUMBI and A. C .  WILSON, un- 
published data;  references in AVISE, BALL and AR- 
NOLD 1988). Selection could  serve to maintain the 
mtDNA  from  one species on  the  nuclear  background 
of another species (LANSMAN, AVISE and HUETTEL 
1983),  for  example  in  a  hybrid  zone  (ARNOLD, AS- 
MUSSEN and AVISE 1988; FERRIS et a l .  1983),  or in an 
area where two species are sympatric  (POWELL 1983). 

Non-neutrality of mtDNA  variants has wide-rang- 
ing  evolutionary implications, and provides an inter- 
esting  alternative hypothesis to  be tested. It is there- 
fore useful to  examine existing molecular-level or 
population-level data  that might  address this hypoth- 
esis. At the molecular level, there is some  evidence 
that  not all mtDNA  mutations are neutral.  For in- 
stance,  substitution  rates in two-codon versus four- 
codon  amino acid families in Drosophila mtDNA are 
not consistent with neutrality (WOLSTENHOLME and 
CLARY  1985). The dynamics of the substitution  proc- 
ess in mammalian  mtDNA  indicates that a  large  part 
of the molecule is under  strong selective (i.e., func- 
tional)  constraints  (AQUADRO, KAPLAN and RISKO 
1984; WHITTAM et al .  1986).  Departures  from  the 
allele frequency  distribution  expected  under selective 
neutrality (WHITTAM et al. 1986) could  be caused by 
purifying  selection,  failure to attain  a  steady  state 
distribution,  population size fluctuation, or adaptive 
selection. It is possible that  the  length of an mtDNA 
molecule may give a selective advantage  in  some 
mtDNA  inheritance  patterns  (RAND  and HARRISON 
1986; SOLICNAC et a l .  1984).  These studies  indicate 
that  the  mutation process in mtDNA is not entirely 
neutral or  random ( i . e . ,  mutations  occur  more  fre- 
quently  in  some  regions than  others),  but  they still 
leave open  the questions of whether  mutations  in 
mtDNA can confer fitness differences among individ- 
uals in populations, and  whether such fitness differ- 
ences are influenced by nuclear genes. 

Some  experimental  studies  have  already  addressed 
these  two issues. SLOTT, SHADE and LANSMAN  (1983) 
showed that mammalian cell lines can differ in 
mtDNA fitness in  response to  drug selection. CLARK 

and  LYCKECAARD  (1  988)  found significant differences 
in second chromosome  segregation with cytoplasms, 
and probably with mtDNA, using six Drosophila 
strains  from  diverse  geographic locales. HIRAIZUMI 
(1 985)  found significant nuclear-cytoplasmic effects in 
Drosophila stocks from widely distributed locations. 

In  order  to test the  neutrality of  mtDNA  haplo- 
types, we set up  experimental cages of Drosophila 
pseudoobscura and  monitored  mtDNA frequencies 
over many generations. These  experiments also tested 
whether  mtDNA  frequencies dynamics can be  influ- 
enced by nuclear  genes. 

MATERIALS AND METHODS 

Single fly genomic  DNA  preparations: DNA was ex- 
tracted by a modification  of the  procedure of BENDER, 
SPIERER and  HOGNESS (1 983).  Frozen  flies  were  individually 
ground in eppendorf  tubes with  25 PI of buffer  containing 
0.1 M Tris-HCI  (pH 8.0), 0.1 M NaCI,  0.05 M EDTA (pH 
9.1), 0.2 M sucrose,  and 0.5% SDS (final pH 8.0-8.2). 
Additional  buffer (25 pl) was then  added. Flies  were incu- 
bated  at 65" (30 min), 7 pl of 8 M K-acetate was added  (1 M 
final  concentration),  and  tubes  put  on  ice  (30  min).  Proteins 
were  precipitated  and  tubes  spun at 4 " (1 0 min).  Ethanol 
precipitation of DNA followed;  pellets  were  dried  and  re- 
suspended in Tris-EDTA, pH 8.0. Precipitation with NaAc 
pH 6.0  (0.15 M final  concentration)  and  ethanol  followed. 
DNAs were  washed, dried  and  resuspended in 20 pI of Tris- 
EDTA. MspI (Boeringer  Mannheim) DNA digests  of  single 
flies, or half  flies, or fly heads  yielded  enough mtDNA to 
visualize  by radioactive mtDNA probing.  Probing of differ- 
ent genomic  digests  produced  patterns  and  size  consistent 
with POWELL (1  983)  and HALE and BECKENBACH (1  985). 

mtDNA  probe  purification: MtDNA for  probes was ob- 
tained  from 5  g of D. pseudoobscura according  to LANSMAN 
et al .  (1981).  Probe  concentrations  were 22 ng/pl.  For 1 
filter, 200 ng  of mtDNA was nick-translated,  according  to 
MANIATIS, FRITSCH and  SAMBROOK (1 982). 

Southern  blot  analysis: MspI DNA fragments  were  sep- 
arated on  agarose gels (0.8%), and mtDNA fragment sizes 
established  with a DNA ladder  (Bethesda  Research  Labs). 
Gels  were transferred  to  Zetabind  filters by the method  of 
SOUTHERN (1975), as  modified by AMF Cuno  Manufactur- 
ers.  Filters  were  hybridized  with mtDNA for  18-20  hr at 
42', washed at moderate  stringency,  and  exposed  to Kodak 
X-ray film. 

Population cages: Cages  were started with 15 food  cups 
plus live yeast,  and  kept at 24". Egg  laying  lasted 6 days; 
sampling  occurred  on days  2-6.  Food  cups  with larvae  were 
then moved to a new  cage. FI hatching  lasted 7 days, 15 
more  food  cups  were added, and  sampling  followed. All 
cages  were  on a cycle of discrete  generations. We  used 
standard Drosophila food  of  cornmeal,  molasses,  brewers' 
yeast,  and agar, with propionic  acid  to  inhibit  mold. 

Statistical  procedures: Intensity of  selection  acting on 
mtDNAs was estimated  from a haploid  selection  model. 
Selection  components  and  their  variances  were  estimated by 
the  method of  maximum  likelihood (ELANDT~OHNSON 
197 1). Tests of mtDNA frequency  changes  were  made  using 
the  normal  deviate, Z, assuming  binomial  sampling  each 
generation. The tests on Z were  designed  to  reject a null 
hypothesis of neutral drift about an  initial mtDNA fre- 
quency.  Given the  large Ne we estimated in our cages,  the 
null or  neutral  hypothesis would  be  no  change  in frequency. 
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Experimental  aims  and  outcomes of population  cage  experiments 

Cage  Experimental  aims  Outcome 

1 To test the  assumption  of  selective  mtDNA  frequencies  changed  dramatically, at  once 
neutrality  of  2  mtDNAs  and  after  perturbation;  mtDNA  dynamics  not 

neutral 

2, 3, 4 

5 ,  6 

9, 10 

To replicate  cage I ;  to test 
selective  neutrality  of  mtDNAs 
at  different initial  frequencies 

To test for selection on  mtDNAs 
extracted  from  cage 1 at 
generation 5 ,  when  nuclear 
background was mixed 

mtDNA  frequencies  changed  significantly  in  one 
cage.  No  cages  replicated  mtDNA  dynamics in 
cage  1 

mtDNA  frequencies did not  change  significantly 
when  cytonuclear  associations  were  reduced 

To measure viability and  In  one  cage,  mtDNA  frequencies  changed 
fecundity  components  of  dramatically  and  indicated  strong  female 
selection  acting on females  with viability selection 
different  mtDNAs 

To test the  assumption  of  selective  mtDNA  frequencies  changed  dramatically  in  both 
neutrality  of 3 mtDNAs  cages,  but  not  in  a  similar way; mtDNA 

dynamics  not  neutral 

1 1 , 1 2  To test  neutrality  of  mtDNAs  on 
same  nuclear  background 

mtDNA  frequencies  did  not  change  significantly 

Experimental design: Table  1 summarizes experimental 
aims and outcomes of 12 cages.  Cages  1-4 tested selective 
neutrality of  mtDNAs. These cages were begun from two 
isofemale  stocks: Bogota, Colombia  (Bogota el Recreo; 1978 
collection) and Apple  Hill, California (Apple Hill 162; 1982 
collection). California (AH  162) females were mated to 
Bogota (BOG) males and vice versa, before adding  1000 
mated flies (500 females and  500 males) to each cage in 
various proportions. Cage 1 was begun with 30% Bogota 
mtDNA. Replicate cages  (2-4) were begun 13 months after 
cage 1, with 30, 36 and 81% Bogota mtDNA. mtDNA 
frequencies were estimated from MspI digests  of 100 flies. 
Flies showing California vs. Bogota digestion patterns were 
counted  to obtain a frequency for each mtDNA type. Elec- 
trophoresis of  amylase (YARDLEY, ANDERSON and SCHAFFER 
1977) was used to follow third chromosome inversion fre- 
quencies. The amylase gene is located within the  third 
chromosome inversions and is a certain indicator of our 
inversion  karyotypes. At  F4 and Fg, adult  and larval numbers 
were estimated. At FZ2, mtDNA frequencies were perturbed 
by adding approximately 1000 AH 162 flies.  At Fs,, the 
food was treated with tetracycline (method of HOFFMANN, 
TURELLI and SIMMONS 1986),  to test whether a cytoplasmi- 
cally transmitted microorganism could be responsible for 
mtDNA frequency changes. 

Cages 5 and  6 tested whether mtDNA frequencies change 
significantly  when  mtDNAs are placed on  a mixed nuclear 
background, thereby reducing cytonuclear associations. Is- 
ofemale lines derived from F5 of cage 1 were used, about 
7  1 % of  which were heterozygous for  the  third chromosome, 
indicating a generally mixed nuclear genome. These “mixed 
nuclear” female lines were separately mated to males  of each 
confirmed mtDNA type (AH 162 or Bog). The inseminated 
females were then added  to cages  in the following propor- 
tions: 23% Bogota  in cage 5 and  77% Bogota  in cage 6. 

Cages 7  and  8 were designed to measure selection  com- 

ponents acting on females.  Cages were begun with 500 
females and 250 males, at these mtDNA frequencies: 47% 
Bogota  (cage 7), and  56% Bogota (cage 8). Cages contained 
15 food cups and  6 vials.  Egg  laying  lasted 7 days,  with  daily 
replacement of vials. Food cups with  eggs were moved to a 
new cage, while  vials  with egg samples were moved to  18” 
and given ample yeast, so larvae could mature  under ideal 
conditions. mtDNA frequencies in F1 offspring from these 
vials were used to estimate the fertilities of the Bog and AH 
162 maternal types. Adults were allowed to hatch in the 
cages for 10 days, and  during this period approximately 100 
adults were collected. Viabilities were estimated over the 
transition from egg to  adult. 

A fortuitous discovery of a new mtDNA type allowed 
tests  of  selective neutrality using three mtDNAs, in cages 9 
and 10. Flies (800) mated within their own type were added 
to cages, at these frequencies: cage 9,  7% AH 162, 83% 
Bog, 10%  C type; cage 10,43% AH 162,  14% Bog, 43%  C 
type. C mtDNA differed in digestion pattern from AH 162 
and Bog  ER;  all three  patterns were inherited faithfully. 
The C mtDNA type could be from at least six locales,  as 
shown in an mtDNA geographic survey. The C type was 
probably a contaminant in an AH 162 stock, as indicated by 
initial mtDNA frequencies. This stock was immediately  dis- 
carded. No other cages  used  this  stock bottle, nor did any 
other cages  show the  C mtDNA, or other foreign mtDNAs. 
The nuclear background was not controlled in  cages 9  and 
10. 

Cages 1  1  and  12 tested the selective neutrality of mtDNA 
haplotypes on identical and homozygous nuclear back- 
grounds. We created two  stocks for this experiment. One 
stock was produced by inbreeding virgins from AH  line 130 
for 27 generations, with a resulting reduction in heterozy- 
gosity to  about  0.25%.  A second stock was produced by 
backcrossing  BOG  females to  the AH 130 inbred males for 
12 generations, yielding a stock  with  Bogota mtDNA but 




