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ABSTRACT 
We investigated the evolutionary dynamics of infection of a Drosophila simulans population by a  mater- 

nally inherited insect bacterial parasite, Wolbachia, by analyzing nucleotide variability in three regions 
of the  mitochondrial  genome in four infected and 35 uninfected lines. Mitochondrial variability is 
significantly reduced  compared  to a noncoding region of a  nuclear-encoded gene in both uninfected 
and  pooled samples of flies, indicating  a sweep of genetic variation. The selective sweep of mitochondrial 
DNA  may have been  generated by the fixation of an advantageous  mitochondrial gene mutation in the 
mitochondrial  genome. Alternatively, the dramatic  reduction  in  mitochondrial diversity  may be  related 
to Wolbachia. 

M ITOCHONDRIAL genes have been used exten- 
sively in evolutionary studies because of their 

high rate of evolution, uniparental  mode of inheri- 
tance, and  the belief that most of the variation within 
a species is selectively neutral. However, mitochondrial 
DNA (mtDNA) variation and evolution may not obey 
the assumptions of the  constant  mutation  rate equilib- 
rium neutral  model (reviewed in BALLARD and -IT- 

MAN 1995). RAND et al. (1994) and BALLARD and KREIT- 

MAN (1994)  compared levels  of  within- and between- 
species variation in mitochondrial and nuclear  genes 
in sibling species of Drosophila. mtDNA  diversity was 
significantly reduced  compared to nuclear  gene poly- 
morphism in D. simulans, even after taking into  account 
the  fourfold  reduction  in variation expected from dif- 
ferences in mode of inheritance  (haploid  maternal us. 
diploid  biparental). With no recombination,  the mito- 
chondrial  genome is particularly susceptible to genetic 
hitchhiking accompanying selection at linked sites.  Se- 
lection need  not even be  acting  on  the  mitochondrial 
genome itself:  any maternally inherited factor could 
potentially influence haplotypic diversity. One such ma- 
ternally inherited  factor is the rickettsial microorganism 
Wolbachia pipientis. 

Wolbachia has been  found  to elicit cytoplasmic  in- 
compatibility in 31 different species of insects, a crusta- 
cean and several species of mites (WERREN et al. 1995; 
JOHANOWICZ and HOY 1996). In California two incom- 
patibility types  of D. simulans have been identified: R 
(originally collected at Riverside), which is infected with 
Wolbachia, and W (originally collected at Watsonville), 
which is uninfected (HOFFMANN et al. 1986; HOFFMANN 
and  TURELLI 1988; O'NEILL. and KARR 1990). R and W 
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types  display unidirectional incompatibility with incom- 
patible crosses producing  hatch rates 30-70% lower 
than compatible crosses in the field (TURELLI and 
HOFFMANN  1995). The reciprocal cross and crosses 
within compatibility types  all produce  comparable 
numbers of adult progeny. As a consequence of incom- 
patibility, offspring of  W-type females experience sig- 
nificantly greater mortality rates in polymorphic popu- 
lations than  the offspring of  R-type females. Although 
this is counterbalanced by a slight fecundity deficit for 
R-type females, the  population frequency of the in- 
fected R type is generally expected to increase (HOFF- 
MANN et al. 1990). This has been observed in several 
natural  populations  (TURELLI and HOFFMANN 1991; 
TURELLI et al. 1992). However, not all Wolbachia vari- 
ants in D. simulans cause cytoplasmic incompatibility. 
Flies from Madagascar that  harbor  the wMa variant do 
not exhibit incompatibility (ROWSET and SOLICNAC 
1995).  Furthermore,  TURELLI  and HOFFMAN (1995) 
found six  of  six lines from Tampa, Florida and eight of 
18 lines from Ecuador were  PCR-positive for Wolbachia 
but behaved in progeny tests as if  they  were uninfected. 
They termed this latter cytoplasmic incompatibility type 
A because it was first recorded in Australia. The wMa 
and A variants may be related although they belong to 
distinct host mitochondrial haplotypes. 

As an R-type infection spreads through a population, 
the frequency of the mtDNA variant(s) initially  associ- 
ated with a Wolbachia infection is also expected to in- 
crease. An infected  population is expected to have a 
high frequency of one mitochondrial type and a loss of 
mitochondrial variation (TURELLI et al. 1992). However, 
the same Wolbachia infection would not be expected 
to severely affect autosomal variation of the diploid ge- 
nome. In this study we investigate whether  the level  of 
mitochondrial variability in uninfected flies taken from 
a single population is compatible with a neutral  model 
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FIGURE 1.-Number of differences between the mitochon- 
drial  genomes of D. melanogasterand D. yakuba (excluding the 
A + T-rich region) in  a 100-bp sliding-window. The arrows 
indicate the  three regions chosen  for  further analysis. 

when  compared to that of an  autosomal locus. An alter- 
nate  hypothesis, that  mtDNA  diversity of uninfected 
lines is significantly  reduced  relative to an  appropriate 
autosomal locus, would  suggest that the  mitochondrial 
genome has been subjected  to  a  selective  sweep. The 
selective  sweep of mtDNA  may  have been generated 
by the  fixation of an  advantageous  mutation on the 
mitochondrial genome. Alternatively,  a  reduction  in  mi- 
tochondrial diversity  may  be related to Wolbachia.  In 
the  latter  case  the  mtDNA  is  carried  passively  as  the 
microorganism  sweeps  through  the population, a para- 
site-induced  selective  sweep. 

MATERIALS  AND METHODS 

Collection of flies and preparation of DNA Adult Dro- 
sophila were collected by  M. KREITMAN at a fruit packing 
plant  in  Lantana Florida on 1 May 1994 and  reared  in  the 
laboratory on  standard  yeast/cornmeal  food vials.  We did 
not collect flies from California  because extensive collecting 
by TURELLI and HOFFMANN (1991,1995) has shown that Wol- 
bachia  has swept through most populations  to near-fixation. 
Thus, we would not a primi expect  neutral  amounts of mito- 
chondrial variation. Instead we focused on a geographical 
location,  southern Florida,  where  Wolbachia was not known 
to have swept to a high frequency. Specifically, we identified 
a population  from  Lantana where the infection  status was 
at  intermediate frequency. A collection of 125 D. simulans 
isofemale lines was established from this population. After 
maintaining  the flies at 25" for two generations DNA  was 
prepared  according  to  the  method of  EDWARDS and HOY 
(1993). 

Wolbachia PCR assay: We tested each isofemale line multi- 
ple times to establish the infection status of each  line. TURELLI 
and HOFFMANN (1995) found  that PCR negative results of four 
single-fly preparations were consistent (>98%) with progeny 
tests for presence of Wolbachia. Two independent PCR reac- 
tions  employing the  16s rDNA primers and conditions of 
O'NEILL et al. (1992) were employed to test for  the presence 
or absence of Wolbachia microorganisms  in two flies from 
each of the 125 isofemale lines. These primers amplify a wide 
range of rickettsial microorganisms and,  therefore, within- 
species primer  binding site variation is not likely to be a  prob- 
lem. A third individual from  each of 35 randomly selected 
uninfected isofemale lines confirmed that these  randomly se- 
lected lines were not infected. We paid  careful attention to 
the problems of template quality and PCR reliability. As a 
positive control  for each DNA preparation  and PCR amplifi- 
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FIGURE 2.-Number of differences between the COI gene 
of D. melanogaster and D. yakuba and between D. melanogaster 
and D. simulans in a 20-bp sliding-window. The  primer sites 
are indicated  at the  top of the figure. The region amplified 
is indicated by a thin black line  and  the region sequenced by 
a thick black line. 

cation,  a 1200-bp fragment of the D. simulans cytochrome b 
gene was coamplified using the conditions and primers of 
BALLARD and KREITMAN (1994). 

The Wolbachia 16s rDNA amplified from two lines was 
sequenced using both amplification primers and opposite 
strand  internal primers (237 + s CACACTGGAACTGAG 
ATACG and 366 - s CCGTCA'ITATCTTCCTCACT)  with an 
AB1 automated  sequencer following BALLARD and KREITMAN 
(1994). 

Drosophila mtDNA Single individuals from each of 35 ran- 
domly selected uninfected isofemale lines and a single individ- 
ual from each of four infected isofemale lines were used for 
mtDNA  analysis. Three 300- to 400-bp regions of mtDNA were 
selected for  sequencing based on  their high rates of substitu- 
tion.  This ensured a conservative comparison with the autoso- 
mal locus. The divergence between D. melanogaster (CMY et 
al. 1982; DE  BRUIJN 1983; SATTA et al. 1987; BENKEL et al. 1988; 
GARESE 1988; SATTA and TAKAHATA 1990; BALLARD et al. 1992; 
KANEKO et al. 1993; LEWIS et al. 1996) and D. yakuba (CLARY 
and WOISTENHOLME 1985),  and between D. melanogaster and 
D. simulans (SATTA et al. 1987; SATTA and TAKAHATA 1990; 
KANEKO et al. 1993; BALLARD and KREITMAN 1994; RAND et al. 
1994) was compared in  a 100-bp sliding window. The A + T 
rich-region was excluded  from the analysis due  to  the diffi- 
culty of alignment (LEWIS et al. 1994). From the sliding win- 
dow analysis we identified the cytochrome oxidase subunit I 
(COI), NADH dehydrogenase subunit 5  (ND5) and NADH 
dehydrogenase subunit 6 (ND6)  genes as regions of high 
divergence  (Figure 1). We conducted a  second sliding-window 
analysis on each of these regions at a higher resolution (20- 
bp window) to identify subregions  for  sequencing (Figures 
2-4). DNA amplification and sequencing  primers are pre- 
sented in  Table 1. The amplification and sequencing  protocol 
follows BALLARD and KREITMAN (1994). 

Drosophila  autosomal DNA To  compare  the variability ob- 
served in  the mtDNA we selected the first intron of Adh'be- 
cause the  pattern of variability at this locus is compatible with 
a neutral equilibrium  model in D. simulans (SUMNER  1991). 
Adh' is downstream of  Adh and is related to  that  gene by an 
ancient  tandem duplication. Adh' consists of three nonover- 
lapping  open  reading frames that  are conserved between D. 
pseudoobscura and D. simulans (SCHAEFFER and AQUADRO 
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FIGURE 3.-Number of differences between the NADH de- 
hydrogenase subunit 5  (ND5) gene of D. melanogaster and D. 
yakuba and between D. melanogaster and D. simulans in a 20- 
bp sliding-window. The  primer sites are indicated at  the.top 
of the figure. The region amplified is indicated by a  thin black 
line and  the region sequenced by a thick black line. 

1987). To  ensure  that  one copy of the locus was sequenced, 
we crossed males of D. simulans with virgin females of D. 
melanogaster containing  an Adh deficiency (Df(2L)A178,  b 
rd[s]  pr  cn/In(2LR)O, Cy dp[lvI] pr  cn[2]).  The genotype 
of  F, hybrids was easily scored by wing phenotype. Straight- 
winged F, females were chosen  for  sequencing as these fe- 
males are hemizygous for  the D. simulans Adh' locus. We ob- 
tained Adh' sequence data for 27 of the 35  uninfected lines. 
DNA amplification and  sequencing  primers  are  presented in 
Table 1. The amplification and  sequencing protocol follows 
BALLARD and KREITMAN (1994) but  the  annealing tempera- 
ture  for  both PCR and cycle sequencing was  56". 

The genealogical relationship of alleles was analyzed by parsi- 
mony using PAUP 3.2d (SWOFFORD 1993). Each insertion and 
deletion was scored as an additional character. Permutation tail 
probability (PTP) testing was employed to investigate  phyloge- 
netic structure (ARCHIE 1989; FAITH and CRANSTON 1991). T o  
pological permutation tail probability (T-PTP) testing (FAITH 
1991) and bootstrapping (EFRON 1982; FELSENSTEJN 1985) were 
used to test monophyly of the Lantana lines. 

Statistical  analysis: To  compare  the levels  of variation of 
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FIGURE 4.-Number of differences between the NADH de- 
hydrogenase subunit 6 (ND6)  genes of D. melanogaster and D. 
yakuba in a 20-bp sliding-window. The  primer sites are indi- 
cated  at  the  top of the figure. The region  amplified is indi- 
cated by a thin black line  and  the region sequenced by a thick 
black line. 

TABLE 1 

Primers  for  the  amplification  and  sequencing of the 
cytochrome  oxidase I (COI), NADH dehydrogenase  subunit 

5 (ND5), NADH dehydrogenase  subunit 6 (ND6) 
and  intron 1 of alcohol dehydrogenase-duplicated 

(Adh') loci  of D. simulans 

Locus 5' 3' 

COI 
1378+a CAGTTTGATATCATTATTGA 
1797+s TACTACCCCCTGCTCTTTCT 
2240-s TTTTCCTGATTCTTGTCTAA 
2439-s GAGTTCCATGTAAAGTAGCT 

ND5 
6769+a CCCCCACAATACATACAAAT 
7338+s AAAGTAGATAAAGCAATAAT 

7791 -a AGGGTGAGATGGATTAGGAC 

9603+a TAATCATTACCATGAGTACG 
10177+s TTTTTAGGAGGAATACTTGT 
10339+s ATAAACAATGACATACAATC 

11002-a GGCAAACCCACCTCATAATC 

2359+a TGACCGTCACCTTCTACCCC 
3385+s GGAGACCAGCAAGGTTCTCA 
3514+s GTGACCGTGCCCATTGCCGA 
3690-s TCCGTTCTGGTTCAGCTCGA 
3909 - s GTCACGTCGTAGGTCCAGAA 

7679-s GCTTTTCTTCTTGCTATTGC 

ND6 

10515-s TTTCGTAAAGGTTTATTCAT 

Adh' 

3977-a GACATCGATGTAGTCCATTT 

The  numbering of mitochondrial  primers  corresponds to 
the 3' position in D. yakuba mtDNA (CLARY and WOISTEN- 
HOLME 1985).  The  numbering of Adh' primers  corresponds 
to  the 3' position in the D. simulans pCAS clone  sequence 
(COHN  and MOORE 1988). An a denotes  an amplification 
primer  and s a sequencing  primer.  The +/- denotes  the 
DNA strand. 

mitochondrial and autosomal  genes we modified Equation  5 
of the HKA test, (HUDSON et al. 1987) so that  the effective 
population size of mitochondrial  genes was one-quarter  that 
of autosomal  genes. The HKA test is a conservative test of an 
equilibrium neutral model's  prediction that polymorphism 
within species and divergence between species will be posi- 
tively correlated. The mtDNA polymorphism in D. simulans 
Lantana was compared  to  the  corresponding level in Adh'. 
Divergence was estimated by comparing a single sequence of 
each gene with a  sequence  from D. melanogaster. 

Cytoplasmic  incompatibility  assay: Two randomly selected 
strains PCR-positive for Wolbachia infection  (lines 28 and 34) 
and  one randomly  selected PCR-negative strain (line  82) were 
used in the incompatibility assays described below. We were 
unable to test additional infected lines because of an incuba- 
tor failure. The infection status of these three lines was also 
determined by confocal microscopy examination of eggs as 
described by KOSE and KARR (1995). Bacteria were visualized 
using either  the DNA-specific fluorochrome Chromomycin 
As, or with a Wolbachia-specific monoclonal  antibody, Wol-1 
(KOSE and KARR 1995). 

Incompatibility assays were performed as described by 
B0fl.E et al. (1993). Briefly, strains were crossed by mating 
single virgin females with two males. Cytoplasmic incompati- 
bility crosses were performed using 5- to 7-day-old virgin males 
and virgin females. Females were collected within 6 hr after 
eclosion and  stored in vials for  5-7 days to allow deposition 
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of unfertilized eggs and virginity was assured by discarding 
females from vials that  contained larvae. Lines 28 and 34 were 
cured of  Wolbachia  infection by tetracycline  treatment as pre- 
viously described (O'NEILL and KARR 1990). Cytoplasmic in- 
compatibility  as determined by percentage  mortality was  com- 
pared using ANOVA with Bonferroni/Dunn  correction 
following  arcsin  square root transformation. Fitness effects as 
determined by egg counts were  examined by ANOVA follow- 
ing a natural  logarithm  transformation. To investigate  the 
significant effects in the ANOVA we employed  Fisher's  Pro- 
tected Least Significant Difference (PLSD) test. 

RESULTS 

Wolbachia  PCR  assay: Fifty  of 125 isofemale lines 
collected in  Lantana were  positive for Wolbachia as de- 
termined by  PCR  assay.  Two  of these amplicons were 
sequenced  from position 102 to 821 of the Eschm'chia 
coli 16s rRNA genome. This sequence  corresponds  to 
positions 81-662  of the previously published Wolbachia 
sequences isolated from D. simulans Riverside (ROUSSET 
et al. 1992; O'NEILL et nl. 1992) without any substitu- 
tions, insertions or deletions. These  data imply that only 
one strain of Wolbachia infected these two lines and 
suggest the Wolbachia isolated from D. simulans Lan- 
tana is very  closely related to the Wolbachia isolated 
from D. simulans Riverside. Sixteen variable positions 
have been observed in 803 bp of the  four Wolbachia 16s 
rDNA sequences isolated from D. simulans (ROUSSET et 
al. 1992; O'NEILL et al. 1992; ROUSSET and SOLIGNAC 
1995) indicating that this locus has the  potential to 
distinguish strains of Wolbachia. 

Drosophila mtDNA: One synonymous substitution 
was observed at  the COI locus in one of the 35 unin- 
fected lines. This was a substitution from CGG to CGA 
( A r g )  at position 1983 in  the  upper  strand of CLARY 
and WOLSTENHOLME (1985).  The ND5 locus in all D. 
simulans Lantana  (uninfected and infected)  had  a fixed 
replacement  at position 7409  of CLARY and WOLSTEN- 
HOLME (1985) and position 715  of RAND et al. (1994). 
The substitution replaces an ATA (Met) with a TTA 
(Leu). No substitutions were observed at  the ND6 locus. 
No differences were observed at  the COI or the ND6 
loci in  the  four  infected lines. 

Drosophila  autosomal DNA: We obtained Adh' se- 
quence  data  for 27 of the 35 uninfected lines. Nineteen 
substitutions, four  deletions and  three insertions were 
observed in a 446-bp region of Adh' from D. simulans 
(Table 2). Two standardized estimators of nucleotide 
polymorphism, nucleotide diversity (n = 0.0134) and 
the  neutral  parameter (8 = 0.0146 per site) indicate a 
high level  of nucleotide polymorphism. This is larger 
than  the  neutral  parameter estimate of polymorphism 
for  introns 1 + 2 of D. melanogaster Adh' (8 = 0.007) 
and is consistent with the  general observation of greater 
nucleotide polymorphism in D. simulans than  in D. mela- 
nogaster (AQUADRO 1992). 

Phylogenetic analysis  of this region using the D. mela- 
nogustersequence  as the  outgroup shows little resolution 
(Figure 5), though  there is significant structure  in  the 

TABLE 2 

S u m m a r y  of variation in a 446-bp region  of the first intron 
of Adh' from D. simulans 

Substitution 
Position"  (consensus to variant) Frequency 

19 G + A  4/27 
21 T + G  1/27 
45 A + G  9/27 
90 T + G  1/27 
92 A + -  (deletion) 1/27 

113 A + T  3/27 
125 A + C  7/27 
194 C + T  1/27 
198 A + T  5/27 
207 G + T  11/27 
210 C + G  3/27 
240 T + A  1/27 
247 T + -(deletion) 9/27 
248 + T (insertion) 9/27 
249 + T (insertion) 4/27 
2 72 A + T  1/27 
321 G + A  2/27 

335 + 336 AT + -(deletion) 1/27 
337 + 338 AT + -(deletion) 8 /  27 

372 T + A  1/27 
389 G + T  4/27 
403 A + G  3/27 
407 C + T  5/27 

431 + 432 + GC (insertion) 2/27 
439 C + T  6/27 

343 T + C  27/27' 

"Position 1 in this table  refers to position 3403 of COHN 

All Lantana  lines  differ  from COHN and MOORE (1988). 
and MOORE (1988). 

dataset (PTP 0.01). The D. simulans lines from Lan- 
tana  are not significantly nonmonophyletic (T-PTP = 
0.13, four  steps) relative to the previously published 
sequence of COHN and MOORE (1988). This result is 
consistent with the  tenet  that  there is little population 
substructure in North American D. simulans. 

Statistical  analysis: To  determine  whether  the lack 
of  mtDNA polymorphism in uninfected lines (a total 
of one segregating site in 35 sequences) is significantly 
lower than  the  corresponding level in Adh' (19 segregat- 
ing sites in 27 sequences), we conducted  an HKA test 
(HUDSON et al. 1987). HKA segregating sites  test is sig- 
nificant for  both Wolbachia uninfected lines (x' = 4.9, 
P = 0.03) and for Wolbachia uninfected and infected 
pooled lines (x2 = 5.4, P = 0.02), indicating a  departure 
from neutrality (Table 3). Unless the polymorphism 
level in D. simulans Adh' has been elevated by balancing 
selection, which we deem unlikely, the mtDNA  poly- 
morphism level in  uninfected flies must be suppressed 
below  its neutral equilibrium value. The D. simulans 
Lantana lines must have been recently swept of varia- 
tion by genetic hitchhiking. 

Cytoplasmic  incompatibility  assay: Concordant with 
the results of the PCR  assay, confocal microscopy  exami- 
nation of eggs showed that D. simulans Lantana lines 
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FIGURE 5.-Fifty percent majority rule and 50% bootstrap 
consensus derived from parsimony analysis of 446 sites in  intron 
1 of Adh'. Each insertion/deletion event was scored once. In 
the initial parsimony analysis 216 trees of length 57 steps (CI = 
0.823, RI = 0.867) were generated. On the left hand side of the 
figure the 50% majority rule consensus of the 216 shortest trees 
is presented  (percentage shown  above each line). On the right 
hand side of the figure the 50% consensus bootstrap from 1000 
iterations is shown (percentage in circles at each node).  The 
"pCAS" refers to the D. simulans  pCAS clone sequence (COHN 
and MOORE 1988). The numbers correspond to isofemale lines 
of D. simulamLantana not infected with Wolbachia. The defined 
outgroup was D. melanogaster (KREITMAN and  HUDSON 1991). 

28 and 34 were infected with  Wolbachia  while line 82 
was not infected (Figure 6). Moreover, eggs from the 
Lantana lines and the  R line that were tested harbor 
different densities of Wolbachia (Figure 6) .  Preliminary 

estimates indicate that bacterial numbers in 28 and 34 
are approximately twofold  lower than  that observed  in 
D. simulans from Riverside California (DSR) (T. L. 
KARR, unpublished observations). Bacterial  density  has 
been  correlated to levels  of incompatibility (BOYLE et 
al. 1993; BREEUWER and WERREN 1993, SINKINS et al. 
1995). It will be interesting to make similar comparisons 
between all strains. 

In lines 28 and 34 Wolbachia infection in both males 
and females caused a significant reduction in the  num- 
ber of eggs laid. For line 28 treatment with tetracycline 
significantly increased the  number of eggs laid. ANOVA 
shows that  there is significant heterogeneity between 
rows k, 1 and n of Table 4 (F2, 34 = 4.13, P = 0.02). 
Fisher's PLSD test  shows a significant difference only 
between rows k and 1, and between k and n ( P  = 0.02 
for each). For line 34, ANOVA shows that  there is  sig- 
nificant heterogeneity between rows r, s and u of Table 
4 (F2, = 3.2, P = 0.05). Fisher's PLSD test  shows a 
significant difference only  between rows r and u ( P  = 
0.02) but  not between rand s ( P  = 0.08). Reduction in 
egg laying  in DSR is between 8  and 18% (HOFFMANN 
et al. 1990). The  reduction in egg laying  in lines 28 and 
34 is higher, ranging from approximately 22 to 46%. It 
remains to be determined if these differences are due 
to the strain of Wolbachia, the lines of D. simulans, or 
both. 

The presence of  Wolbachia  infection  suggested that 
lines 28 and 34 would  express  cytoplasmic  incompatibil- 
ity. To determine levels  of incompatibility,  egg  mortality 
was measured in  lines 28 and 34 and in  lines that had 
been treated with tetracycline to remove  any  microorgan- 
isms. In all  cases reported, infection  status of infected 
and uninfected lines was independently determined by 

TABLE 3 

Single species HKA test  comparing  mitochondrial  diversity  and  autosomal  variability 
in  a  population of D. simulans collected in Lantana 

~ ~~ 

Infection  Starting X 2  
Region status No." positionb  Length' Polymorphismd Divergence" deviation' Probability 

Adh' 27 3403  446  25 26 
COI - 35 1801 386 1 27 
ND5 - 35  7368 328 0 13 
ND6 - 35 10189 321 0 12 
Total uninfected - 35 1035 1 52  4.90  0.03 
COI + 4 1801 386 0 27 
ND5 + 4 7368 328 0 13 
ND6 + 4 10189 32 1 0 12 
Total  infected + 4 1035 0 52  2.16  0.142 
Total mtDNA -/+ 39 1035  1 52  5.09  0.02 

~ ~~ 

- 
~~ 

'' Number of lines sequenced. 
The  mitochondrial positions correspond  to CIARY and WOLSTENHOLME (1985). The Adh' sequence position corresponds to 

COHN and MOORE (1988). 
Includes  insertions. 
Polymorphisms within D. simulans Lantana. 
COI  divergence between line 13 and DE BRUIJN (1983). ND5 divergence between line 31 and GARESSE (1988). ND6 divergence 

fWe modified the HKA test, Equation 5 of HUDSON et al. (1987) so the effective population size  of mitochondrial  genes was 
between line 17 and GARESSE (1988). Adh'divergence between line 3 and D. melanogaster (-ITMAN and HUDSON 1991). 

onequarter  that of autosomal  genes. 
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in NYIIXIAI.S  ;\st) \ ~ ; ~ ~ I O I ) S .  Stainrd eggs were cs;mincd 101- 

thr  prcsmcr o f  \4’olh;lchi;l by confocal microscopy. (A) Nu- 
mcl-ous sln;dl punctatc d o t s  were o l ~ s e ~ ~ c t l  in eggs laid by 
fc.malcs of I). .si~,r~t/rr,7sRi~rrsitlr. ( R )  F r w r  Imncta‘c~ dots were 
ohsr~~rt l  i n  eggs laid by fc.m;~lcs o f  D.  s i , n r t / o l s  L,;wtana l in r  
28. ((;) Only ovoid  nuclei o f  the host egg were olxcnctl i n  
eggs from linc 82. 

DAPI staining antl immrmoflr~orcscencc examination o f  
eggs a s  dcscrihed in SI..\TI<KI;\IS ..\SI> \IHI~IOI>S (KOSK and 
K.\KK 199.5). For comparison, egg mortality was also mea- 
sured i n  DSR and a tctr;~cyclinc-trcated minfcctcd line 
o f  DSR (DSRT) ( H ~ F F J I A S S  and Tt*KI<I . I . I  1986). As 
shown i n  Table 4 crosses  between  similarly  infected o r  
1minfc.ctctl  lincs o f  28 and 34  displayed  rchtivc4y l o w  egg 
mortality (crosses k ,  n, I’ and r r ;  range 1.8- 1 O . i % ) .  These 
\-nlucs  were not significantly  difTcrent  from egg mortality 
measured within either DSR o r  DSRT (crosses o.,/ respcc- 
tivcly, Table .5).  Egg mortality was higher in  crosses  he- 
tween uninfccted li.malcs antl infected  males o f  lines 28 
and 34  (crosses I ,  s). Statistical  analysis indicated that the 
increased egg mortality was significantly different com- 
pared to the parental lines.  However, the levels  of egg 

mortality i n  lincs 28 ant1 34 were consit1cl;~hl~~ lower com- 
pared t o  egg mortality i n  DSR (cross P). XSO\’A w i t h  
13onfcrro~~i/l~r~nn correction comparing egg mort;llit!f 
bctwccn  these  lines clci1rly shol\. the!, arc statistically  sig- 
nificantly  difl-erent ( p  UT. g P 71,s. ,s, rcspcctivc*ly, Tahlc .3). 

The cytoplasmic incolnp;-ltihility i n  1inc.s ‘LX ant1 34 
also appears t o  be distinct a n t l  scparatc from the rc- 
cently described A-typc. The ,.\-type lines arc infcctcd 
with  M‘olbachia l m t  arc compatihlc with uninfcctctl 
lines (Tl‘Kr<I,l .1 and H o 1 ~ l ~ \ l ; \ ~ ~  199.5). Thcsc d;lti\ incli- 
catc that a spectrum o f  incomp;~til~ility Icvcls may csist 
in nature. Further work w i l l  be nccrlctl t o  iclcntil) the 
relevant symbiont a n d / o r  host factors t h a t  mctliatc 
these tliffcrcnccs. 

In this study, lines 28 and 34  have heen r~srtl t o  char- 
acterize incornp;ltihility. H o ~ \ ~ c v c r ,  i t  is n o t  clear 
whcthcr these lines rcprcscnt ;I new crossing t ! p t  ( o r  
types), o r  arc a small sample from a continrlous clistrih- 
lion ofcytoplasmic incornpatihilit!. Icvcls i n  the 1 , a n t a n a  
population. As a result wc provisionally call this “I.-  
trait” incompatibility t o  indicate its gcogl-;Iphic;d origin 
(Lantana)  and to tlistingSuish i t  from other crossing 
types. M‘c do not  introduce  the t c ~ - m  “trait”  into the 
literature to add aclditional unncccssal~ non1cncl;It~lrc 
but  rather to denote some uncctrtainty over t h c  cyttr 
plasmic incompatibility sta tus  ofthc strain o f \ V o l l ~ : ~ ~ l ~ i ~ ~  
parasitizing flies collected from Lantana. 

I)Is<:rssIos 

T h e  lack o f  mitochondrial \.ariation compared t o  the 
autosomal locus, Adlr‘; provitlrs the best cvidcncc yet 
for the loss of  variation by gcnctic  hitchhiking i n  one 
population of I ) .  .sivrrrkru.s. Two prc\hls  strltlics found 
cvidcncc for rcrlucctl nrlclcotitlc diversity i n  mitochon- 
drial DNA in this species (B.\I.I . . \Iw and KI<I:,IT\I.\s 1994; 
R\SD PI NI. 1994). H o \ \ ~ \ w ,  ncithcr str~d!. quantified 
nuclear  gene variability i n  the same lines, rather b o t h  
relied on published estimates o f  nwlcar gcnc divcrsity 
i n  other populations.  Here, we havc conclusive cvi- 
dcnce for a nonneutral patten1 o f  nrlclcotirlc vari;thility 
in mitochondrial DNA. 

If there has been 1 1 0  prior sclcction o r  hitchhiking 
in the  mitochondrial  gcnolnc,  uninfcctrtl isofiIn:Ilr 
lines arc cxpcctctl t o  exhibit neutral Icvcls of\ariation. 
In  this study we o h s e n d  a significant reduction i n  the 
mtDNA diversity 1,ascd on the HK;\ test i n  both t h e  
M’olhachia infected and the pooled sample o f  IVoI- 
hachia uninfectctl and infcctcd flies. T h e  selective 
sweep of mitochondrial DNA may  h;wc hccn generated 
by the fixation ofan advantageous mutation i n  the mito- 
chondrial  genome. Alternatively, the t1r;matic rcduc- 
tion i n  mitochondrial diversit!*  may he related to a \VoL 
hachia indluxd selective s n ~ c p .  For the lattcr t o  hc true, 
infcctetl females must have l,ecomc lal-gel? cured of 
infection o r  produced uninfectcd offspring. 

In the laboratory, infectcd flies may he cured by anti- 
biotics o r  by high temperature. Eight out of 10 Inales 
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TABLE 4 

Expression of cytoplasmic incompatibility  in strains 28 and 34 of D. simulans Lantana 

Cross 
No. No. No. Egg mortality 

Female X male No. eggs unhatched eggs females eggs/female" (%I"  
U D S R ~  DSR 935 62 11 85 ? 9.3 6.7 t 0.9 

C DSR 28d  1255 176  30 41.8 t 2.2 17.3 ? 3.5 
b DSR DSRT" 550 46 11 50.0 t 5.1 9.6 ? 2.6 

d DSR 34" 796 93 27  29.5 ? 4.0 13.9 t 3.3 
e DSRT DSR 1203 1078 12 100.2 ? 4.6 89.0 t 3.2 

9.4 ? 3.2 
h DSRT 34  899  107  22  40.9 t- 5.1 15 ? 4.2 
i 28 DSR 1314  678  19  69.2 t 6.5  50.3 ? 7.8 

94.4 ? 1.0 
k 28  28  284  29  10  28.4 ? 3.1 10.7 t 3.6 

m 28  28T  939  47  18  52.2 t 4.4  5.0 t 1.1 
n 28T  28T  471 21 9 52.3 t 4.6  4.4 t 1.0 

f DSRT DSRT 888 58 11 
g DSRT 28  804 47  19  42.3 t- 4.3 

j 28T DSR 1065 1009  19  56.1 t 5.7 

1 28T 28  828 192  17  48.7 ? 4.6  25.8 ? 7.1 

80.7 t- 3.8  4.5 t 0.17 

0 28 DSRT 261  85 9 29 t 3.7  36.3 ? 7.6 
P 34 DSR 1557  1380  19  81.9 ? 7.8  88.2 t- 5.3 
4 34T DSR 1215  1078  19  63.9 t- 3.8 87.3 t 4.6 
r 34  34  39 1 7 11 35.5 ? 3.8  1.9 ? 0.8 
S 34T  34 1125 240  20  56.2 t 2.6  19.8 t 4.7 
t 34  34T  827  26  20  41.4 t 3.2 3.9 t 1.5 
U 34T  34T  460  18  10  46.0 ? 3.4  1.8 ? 0.5 
v 34 DSRT 250  28 12 20.8 t 2.7  11.4 t 2.9 

"Values are means t SE. 
D. simuluns Riverside (infected with Wolbachia) . 
D. simuluns Riverside treated with tetracycline (not infected with Wolbachia). 
D. simuluns Lantana line 28 (infected with Wolbachia); 28T, tetracycline-treated line (not infected). 
D. simuluns Lantana line 34 (infected with Wolbachia); 34T, tetracycline-treated line (not infected). 

and  nine of 10 females of Tribolium confusum, for exam- 
ple, were cured of Wolbachia when they  were raised in 
the laboratory on wheat grain molded with Streptomyces 
aureofaciens (STEVENS and WICKLOW 1992). S. uureofa- 
ciens is a common soil-inhabiting, tetracycline-produc- 
ing actionomycete bacterium. It is not known whether 
an  environmental  factor, such as antibiotic-producing 
bacteria or high  temperature has reduced  the popula- 
tion infection rate to the low  level observed in the Lan- 
tana  population. However, unless this population's in- 
fection is in the process of  sweeping to fixation, it is 
unlikely that  the 40% infection rate is stable in the 
absence of an infection-reducing mechanism (TURELLI 
and HOFFMAN 1995). 

Confocal microscopy  shows that  the density of  Wol- 
bachia in the  Lantana lines is lower than  that in the D. 
simulans R-type (Figure 6).  The lower infection density 
may  also contribute  to a higher  cure rate. It has been 
proposed  that density variation of Wolbachia may di- 
rectly effect the  numbers of infected progeny that  are 
produced (HOFFMANN et al. 1990; TURELLI and HOFF- 
MANN 1995).  In  support of this view, TURELLI and HOW- 
WN (1995) showed that on average infected females 
from nature  produce  3-4%  uninfected ova, with a small 
number of females contributing disproportionately to 
the  number of uninfected males. 

The density of infection also affects the expression 

of  cytoplasmic incompatibility. Density  effects on  the 
expression of cytoplasmic incompatibility in the wasp 
Nasonia ( BREEUWER and WERREN 1993), D. melanogaster 
(BOYLE et al. 1993) and possibly Aedes  albqbictus (SINKINS 
et al. 1995) have been  demonstrated in the laboratory. 
A lowering of the absolute numbers of  Wolbachia either 
by administration of antibiotics (BREEUWER and WER- 
REN 1993) or by horizontal transfer into a related spe- 
cies  (BOYLE et al. 1993) resulted in a significant reduc- 
tion in the levels  of incompatibility. There is also a well 
documented decrease in cytoplasmic incompatibility 
with male age in Culexpipiens (SINGH et al. 1976; KRISH- 
NAMURTHY et al. 1977) and Drosophila spp. (HOFFMAN 
et al. 1986,  1994;  HOFFMAN 1988). These data in other 
species raise the possibility that  the observed cyte 
plasmic incompatibility in the  Lantana flies  also may be 
related to Wolbachia density. 

In this study  40% of lines collected in Lantana were 
positive for Wolbachia as determined by  PCR  assay. 
CASPARATI and WATSON (1959) show that unless a fe- 
cundity deficit or imperfect transmission is found in 
nature any  level  of compatibility will suffice to cause a 
sweep. In this study we show that  the L-trait  of  Wol- 
bachia causes reduced fecundity in the laboratory (Ta- 
ble 4). Reduced fecundity based on laboratory crosses, 
however, may not be a good indicator of  cytoplasmic 
incompatibility in nature. HOFFMANN et al. (1990) ana- 
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TABLE 5 

Analyses of cytoplasmic incompatibility in D. simulans strains from California and Florida 

Comparison 

Cross P Comments 

a us. e 
a us. c 
a us. d 
a us. k 
a us. r 
e us. j 
e us i 
e us. 1 
e us. s 
f us. n 

i us. j 
f us. u 

i us. 1 
k us. r 
j us. q 

1 us. s 
1 us. n 
P us. 4 
s us. u 

* 
NS 
NS 
NS 
NS 
NS 
* 
* 
* 
NS 
NS 
* 

* 
NS 
NS 

NS 

NS 
* 

* 

Standard R crossing type 
28 males crossed to DSR females do  not express CI” 
34 males crossed to DSR females do  not express CI 
DSR and 28 have indistinguishable basal egg  hatch rates 
DSR and 34 have indistinguishable basal egg hatch rates 
DSR males mated  to  uninfected 28 females are indistinguishable  from R-type  CI 
DSR males mated to infected 28 females are  not R-type 
R and 28 CI  levels are statistically different 
R and 34 CI  levels are statistically different 
28T is indistinguishable  from W-type 
34T is indistinguishable  from W-type 
Incompatibility type of line 28  is different  from R-type.  CI  levels of infected 28 females 

crossed to DSR males are different  from CI levels of uninfected 28 females crossed 
to DSR males. 

CI in line 28 is lower than CI expression elicited by DSR males mated  to 28 females 
Lines 28 and 34 have similar egg  hatch rates 
28T and 34T hatch rates are indistinguishable (and  both express CI at  the R-type 

levels when in matings with  DSR males) 
CI expression in 28 and 34 are indistinguishable 
CI in  line 28 
Unlike line 28, both line 34 and 34T females mated to DSR males express R-type  CI 
CI in  line 34 

* Significant to 95%  confidence interval by Bonferroni/Dunn ANOVA NS, not significant. 
“ Csoplasmic incompatibility. 

lyzed  several fitness-related traits of R-strain infected 
and uninfected flies and  found that laboratory infected 
females were 8-18% less fecund  than  uninfected fe- 
males. NIGRO and PROUT (1990) compared  the net 
“productivity” (including viability and fecundity ef- 
fects) in strains from Italy and  found 6- 11 % lower pro- 
ductivity for  their infected strain. Similar comparisons 
between untreated  and treated lines in Table 10 of HOF- 
FMANN and TURELLI (1988) imply reduction of 10- 
31%. However, the fecundity deficit caused by the R- 
strain of Wolbachia was shown to be small in experi- 
mental crosses carried out in  a  “natural” setting (HOFF- 
MANN et al. 1990; TURELLI and HOFFMANN 1995) and, in 
general, R-strains of Wolbachia sweep to near-fixation. 

The mtDNA sequences from the  uninfected and in- 
fected lines share  a fixed difference in  the ND5 locus 
compared to D. simulans lines from several other natu- 
ral populations (GARESE 1988; RAND et al. 1994) indicat- 
ing  that  the sweep  equally affected all lines tested and 
was geographically restricted and/or very recent. It is 
not clear that  the L-trait of Wolbachia has the  potential 
to sweep through  a  population or that  the loss in mito- 
chondrial diversity in all  35 uninfected lines can be 
solely explained by the loss  of the  current parasite. 
Thus, it is possible that  the previous selective  sweep 
may  have predated  the  current L-trait incompatibility. 
Again, a previous selective  sweep may have been  gener- 
ated by the fixation of an advantageous mitochondrial 
gene or may be related to a previous unrelated Wol- 

bachia induced selective  sweep. If a previous selective 
sweep was related to Wolbachia, the previous Wolbachia 
strain may have been lost from the  population or  the 
evolutionary dynamic of the strain may have changed. 
In this latter case mutation in either  the parasite or the 
host may have affected the density of Wolbachia and 
cytoplasmic incompatibility. 

If a  reduction in cytoplasmic incompatibility results 
from mutation  in  the parasite or the host it may be 
predicted  that  reduced cytoplasmic incompatibility will 
be observed independently in other populations. D. sim- 
ulans  cytoplasmic incompatibility type A  populations 
behave in progeny tests  as if they  were uninfected and 
have been  recorded  in Australia, Ecuador and in 
Tampa, USA (TURELLI and HOFFMANN  1995). If a re- 
duction in incompatibility is due to  relatively recent 
substitution (s) , the DNA sequence of Wolbachia types 
L and A is expected to be similar to Wolbachia type R. 
Consistent with  this prediction, we did not observe  any 
substitutions, insertions or deletions in the  16s rRNA 
of Wolbachia isolated from two D. simulans lines from 
Lantana  compared to the Wolbachia isolated from D. 
simulans  Riverside (O’NEILL et al. 1992; ROUSSET et al. 
1992). 

The hypothesis that Wolbachia may be lost from a 
host due to environmental  or genetic factors has impli- 
cations for  the study  of mitochondrial DNA in other 
species. SOL.IGNAC: et al. (1994) provided evidence of 
Wolbachia infection of D. melanogasterearly in the evolu- 



Reduced Variation in D. simulans mtDNA 1527 

tion of the species, with subsequent cycles  of  loss and 
gain of the microorganism that now causes an A type 
of incompatibility (HOLDEN et al. 1993). Consistent with 
this view, BALLARD and KREITMAN (1994) found evi- 
dence of excess  homozygosity in cytochrome b haplo- 
typic  diversity  of a world-wide collection of 16 isofemale 
D. melanogaster lines. Such a  pattern may be expected 
in the recovery phase following a selective  sweep. 

While genetic drift may be the prevailing force in 
mitochondrial  molecular evolution, the  mitochondrial 
genome is particularly susceptible to genetic hitchhik- 
ing  at linked sites and  the allele frequencies may rarely 
be at  the stationary neutral  distribution.  Indeed any 
maternally inherited  factor  could  influence haplotypic 
diversity. This study raises the possibility that  the pres- 
ence of Wolbachia has not only caused the loss  of 
mtDNA  variability among infected individuals but also 
among individuals that  no longer  harbor  the parasite. 
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