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Abstract

The Argentinean Chaco region has been considered the center of origin of Drosophila buzzatii in South America
because it contains most of the chromosomal polymorphism detected in natural populations. Two hypotheses have
been put forward to explain the distribution of D. buzzatiiin Brazil, one proposing that it has only recently passively
colonized Brazil via human dispersal and the other suggesting that D. buzzatii has actively migrated to Brazil some
time ago. Data from chromosomal inversions support recent colonization, whereas data from allozymes and mtDNA
variation indicate that D. buzzatii has been in Brazil longer, favoring an active dispersal hypothesis. In our present
work we analyzed data on 56 South American flies, mostly from Brazil, sequenced for the 5’ end of the mtDNA COlI
gene. The combined use of many neutrality tests and phylogeographic methods (e.g. nested clade analysis)
indicated high gene flow throughout most of the range of D. buzzatii, although significant population structure was
still detected. The high nucleotide diversity in the Northeast region of Brazil and the results from the nested clade
analysis suggest that D. buzzatii has been in Brazil longer than proposed by the passive dispersal hypothesis. Our
data indicate that D. buzzatii has been distributed throughout Brazil and Argentina since the Quaternary, though
more data from different localities and markers need to be gathered to determine how the occupation of South

America by D. buzzatii has occurred.
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Introduction

Drosophila buzzatii is a cactophilic member of the
repleta group of fruit-flies which is found throughout Ar-
gentina, Bolivia, Paraguay and Brazil (Figueiredo and
Sene, 1992) that has recently invaded Europe and Australia
(Fontdevila et al., 1981; Barker et al., 1985). The most
common host plants for D. buzzatii in South America are
various prickly pear species, principally Opuntia quimilo,
Opuntia sulfurea and Opuntia vulgaris in Argentina
(Hasson et al., 1992), and O. vulgaris and Opuntia
ficus-indica in Brazil (Pereira et al., 1983), although D.
buzzatii has also been reared from other genera of cacti
such as Cereus and Trichocereus in Argentina (Hasson et
al., 1992) and Cereus (Pereira et al, 1983) and
Pilosocereus (de Brito, 1999) in Brazil. Even though many
of these species of cacti are widespread their local fre-
quency and distribution vary substantially. There are two
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main arid regions east of the Andes in South America
which have a high density and diversity of cacti: the Chaco
in Northern Argentina and east Bolivia and the Caatinga in
Northeast Brazil, areas which are thought to have been con-
nected during the Pleistocene (Ab’Saber, 1990; Prado and
Gibbs, 1993). Cacti are not as frequent in other areas, being
mostly found in rocky outcrops or in sandy substrates asso-
ciated with dry deciduous forest.

Natural populations of D. buzzatii have been exten-
sively studied in South America, Spain and Australia
(Fontdevila et al., 1981; Barker et al., 1985; Ruiz and
Santos, 1989; Halliburton and Barker, 1993; Betran et al.,
1998). Most of these studies have indicated little population
substructure and high levels of gene flow (Thomas and
Barker, 1990; Rossi ef al., 1996), the detection of private
allozyme alleles in Northeastern Brazil (Barker et al.,
1985) being the lone exception to this pattern. Although D.
buzzatii is generally very common in the Argentinean
Chaco, where it occurs mainly in overgrazed areas where
cacti are abundant (Ruiz and Fontdevila, 1982), its density
in natural populations declines moving northeast into
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Brazil (Figueiredo and Sene, 1992; Tidon-Sklorz et al.,
1994), and this, along with a high level of chromosomal in-
version polymorphism in the Chaco, has led to the sugges-
tion that D. buzzatii originated in the Argentinean Chaco
(Carson and Wasserman, 1965; Vilela er al., 1980;
Fontdevila, 1989).

Two main hypotheses have been proposed for the dis-
persal of D. buzzatii into Brazil. The passive dispersal hy-
pothesis proposes that D. buzzatii has only recently
colonized Brazil following the use of O. ficus-indica by cat-
tle ranchers and that this colonization has most probably
been associated with some bottlenecking (Barker ef al.,
1985) in a similar manner to what has happened in Spain
and Australia. An alternative hypothesis, the active dis-
persal hypothesis, also considers that the dispersal of D.
buzzatii into Brazil may have been recent but was not deter-
mined by human intervention, rather D. buzzatii first colo-
nized Southern Brazil and then dispersed north (Figueiredo
and Sene,1992). As presented, this hypothesis offers too
many different scenarios to allow rigorous scientific test-
ing; therefore, a more strict definition is needed. Because it
would be difficult to distinguish a recent (ecological time)
active dispersal from a recent passive dispersal, we will
consider that if a recent dispersal has happened, it would
more likely be due to human intervention. Conversely, the
active dispersal is favored if an ancient expansion is de-
tected, either via range expansion or via isolation by dis-
tance.

The few studies done to date to test these hypotheses
have been contradictory. Data on chromosomal inversions
in D. buzzatii indicate the absence of chromosomal
polymorphisms in the Brazilian Northeast (Figueiredo and
Sene 1992), while populations in Southern Brazil present
polymorphism levels lower than levels detected in the Ibe-
rian Peninsula, where colonization is known to be recent
(Fontdevila, 1989). The lack of chromosomal polymor-
phism in the Northeast is more compatible with recent pas-
sive dispersal but the existence of private allozyme alleles
in the Northeast (Barker ez al., 1985) is concordant with an
active dispersal because it favors a more ancient presence
of D. buzzatii in Brazil.

The present work aims at a better understanding of
the population structure of D. buzzatii in Brazil. We were
particularly interested to determine how and when D.
buzzatii reached its current distribution in Brazil and
whether the active or passive distribution hypothesis ex-
plains the observed distribution. To this end we sequenced
part of the mitochondrial Cytochrome Oxidase I (mtCOI )
gene of 60 individuals from natural populations as well as
isofemale lines. Each of the hypotheses presented for the
dispersal of D. buzzatii in Brazil have clear predictions for
the current population structure of this species in Brazil,
which are tested using nested clade analysis (Templeton et
al., 1995), analysis of molecular variance (AMOVA) and
the combination of many distinct neutrality tests. The com-
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bined analysis of these different methods allowed us to for-
mulate the best hypothesis to explain the current distribu-
tion of D. buzzatii in South America.

Material and Methods
Samples

Flies were collected from 27 localities in South
America where cacti were present (Figure 1), the sampling
procedure being based on the collection of rotten cacti
cladodes and banana-orange baits (Tidon-Sklorz et al.,
1994). We also used nine mass cultures, obtained from the
Bowling Green Drosophila species Center (now stored at
Tucson Stock Center, http://stockcenter.arl.arizona.edu),
from eight localities in Argentina, Bolivia, Lebanon and
Australia (Table I). For the neutrality tests we combined the
localities into four regions defined with respect to ecologi-
cal and geographical features such as available species of
cacti, associated vegetation and geographical position (Ta-
ble I).

Because D. buzzatii females are difficult to distin-
guish from other repleta species only males were se-
quenced in this study. Males trapped were kept in 70%
ethanol for posterior DNA extraction and females were
used to establish isofemale lines from which males were
used for DNA extraction. The rotten cladodes were kept
isolated in an aquarium where the newly emerged flies
were collected. Because there is a high chance that flies
emerging from the same cladode do not represent inde-
pendent samples (Vilardi et al., 1994), these flies were
grouped to establish mass lines that were conservatively
treated as representing a single individual.

Figure 1 - The geographical localities sampled in the present study. Local-
ity numbers are from Table I.
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Table I - Haplotypes sampled at various collection sites, listed by region and locality.

Region # Site of collection N Haplotypes® Coordinates
Northeast 1 Grao Mogol MG 1 1 16°34°S, 42°54'W
2 28 km W.M.Chapéu BA 2 2;3 11°34°S, 41°12°W
3 10 km S.M.Chapéu BA 1 4 11°38°S,41°11°'W
Southeast 27 Nova Ponte MG 4 4; 4, 4,24 19°08°S, 47°42°W
8 Furnas MG 1 4 20°37°S, 46°15°W
9 Sertdozinho SP 2 4;6 21°10°S, 48°05°W
15 Altinépolis MG 2 13;13 21°02°S, 47°55°W
16 Faz. Sta. Carlota SP 2 4; 14 21°18’S, 47°16°W
17 Morro do Chapéu SP 3 4;15; 16 20°03°S, 47°23°W
18 Estreito SP 1 17 20°09°S, 47°16°W
19 Bocaininha SP 1 4 21°01°S, 47°17°W
25 Bento Quirino SP 1 22 21°28°S,47°33°W
6 Serra do Japi SP 1 4 23°14°S, 46°57'W
7 Atibaia SP 1 25 22°56’S, 46°56°W
20 Ibiuna SP 1 4 23°44°S,47°12°W
21 Sorocaba SP 2 4;20 23°30°S, 47°34°'W
22 Brotas SP 1 21 22°17°S, 47°57°W
23 Itirapina SP 3 4;13;22 22°16°S, 47°48°'W
24 Pau d’alho-Piracicaba  SP 2 4;23 22°43°S, 47°41’W
4 Rio Ligeiro PR 1 4 23°37°S, 52°31’W
14 Sengés PR 5 4;4;12; 18; 19 24°07°S, 49°24°W
26 Salto de Santa Rosa PR 2 4; 4 23°38’S, 50°28°W
South 10 Arroio Teixeira RS 3 4;10; 11 23°46°S, 50°10°W
11 Capao da Canoa RS 1 4 23°47°S, 50°10°'W
12 Tramandai RS 1 9 29°55’S, 50°13°W
13 Guaritas RS 3 47,8 30°45°S, 53°20°'W
Chaco 5 San Juan Arg 3 4;4;5 31°35°S, 68°31°W
28 Cochabamba - BG® Bol 2 4;4 17°24°S, 66°09°W
29 Cordoba - BG Arg 1 4 31°24°S, 64°11°W
30 San Ruiz - BG Arg 1 4 33°18°S, 66°21°W
33 San Raphael - BG Arg 1 4 34°36°S, 68°18°W
Lebanon 31 Byblos - BG Leb 1 4 34°07°N, 35°39’E
32 Ain Anub - BG Leb 1 4 33°50°N, 35°50’E
Australia 34 New South Wales - BG Aus 1 4 33°50°S, 151°10’E
35 Quensland - BG Aus 1 4 22°00°S, 145°00°’E

*The numbers refer to the localities shown in Figure 1.
"Haplotypes of individuals sampled at that locality.
“Mass cultures from Bowling Green Species Center.

DNA was extracted from fresh, dried, or etha-
nol-preserved flies using QIAgen DNA extraction Kkits
(QIAgen, Valencia, USA). PCR amplification was done us-
ing a 1.0 U of Tag polymerase and 1/100th U of Pfu poly-
merase to reduce errors during the process (Cline et al.,
1996). The primers used to amplify and sequence the
5’-end of the mitochondrial Cytochrome Oxidase I gene
were 1460f 5°- atctatcgcctaaacttcagee - 3°, 1519f 5°-
atcataargatattggaactt -3, 1924r 5’ - taaaagttgaagaaattccgge

-3” and 21951 5°- gattttttggtcaccctgaagt -3’ (the first and
last are shorter modifications of the described by Simon e?
al., 1994), with 35 cycles of 20 s at 94 °C, 30 s at 50 °C, and
1 min at 72 °C with a final 10 min extension step at 72° in a
PE 9600 thermocycler. PCR products were purified using
either a QIAgen PCR purification kit, geneclean (QIAgen,
Valencia, USA) or electrophoresis in acrylamide gel fol-
lowed by passive elution and ethanol precipitation. The
templates were manually sequenced using the CircumVent
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Cycle Sequencing kit (New England Biolabs Inc., Beverly,
USA) and [S**]dATP according to manufacturer’s recom-
mendations. The DNA sequences were input into PAUP*
version 4.0b1 (Swofford, 1998) and visually aligned.

Neutrality tests

The mean number of nucleotide differences per site
(m) the proportion of segregating sites among DNA se-
quences (S) and the number of haplotypes per sample (k)
were estimated using the Arlequin program version 2.0
(Schneider et al., 1997). Tests of neutrality were applied to
the data from the four main geographical regions using the
DnaSP program version 3.50 (Rozas and Rozas, 1999), the
tests being the Tajima D test of selective neutrality (Tajima,
1989), the F* and D* tests (Fu and Li, 1993) and the Fs test
(Fu, 1997). These tests do not all have the same power to
detect departure from neutrality caused by different evolu-
tionary forces such as hitchhiking, population size expan-
sion, background selection or selective sweep (Fu, 1997),
but their combined use allows an inferences to be made on
the patterns of selection affecting a specific/selected region
of DNA. The significance levels of these tests were esti-
mated by the DnaSP program using a distribution of 10000
simulated populations generated by a neutral coalescent
process.

Phylogeographic analysis

DNA sequences were analyzed following the proce-
dures described in de Brito ez al. (2002). Briefly, the phylo-
genetic relationships between D. buzzatii haplotypes were
inferred in PAUP* 4.0b1 using 100 random taxa additions
and heuristic searches. The most parsimonious trees were
input into the MacClade program version 3.05 (Maddison
and Maddison, 1992) where we implemented a methodol-
ogy developed to deal with intraspecific phylogenies to cre-
ate an unrooted haplotype network (Templeton et al., 1987,
1988, 1992). A nested statistical design was defined ac-
cording to Templeton et al. (1995) and used to investigate
the history of D. buzzatii in Brazil. The Geodis program
(Templeton, 1994, Posada et al., 2000) was used to esti-
mate the clade distance (D.), which measures how geo-
graphically widespread the individuals from a clade are,
and the nested distance (D,), which measures the distance
of a clade from the geographic center of their nesting cate-
gory (Templeton, 1994). The combined analyses of these
indices allow the distinction between historical factors,
such as vicariance and range expansion, from ecological
factors such as restricted gene flow which have shaped the
distribution of a taxon (Templeton et al., 1995). No a priori
population hierarchies are assumed. We used Appendix I in
Templeton (1998) to interpret the significance of the results
obtained.
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The results of the nested clade analysis were con-
trasted with the results of AMOVA (Excoffier e al., 1992)
set up in Arlequin version 1.1 (Schneider et al., 1997), a
technique which determines the amount of variation due to
population substructure given an a priori set of population
hierarchies using phiST. This index is like other Fy esti-
mates but takes the number of mutations between
haplotypes into consideration (Excoffier ef al., 1992). The
a priori genetic structure was analyzed by a hierarchical
analysis of variance, which partitioned the total variance
into components due to intra- and inter- individual differ-
ences and interpopulation differences (Schneider et al.,
1997). The initial model tested considered that there was no
hierarchy in the localities, while the second model tested
performed a hierarchical AMOV A whereby localities were
grouped into four regions. This subdivision was defined
with respect to ecological and geographical features, such
as available species of cacti, associated vegetation and geo-
graphical proximity to other fruit-fly populations (Table I).
The first AMOVA provided an overall estimate of popula-
tion differentiation similar to Fg following Slatkin (1991)
across the range of D. buzzatii, whereas the second allowed
the testing of a specific model of population substructure to
explain patterns observed. The phiST parameter enabled
the estimation of the average effective gene flow between
regions (Nm) assuming the island model and migra-
tion-drift equilibrium (Hudson ef al., 1992).

Results

We sequenced the 5° end of the mitochondrial
Cytochrome Oxidase I (mtCOI) gene (646 bases) for 60 in-
dividuals from 35 localities, 31 of them being in South
America (Figure 1). The other four localities represent re-
cent range expansion events in Lebanon and Australia (Ta-
ble 1). D. buzzatii was found at low densities outside
Argentina and Southern Brazil, hence the low number of in-
dividuals sequenced per site. All individuals sequenced in
Lebanon and Australia had the same haplotype, Haplotype
4, the most common one found in the New World. In South
America, the Chaco samples showed the lowest level of
polymorphism, followed by samples from Southeast
Brazil, whereas South and Northeast Brazil had the highest
mean number of nucleotide differences per site (1t value),
with Northeastern Brazil region having a level of polymor-
phism almost twice as high as the second most polymorphic
area (South Brazil) notwithstanding its smaller sample size
(Table II).

Neutrality tests

One caveat of neutrality tests in general is their as-
sumption of an infinite-sites model with no recombination
(Bertorelle and Slatkin, 1995). Departure from this as-
sumption (e.g., if there is mutation rate heterogeneity) may
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Table II - Neutrality tests and mismatch distribution analyses.

165

Region N S(m) T Fu’s Fs Tajima’s D Fuand Li’s F* Fuand Li’s D*
Northeast 4 10(10) 0.00826 + 0.00190 n.at n.a.t n.at n.a.t
Southeast 36 17(19) 0.00224 +0.00051 -8.555%#* -2.156%* -2.542 -2.158
South 8 11(12) 0.00465 +0.00130 -1.609 -1.770%* -2.109%* -1.940*
Chaco 8 1(1) 0.00039 + 0.00028 -0.182 -1.055 -1.204 -1.127
Brazil 48 34(37) 0.00371 + 0.00066 S21.677%%* -2.203%* -3.500%* -3.347%*

S America 56 35(38) 0.00330 + 0.00059 -27.957*** -2.515%* -4.304** -4.103%*

#p < 0.05; ** p <0.01; ** p <0.001.

S, number of segregating sites; 1, number of estimated mutations; 7, nucleotide diversity.

*Not applicable. Sample size was too small to allow inference.

cause rejection of neutrality regardless of whether other
evolutionary forces are involved (Tajima, 1996). The infi-
nite-sites model seems reasonably adequate to explain the
polymorphism observed in mtCOI, since of the 36 poly-
morphic nucleotide positions only two had two substitu-
tions inferred in the haplotype network, which is not
significantly distinct from that expected by a Poison distri-
bution model (t-test; p = 0.9985). These two instances of
homoplasy were observed in longer than average branches,
where homoplasy is more likely than elsewhere in the
cladogram.

All neutrality tests showed a significant deviation
from the null hypothesis of neutrality when all localities in
Brazil or in South America were grouped together. Table II
shows these results and if each region is considered sepa-
rately. The smaller sample size in Northeastern Brazil pre-
cludes inference on neutrality parameters. Of the other

three regions, only the Chaco showed no significant depar-
ture from neutrality by any of the tests. In South Brazil, Fs
was the only test that failed to depart from neutrality, while
in Southeast Brazil the Fs test and D test indicated depar-
ture from neutrality, while the F* and D* tests did not.

Phylogeographic analysis

The use of statistical parsimony (Templeton, 1998)
allowed us to define a single unrooted haplotype network
connecting all 25 haplotypes found. As can be seen in Fig-
ure 2, little structure is observed in this network, being
mostly composed of a star phylogeny of short branches.
The haplotype network defines the nesting comparisons
relevant to investigating the existence of population sub-
structure and gene flow (Templeton et al., 1995). The
nested clade analysis was performed considering only

2-2

Figure 2 - The estimated 95% haplotype network and associated nested design for the mtCOI haplotypes observed in Drosophila buzzatii. Haplotypes are
represented as numbers, and zeros indicate haplotype states that are necessary intermediates between sampled haplotypes but that were not observed in
the sample. Each line represents a single mutational step that connects two haplotypes. Dashed boxes enclose one-step clades, which are referred to as
‘1-x°, where x is the number that identifies the clade, while solid boxes enclose two-step clades (‘2-x°).
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South American localities and alternatively considering all
populations. The results (indicating two main events) were
similar for both analyses, therefore only the former is
shown in Table III.

According to the restricted gene flow with isola-
tion-by-distance model, and following the coalescent the-
ory, we expect that older haplotypes tend to be more
internal in the haplotype network, and more geographically
widespread than more recent ones, which would more often
be rare and found in tips (Castelloe and Templeton, 1994).
As predicted by this model, the internal Haplotype 4 is sig-
nificantly more widespread than other haplotype tips con-
nected to it. The other three significant results obtained in
Clade 1-1 are also concordant with a pattern of restricted
gene flow with isolation-by-distance (Table III). A second
relevant event indicates an inconclusive outcome for Clade

Table III - Results of the nested clade analysis.

de Brito et al.

2-3 in the Northeast, where we are unable to discriminate
between fragmentation and isolation-by-distance.

Because a pattern of isolation-by-distance was the out-
come of most of the nested analysis, it is particularly relevant
to investigate whether the rate of gene flow has been suffi-
ciently high to erase the association between genotype and
geographical distribution. One way to look at this is to verify
whether the average clade distances level off at the
higher-level clades (Templeton et al., 1995). In our data set we
did not observe a leveling off of these distances (Figure 3).

We performed a hierarchical AMOVA to investigate
population differentiation. Our first estimate considered all
localities in an island model (without any specific hierar-
chy) and produced a Fy value of 0.0920, generating a mi-
gration rate parameter (Nm) of 4.94. In this partition, 9.2%
of the variation can be ascribed to among population differ-
ences, which was not significantly different from zero

Clade D, D, Clade D, D, Clade D, D,

Hap4® 961.6" 915.2"

Hap5 0 85.6°

Hap8 0 747.1

Hap9 0 661.4

Hapl2 0 252.7

Hapl13 4355 526.1

Hap17 0 649.6 1-1 805.6 781.7

Hap18 0 252.7

Hap19 0 252.7

Hap20 0 4432

Hap22 34.7 516.6

Hap24 0 706.2

Hap25 0 522.3 22 777.9 756.3

I-T 955.0" 447.0"

Hapl - - 1-2 0 1193.3

Hap14 - - 1-3 0 501.8

Hap6 - - 1-7 0 446.6

Hap10 - - 1-8 0 658.5

Hap7 - - 1-9 0 786.5

Hapl5 - -

Hap16 - - 1-10 0 586.6

Hap11 - - 1-11 0 658.5
I-T 805.1 91.4

Hap23 - - 1-4 0 37.5

Hap21 - - 1-13 22 18.9 2-1 25.1 319.6
I-T 22 -18.6

Hap2 - - - - -

Hap3 - - - - - 2-3 0’ 1662.7

T -363.9 -889.9%

*Shading indicates internal haplotypes or clades, while clear indicates tips.
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Figure 3 - Average nested clade distance (D,) in Clade 2-2. Nested clade
indicates average D, for O-step and 1-step clades nested in Clade 2-2 and
D, of Clade 2-2.

(p=0.2630). An AMOVA separating all localities into four
main groups showed that 12.58% of the variation present
was interpopulational (8.72% for differences between re-
gions and 3.87 due to differences within populations among
regions). A significant portion of this variation is due to in-
terregional differences (Fcr = 0.0872, p = 0.0244), indicat-
ing that this model explains part of the genetic variation
observed.

Discussion

D. buzzatii as a whole presented low 7 values, al-
though they were within the boundaries of the values ob-
served for mtDNA in other Drosophila species (Powell,
1997: 383). In our study, we observed very low levels of
polymorphism in Chaco samples, about 15% of the poly-
morphism detected in Brazilian populations. Many of the
individual Argentinean and Bolivian flies sequenced came
from stocks maintained for a long time in laboratory culture,
which may have caused a reduction in their levels of poly-
morphism. Nevertheless, the levels of polymorphism we ob-
served in the Argentinean and Bolivian flies were still in the
lower range of the levels observed in Argentina reported in
the study by Rossi et al. (1996). Even if we accept the highest
polymorphism values observed in the study of Rossi et al.
(1996), Brazilian populations would still be, on average,
50% more polymorphic than Argentinean populations.

Neutrality tests

There are many reasons why a DNA region would fail
to evolve according to the Fisher-Wright neutral model. If
neutrality tests are significantly positive, it is an indication
of balancing selection or population substructure. Most
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mtDNA sequence studies to date, though, indicate that
whenever the neutral model is rejected for a region it is due
to a significantly negative test (Rand et al., 1994; Nachman
1998; Nielsen and Weinreich, 1999). This may be caused
by recent directional selection (selective sweep), a popula-
tion bottleneck, recent populational growth, or background
selection of slightly deleterious alleles (Tajima, 1989). Al-
though the end result of these events may be similar (i.e. an
excess of rare polymorphic sites) there are differences in
the pattern of nucleotide substitution that allow us to distin-
guish between some of them (Fu, 1997; Wayne and
Simonsen, 1998). If violation of neutrality is due to a popu-
lation bottleneck, or recent population expansion, it should
affect silent and replacement substitutions equally. The
small number of replacement substitutions we detected
limited our ability to use these tests to infer the forces in-
volved. Because different evolutionary forces create dis-
tinct patterns of DNA polymorphisms, the many neutrality
tests developed based on different polymorphism estimates
do not have the same statistical power to detect events such
as population expansion, genetic hitchhiking or back-
ground selection that cause this departure (Simonsen ef al.,
1995; Fu, 1997). In fact, it has been suggested that because
Fu’s Fs and Tajima’s D are more powerful than Fu and Li’s
D* and F* in detecting population growth and genetic
hitchhiking (the opposite being true for background selec-
tion) the combined use of these tests may indicate the likely
mechanism causing departure from neutrality (Fu, 1997).

Before we discuss the combined use of neutrality
tests, it is important to point out one caveat with our sam-
pling. Small numbers of individuals collected from many
different localities tend to show more polymorphism than
larger samples from a single locality (Rand ef al., 1994).
This will reduce the ability to identify evolutionary forces
acting at the population level since some haplotypes may be
common at the local level but because of the reduced num-
ber of individuals sampled locally present themselves as
singletons (Schmid et al., 1999). Despite this, a hierarchical
AMOVA performed on this data set indicated significant
difference between the different regions, whereas little
variation was ascribable to intra-regional differences. This
indicates that our grouping procedures were justified since
each region is not significantly heterogeneous.

It has been suggested that sample sizes of at least 50
are required in order to achieve reasonable power to detect
some evolutionary forces (Simonsen et al., 1995). There-
fore, it is possible that even in populations that are experi-
encing some departure from neutrality, reduced sample size
may prevent the detection of these forces, unless the forces
are sufficiently strong to overcome the reduced power of
the tests chosen (Wayne and Simonsen, 1998). Hence, the
investigation of regions with smaller sample sizes may al-
low us to infer which events have been more important for
that specific region, giving us an idea of the factors in-
volved in the evolution of the whole population. Because
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we were working with small sample sizes, we expected a
reduced number of significant deviations from neutrality.
Small sample sizes preclude a reasonable argument for
neutrality if neutrality tests fail to be significant. On the
other hand, when neutrality is significantly rejected in some
regions, the small sample sizes may provide cogent evi-
dence of strong evolutionary forces at work.

Our analysis of all individuals pooled indicated sig-
nificant departure from neutrality. Many different evolu-
tionary forces may be causing such departure. We looked
into each separate region to see whether the same forces are
acting in different geographical regions. No test detected
significant departure from neutrality in the Chaco. In South
Brazil, Fu’s Fs test was the only test that failed to indicate
significant departure from neutrality, suggesting that back-
ground selection may be the most important force affecting
populations in the South, which is not surprising consider-
ing the high population densities observed in this region
(Figueiredo and Sene, 1992). The fate of slightly deleteri-
ous mutations is influenced by variance in the effective
population size (N,) and the mutation rate. In small popu-
lations, slightly deleterious mutations behave virtually as
neutral if N8 < 1, whereas large populations have a higher
ability to purge these alleles (Ohta, 1992). Southeast Brazil
comprises the largest regional sample size analyzed. Fu’s
Fs and Tajima D tests indicate significant departure from
neutrality, while Fu and Li’s D* and F* are not significant.
Because statistical power depends on sample size, we also
investigated the outcome of neutrality tests if Southeast
Brazil is subdivided into three sub-regions, with approxi-
mately the same number of individuals present in the other
regions studied. When we do this, Fs is the only test to re-
jectneutrality in all three sub-regions (data not shown). The
Fs and D tests are more powerful in detecting population
expansion and hitchhiking (Fu, 1997), which, from a popu-
lation genetics standpoint, generate basically the same pat-
tern when only one marker is investigated (Slatkin and
Hudson, 1991).

Przeworski et al., (1999) determined that the evolu-
tion of neutral sites will not be affected by weak purifying
selection on selected markers even if there is no recombina-
tion between them, but background selection on many
strongly deleterious mutations may reduce variation at
linked neutral sites. Tests such as Tajima’s D and Fu and
Li’s F* and D* have little power to detect single-site purify-
ing selection if linked neutral loci are examined, unless
there are very strong selection pressures (Przeworski et al.,
1999). Because most of the substitutions we detected were
silent, there is little indication that the strongly negative
results of the neutrality tests are the result of directional or
purifying selection. This suggests that the significant Fs es-
timates for populations from central Brazil are an indica-
tion of population size expansion.

de Brito et al.

Phylogeographical analysis

Our analysis of haplotypic data suggests homogeneity
across Brazilian populations of D. buzzatii, the haplotype
network indicating little differentiation between individuals
separated in some cases by more than 3000 km, as prelimi-
nary data has suggested (Manfrin et al., 2000). Despite this
reduced heterogeneity, an AMOVA test detected significant
population substructure while the nested clade analysis indi-
cated significantly restricted gene flow. These results show
that levels of gene flow are not sufficiently high to erase his-
torical information on geographic origin.

Most of the gene flow we detected fits an isola-
tion-by-distance model associated with Clade 1-1. The Nm
value estimated from the pooled data was well above 1,
which is considered to be strong enough to prevent evolu-
tionary divergence (Wright, 1951). Since this Nm estimate
comes from a small/reduced sample of a single molecular
mtDNA marker it should be considered a rough estimate to
be corroborated by other markers. Furthermore, this Nm es-
timate is based upon an island model of gene flow and,
therefore, any deviation (e.g. such as isolation by distance
or vicariance) from this model undermines its biological
meaning.

High levels of gene flow between Argentinean popu-
lations of D. buzzatii have been described using restriction
digestion patterns of mtDNA in a study which also indi-
cated a complete lack of variation in 88 individuals belong-
ing to 5 colonized populations from the Iberian Peninsula
(Rossi et al., 1996). A similar pattern was observed in our
study, even though only four individual flies from Lebanon
and Australia were sequenced. Concordant with what we
detected for our colonized populations, the most common
haplotype in South America is the only haplotype present in
the Iberian Peninsula (Rossi et al., 1996).

The nested clade analysis detected another significant
event in Clade 2-3, which represents the separation
between Northeast Brazil and elsewhere. Although range
expansion can be ruled out, the data is insufficient to distin-
guish between fragmentation or isolation-by-distance at
this level of the analysis.

The use of nested clade analysis enables us to detect
range expansions, but there are some limitations on the abil-
ity of this test to detect such expansions. In a study of 13
known range expansions (Templeton, 1998), 12 were cor-
rectly inferred by the nested clade analysis. Interestingly, the
only range expansion that the nested analysis failed to detect
involved the occupation of Iberian Peninsula by D. buzzatii.
This was because that event occurred only very recently
(Fontdevila et al., 1981; Barker et al., 1985) and colonization
most likely involved some population bottleneck or selective
sweep because all D. buzzatii individuals collected in Europe
and Australia have only the most common haplotype ob-
served in South America. Though Argentinean and Brazilian
populations did not show high levels of polymorphism, the
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levels detected suggest that if a range expansion had oc-
curred it would have been detected by nested analysis, unless
current levels of gene flow were sufficiently high to erase
correlation between geographical location and phylogenetic
relationship. The significant results which we obtained at
two different levels of the cladogram and the presence of a
correlation between clade level and geographical range size
(Figure 3) indicate that gene flow is not sufficiently strong
enough to erase phylogenetic information on geographical
distribution, a conclusion which is also supported by the de-
tection of significant substructure in the AMOVA.

Combined analysis of neutrality and
phylogeographic methods

To test the two hypotheses (passive versus active dis-
persal) put forward to explain occupation of Brazil by D.
buzzatii we must consider what is expected if Brazilian
populations represent a northward range expansion of Ar-
gentinean populations.

In a range expansion, often only some of the haplo-
types present in the original distribution will expand to the
new area, making the haplotypes in the expanding popula-
tion more widespread than the other haplotypes which re-
mained in the source population (Cann et al., 1987), a
pattern confirmed by Templeton (1998). A range expansion
entails a sub-sampling of the diversity of the source popula-
tion and, as a consequence, the expanding populations are
not expected to present higher nucleotide diversity than the
source population unless they have also experienced a rapid
expansion in population size, something which may have
happened in Southeast Brazil but is unlikely in the North-
east (de Brito, 1999). Therefore, if D. buzzatii had experi-
enced a recent northward expansion from Argentina we
would expect genetic polymorphism to taper out as we
move away from the source population into Brazil, but our
results indicate that this is not what happened. In fact we
found that D. buzzatii nucleotide diversity in the Northeast
Brazilian is the highest of all regions (almost twice as high
as in Southern Brazil) and that the most divergent
haplotypes occurred in the Northeast, both these observa-
tions being in conflict with a recent northward expansion.
Furthermore, nested clade analysis indicates that occupa-
tion of Northeastern Brazil was not achieved through a
range expansion, either recent or ancient.

The different neutrality tests indicate that populations
in Southeastern Brazil may have experienced population
size expansion or selective sweep, whereas background se-
lection in the South of Brazil indicates large population
sizes.

The combination of data from different methods sug-
gests that D. buzzatii was distributed through Brazil and
Argentina over much of the time period marked by the co-
alescence of present day mtDNA variation to its most re-
cent common ancestor. Populations in Argentina and in
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Northeastern Brazil became separated either by restricted
gene flow with isolation-by-distance or via a vicariant
event (suggested by the nested clade analysis). More re-
cently, these populations expanded back to Southeast and
central Brazil from southern populations (suggested by the
nested clade analysis and the neutrality tests). In a previous
publication (de Brito, 1999), we used the sudden popula-
tion expansion model of Rogers and Harpending (1992) to
infer that a population size expansion in Southeast Brazil
may have happened between about 105 to 154 thousand
years ago, suggesting that D. buzzatii populations have
been present in Brazil much earlier than the Holocene.

The existence of an earlier fragmentation in Brazilian
populations of D. buzzatii has been suggested by allozyme
studies (Barker et al., 1985) but not by chromosomal inver-
sion studies (Wasserman, 1962; Barker et al., 1985; Fi-
gueiredo and Sene 1992), in fact, a striking paucity of
chromosomal inversion polymorphisms has been observed
in Brazilian populations by Figueiredo and Sene (1992).
Populations in Southern Brazil show only two of 16 known
inversions for the species and no polymorphisms were de-
tected in the Northeast. This is even more remarkable con-
sidering that recently colonized areas such as Spain and
Australia (where a strong population bottleneck was con-
sidered to have occurred) show higher chromosomal poly-
morphism (Knibb and Barker, 1988; Fontdevila, 1989;
Hasson et al., 1991). Chromosomal inversions have been
shown to be associated with some ecological gradients not
only in D. buzzatii (Ruiz et al., 1986; Knibb and Barker,
1988; Hasson et al., 1991) but also in other Drosophila spe-
cies (Ayala et al., 1989). Therefore, their use to detect pop-
ulation substructure may be affected by the effects of
natural selection. Should this be the case, the lack of poly-
morphism in Brazilian populations may be more informa-
tive to the study of selective pressure on these inversions
than to the study of gene flow and population differentia-
tion.

Our results favor a pre-Holocene presence of D.
buzzatii in Brazil, not only because populations of D.
buzzatii in Northeastern Brazil show higher polymorphism
levels but also because of the indication of significant re-
stricted gene flow across most of the distribution of D.
buzzatii. Furthermore, estimates that an expansion in popu-
lation size in Southeast Brazil occurred at least 100 thou-
sand years ago indicates that the presence of D. buzzatii in
Brazil predates human colonization.

The two hypotheses (active and passive dispersal)
originally proposed to explain the occupation of Brazil by
D. buzzatii consider Argentina to be the center of origin of
the species. This assumption is mostly based on the fact that
most of the chromosomal variation found in natural popula-
tions of D. buzzatii occurs in Argentinean populations. The
results presented in this paper indicate that our data does
not support the passive dispersal hypothesis. The high poly-
morphism levels found in D. buzzatii populations occurring
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in the Northeast of Brazil, as well as the private allozyme
alleles found by Barker et al. (1985), suggests that D.
buzzatii was distributed throughout Argentina and Brazil,
and that the concept of an Argentinean center of origin for
D. buzzatii should be viewed with caution.
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