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1.  INTRODUCTION

Climate change has affected global biota, produc-
ing rapid evolutionary responses (Parmesan 2006,
Lavergne et al. 2010). Montane tropical biota are
believed to be particularly vulnerable to global
warm ing effects (Sheldon et al. 2011). Several long-
term studies on Drosophila inversion polymorphisms
have shown that changes in inversion frequencies
can be a valuable tool to monitor rapid genetic shifts
caused by climatic change (Stamenkovic-Radak et al.
2008, Balanyà et al. 2009, Levitan & Etges 2009,
Rodriguez-Trelles & Rodriguez 2010; for review see:
Hoffmann & Rieseberg 2008 and Rezende et al.
2010). None of these studies, however, addresses the
potential effects of climate change on a Drosophila
Neotropical species.

Drosophila mediopunctata belongs to the tripunc-
tata group in the subgenus Drosophila. This is the

second largest Drosophila group from the Neotropi-
cal region, comprising 79 species (Yotoko et al. 2003,
Hatadani et al. 2009, Bächli 2011).

This species has a wide distribution and has been
reported in many regions in Brazil, such as the south
where it is the most commonly collected species, and
in other places of South and Central America, espe-
cially at high altitudes (Saavedra et al. 1995).

Drosophila mediopunctata is an almost exclusively
forest dwelling species (rare or absent in Brazilian sa -
van nah [cerrado] and caatinga; see Tidon 2006, Mata
et al. 2010). It has 5 pairs of acrocentric chromosomes
and 1 pair of dot chromosomes that do not polytenize
(Kastritsis 1966), and is highly polymorphic for chro-
mosome inversions. The X chromosome has 3 inver-
sions, one of which is related to the sex− ratio trait
(Carvalho et al. 1989). Chromosome IV has 2 inver-
sions, and chromosome II has 17 gene arrange ments:
8 in the distal region (DA, DI, DP, DS, DV, etc.) and 9
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in the proximal region (PA0, PB0, PC0, PC1, etc.).
There is strong linkage disequilibrium between
inversions in the distal and proximal regions of the
second chromosome. Among the 72 possible combi-
nations of distal region and proximal inversions
found (Peixoto & Klaczko 1991, Ananina et al. 2002,
Klaczko 2006), ~90% of the total is represented by 5
haplotypes (DA-PA0, DI-PB0, DS-PC0, DP-PC0 and
DV-PC0). 

A natural population of Drosophila mediopunctata
from the Parque Nacional do Itatiaia, Rio de Janeiro
State, was investigated in the late 1980s, where an
altitudinal cline was detected for morphological traits
and inversion frequencies (Bitner-Mathé et al. 1995,
Bitner-Mathé & Klaczko 1999, Ananina et al. 2004).
Moreover, the frequencies of inversions DA, DP and
DS showed cyclical seasonal variation (Klaczko
2006). The frequency of DA (usually associated with
proximal arrangement PA0) increased in cold dry
months and decreased in warmer rainy months,
while pooled frequencies of DP and DS (both associ-
ated with PC0) showed an opposite pattern. Consis-
tently, this pattern was observed in an altitudinal
cline in which the frequency of DA showed a signifi-
cant positive correlation with altitude (r = 0.87, p <
0.01), while the pooled frequencies of DP and DS
showed a highly significant yet negative correlation
(r = –0.91, p < 0.001). Gene arrangement DI did not
show any seasonal variation or correlation with
either temperature or altitude. This pattern suggests
that natural selection is maintaining the observed
variation (Ananina et al. 2004, Klaczko 2006).

Hatadani & Klaczko (2008) showed that Drosophila
mediopunctata wing size and shape were influenced
by second chromosome karyotype, sex, and tempera-
ture under controlled laboratory conditions. They
also found evidence of interaction between kary-
otype and temperature on wing shape, suggesting
the existence of genotype-environment interaction
on this character, and that this interaction may be
correlated with temperature differences across sea-
sons. Thus, the genetic content of the inversions may
have accumulated different alleles adapted to differ-
ent temperatures. Similarly, Andrade et al. (2009)
showed that different chromosome karyotypes
affected not only wing shape, but also male genital
(aedeagus) morphology.

After >2 decades, new collections were carried out
at the Parque Nacional do Itatiaia in order to charac-
terize long-term changes in inversion frequencies
and to assess the possible effects from climatic
change, in particular the potential impact of global
warming on the inversion polymorphism of the

 second chromosome. We tested the hypothesis that,
after 2 decades, inversions associated with hot-rainy
weather (DS and DP) increased in frequency at the
expense of DA (DA being the inversion correlated
with cold-dry climate conditions).

2.  MATERIALS AND METHODS

2.1.  Drosophila mediopunctata samples

Between June 2007 and August 2010, 7 field trips
were carried out in the Parque Nacional do Itatiaia,
Rio de Janeiro, Brazil (22° 26’ S, 44° 37’ W). Our col-
lection strategy was designed to test the following
hypo theses: (1) if the current overall frequency of
gene arrangements was similar to those previously
described by Ananina et al. (2004), and if the overall
correlations with environmental variables were still
valid; we sampled different altitudinal points varying
among a total of 9 points (from 590 to 1190 m above
sea level, a.s.l., see Table A1 in Appendix 1) in each
of the 7 collections in different seasons; (2) if gene
arrangements DA, DS and DP were still significantly
associated to altitude; we sampled fly populations
from 7 different altitudes (from 590 to 1190 m a.s.l.,
Table A1) on one single occasion (cold-dry season
2009); and (3) if gene arrangements DA, DS and DP
were still cycling seasonally; 2 areas (sites at alti-
tudes of 750 and 950 m a.s.l.) were sampled on each
of the 7 collecting dates to avoid confounding the
effects of seasonal cycling and clinal variation of the
inversion frequencies.

Flies were collected over fermented banana baits
with entomological nets. They were then taken to the
laboratory for analysis.

2.2.  Cytological procedures and statistical analysis

Inversion frequency distributions were estimated
using the ‘egg sample’ and ‘male’ methods (Arnold
1981, Ananina et al. 2004). Wild caught males were
individually crossed with 3 virgin females from the
ITC-229-ET homokaryotypic strain, maintained at
16.5°C and reared on trimeveledon culture medium
(whole wheat flour, yeast, agar, sugar and powdered
milk, see Carvalho et al. 1989). From each cross, up
to 8 F1 larvae were karyotyped to infer the male par-
ent karyotype, which was used to estimate inversion
frequencies. The polytene salivary gland chromo-
somes of third instar larvae were prepared with 1N
HCl, and subsequently stained with lacto-acetic-

132



Batista et al.: Long-term variation of inversion frequencies

orcein, as described by Ashburner (1989). For the
‘egg sample’ method, one F1 larvae from each wild
caught female was analyzed and the observed kary-
otype used to estimate the inversion frequencies. For
each collection, the estimates of the 2 methods were
compared with a chi-square test (Table A2). Since no
case of significant difference was found, the frequen-
cies were pooled. We must note that when the num-
ber of individuals in one of the sexes was <5, we did
not test the differences; however, no relevant differ-
ence could be seen by visual inspection (data not
shown).

In 2009, during the fall collection, altitude was
measured with a GPS navigation device (Table A1).
Climatic variables were obtained from Resende
Auto matic Station; available data can be found at
www. agritempo.gov.br (accessed May 10, 2011). For
the analysis, the frequency of the arrangement DV
was pooled with the frequencies of DS and DP, since
they are all preferentially associated with PC0.

We compared the inversion frequencies with those
previously published (Peixoto & Klaczko 1991, Ana -
nina et al. 2004) using a chi-square test (Zar 2010).
Pearson’s correlation tests were performed to assess
associations between inversion frequencies (after
angular transformation, Zar 2010) and geographical
as well as climatic variables including altitude, tem-
perature and precipitation.

3.  RESULTS

3.1.  Long-term variation of the climatic variables

Fig. 1 shows the long-term variation for the maxi-
mum, minimum and mean temperatures over the last
3 decades. Positive and significant correlations
between years and mean as well as minimum tem-
peratures were observed (Tmean: r = 0.46, p = 0.0195;
Tmin: r = 0.62, p = 0.0009). Fig. 2 shows a marginally
significant trend of decreasing annual precipitation
in the region (r = –0.399, p = 0.048). If we remove the
outlier years 2006 and 2007 from the analysis, how-
ever, temporal changes in precipitation are no longer
significant (r = 0.318, p = 0.130).

3.2.  Temporal variation of the inversion 
frequencies

Table A1 shows second chromosome inversion fre-
quencies on different collecting dates at different al-
titudinal sites. Current average second chromosome

inversion frequencies (Table 1) were significantly
different from those in 1986 to 1988 (X2 = 74.97, p <
0.001). Unexpectedly, increases of DA and especially
of DI frequencies, as well as a decrease in the fre-
quencies of DS, DP and DV, were significant (Fig. 3).

Furthermore, we compared the average frequency
estimates for 2 different seasons: cold and dry (collec-
tions performed during fall and winter); hot and rainy
(collections performed during spring and summer).
To avoid confounding the effects of altitudinal clines
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with seasonal effects, only data from population sam-
ples at 950 and 750 m were considered, since these
populations were collected in every field trip. Fig. 4
shows that the frequencies of DA and the combined
frequencies of DS + DP + DV continued to show sea-
sonal variation as previously described in Ananina et
al. (2004). Also, DI did not show any noticeable sea-
sonal variation as previously described (Figs. 3 & A1).

3.3.  Clines and correlations

To assess if previously described altitudinal clines
were still present in these populations, we calculated
correlations of inversion frequencies with altitudes
from a single collecting date: fall 2009 (Fig. 5). The
DA gene arrangement no longer showed a signifi-
cant correlation with altitude (r = –0.12, p = 0.78), but
DS continued to show a significant negative correla-
tion (r = –0.71, p < 0.05) as previously found. Since DP
is now found in low frequencies, we pooled the data
for inversions DS, DP and DV, consistently finding a
significant and negative correlation with altitude
(r = –0.82, p = 0.013). Surprisingly, we also observed
a positive and significant correlation between DI and
altitude (r = 0.75, p = 0.032).

Correlations between inversion frequencies and
temperature as well as precipitation data from the
Resende climatic station (Table 2) were consistent
with previous results (Ananina et al. 2004): DA was
negatively correlated with temperature (but no
longer significant: r = –0.55, p = 0.20), as was precip-
itation (close to but not significant: r = –0.74, p =
0.055). While DS was positively and significantly cor-
related with these variables (temperature: r = 0.756,
p = 0.049; precipitation: r = 0.797, p = 0.032), no sig-
nificant correlations were detected between DI and
these climatic variables.

4.  DISCUSSION

The observed overall climatic changes in the re -
gion of the Parque Nacional do Itatiaia were consis-
tent with the effects of global warming as considered
by the Intergovernmental Panel on Climate Change
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OT: rare arrangements (DJ, DR, DT)

Inversions      Hot-rainy       Cold-dry             Overall 
                     season (%)     season (%)      frequency (%)

DA                      46.3                 57.0                     54.8
DI                        29.3                 29.9                     29.5
DS                       13.0                  4.1                       7.5
DP                        4.9                   2.9                       2.7
DV                       4.9                   4.5                       4.0
OT                       1.5                   1.6                       1.5
2N                       324                  314                     1178

Table 1. Drosophila mediopunctata. Chromosome II inver-
sion frequencies (%) of D. mediopunctata averaged over
seasons (data only from 750 and 950 m altitude areas) and
overall average for the 7 collections (overall frequency: data
pooled from all areas sampled) at Parque Nacional do Itati-
aia, Rio de Janerio. 2N: number of chromosomes analyzed.

OT: rare arrangements (DJ, DR, DT)
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(IPCC 2007). There was a clear trend in the increas-
ing averages of minimum temperatures; although
this was not apparent for maximum temperatures
(Easterling et al. 1997).

Long-term analyses of chromosomal inversion
poly morphisms in different Drosophila species have
shown changes in inversion frequencies associated
with recent climate change, suggesting that wide-
spread species may undergo adaptive shifts in
response to global warming (Hoffmann & Rieseberg
2008). In Australian D. melanogaster populations, the
In(3R)Payne inversion increased in frequency near
the equator, forming a latitudinal cline (Knibb et al.
1981). After ~20 yr, Anderson et al. (2005) and Umina
et al. (2005) showed frequency increase in this inver-
sion in all Australian populations, suggesting that
this was a direct response to global warming.

In Drosophila robusta, arrangements more fre-
quent in northern regions for different North Ameri-
can populations decreased in frequency while
‘southern’ gene arrangements increased in fre-
quency over the last 20 yr (Etges & Levitan 2008,
Levi  tan & Etges 2009). Rodríguez-Trelles & Rodrí -
guez (1998) showed O chromosomal arrangement
frequency changes in populations of D. subobscura
with temporal increases of southern arrangement
frequencies. Further, Balanyà et al. (2006) showed
that D. subobscura populations from 3 different con-
tinents evolved similar patterns in response to the
impact of global warming. Stamenkovic-Radak et al.
(2008) observed unexpected shifts in the chromo-
some polymorphism of D. subobscura where the ap -
pearance and stable maintenance of complex gene
arrangements were attributed to reduced effective
population sizes.

However, long-term temporal changes in inversion
frequencies have not been observed in all species
studied. North American populations of Drosophila
pseudoobscura showed no consistent variation over
60 yr (Schaeffer 2008 and citations therein); although
Schaeffer (2008) pointed out that in populations from
California: ‘one can speculate that environmental
changes were brought on by changes in agricultural
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Fig. 5. Drosophila mediopunctata. Altitudinal variation in
chromosomal inversion frequencies (proportions after an-
gular transformation). Solid lines: fall 2009 collection;
dashed lines: previous collections pooled (1986–1988); fre-
quencies of DA (trangles), DI (diamonds), DS+DP+DV
(squares). Pearson’s correlation coefficients (r) and p-values 

in bold are significant at 5% level

Inversions Temperature Precipitation
                                    r               p                  r             p

DA                          –0.548      0.202          –0.744     0.055
DI                            –0.390      0.386          0.076     0.871
DS                           0.756    0.049*        0.796   0.032*
DS + DP + DV        0.725      0.065          0.748     0.053
OT                           0.355      0.434          –0.101     0.829

Table 2. Drosophila mediopunctata. Pearson’s correlation
(r) be tween inversion frequencies and different climatic
variables. *Significant correlations. OT: rare arrangements 

(DJ, DR, DT)
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practice, in pesticide use, in air pollution, or global
warming’. Similarly, Indian populations of D. ananas-
sae have not shown any temporal variation in 20 yr of
monitoring chromosomal inversion frequencies
(Singh & Singh 2007).

In Itatiaia populations of Drosophila mediopunc-
tata, the DI gene arrangement showed significant
temporal changes in frequency. The frequency in -
creased nearly 7% from the previous (1986-88 collec-
tions) 22.4%, as opposed to DS, DP and DV, which
decreased ~10% from the previous 24.5% (Ananina
et al. 2004). This is an unexpected result, as DS and
DP gene arrangements previously showed a positive
correlation with temperature, while the gene
arrangement DI was not correlated to temperature
(Table 2; Ananina et al. 2004).

Santos et al. (2005) showed that the chromosomal
inversion polymorphism of Drosophila subobscura
favored at high laboratory temperatures was not nec-
essarily the same as the most common arrangements
in populations of D. subobscura at warmer latitudes.
This may be taken as evidence that the factors asso-
ciated with genetic shifts might be more complex
than a simple environmental variable and, perhaps,
other underlying biotic and abiotic factors might be
at work independently or interacting with each other,
thus influencing inversion frequencies.

Ananina et al. (2004) also described altitudinal
clines for DA, DS and DP, in which DA increased in
frequency in higher altitudinal populations; however,
DS and DP showed a contrary pattern. After 2 de -
cades, DS, DP, DV maintained the same pattern with
a highly significant negative correlation with alti-
tude. The DI inversion, on the other hand, showed a
significant positive altitudinal cline, while DA was
not correlated with altitude (Fig. 5). These puzzling
findings must be further investigated.

In contrast, seasonal variation of the gene arrange-
ments was still present in our most recent collections.
Inversion DA continues to show seasonal variation,
in creasing in frequency in the cold and dry season,
while DS, DP and DV decreased in frequency. Re -
peated seasonal cycles of changes in inversions fre-
quencies provide the clearest and least equivocal
evidence of strong selection acting on inversion poly-
morphism in natural populations (Krimbas & Powell
1992, Powell 1997). Bradshaw & Holzapfel (2008)
suggested that consequences of climate change will
be longer warm seasons and shorter winters, causing
phenological shifts in temperate zone organisms.
Such shifts may have greater genetic consequences
from factors other than merely temperature changes.
Climate change in the neotropical region involves

warmer and drier winters and hotter summers with
torrential rains influenced by other climatic phenom-
ena such as ‘El Niño’ (Ab’Saber 2009). Nevertheless,
these changes in climate seem to have had little
effect on the seasonal cycles of Drosophila medio -
punctata gene arrangement frequencies.

The observed changes in Drosophila mediopunc-
tata chromosomal inversion frequencies over the last
20 yr may reflect responses to (1) climatic changes
of abiotic factors, e.g. temperature, humidity, etc.
(Chown et al. 2011); (2) changes in flora and fauna
composition (Lavergne et al. 2010, Sheldon et al.
2011) as a result of an improvement of public policies
to ward park preservation; and climatic changes,
such as global warming, affecting the distribution of
species along the elevation gradient and, conse-
quently, the community structure (driven by compe-
tition and predation); (3) changes in the genetic con-
tent of each inversion; (4) modifications of the
demographic structure of the population with a pos-
sible effect of ge ne tic drift  (Stamenkovic-Radak et al.
2008, Joubert & Bijlsma 2010, Hoffmann & Sgrò
2011).

Our results show that the chromosome polymor-
phism of Drosophila mediopunctata changed in un -
expected ways over the last 25 yr concomitant with
climate change in the region of Parque Nacional do
Itatiaia. Moreover, these observed changes in cli-
mate may have affected morphological traits in these
populations; whether these changes were consistent
with previous observations (Bitner-Mathé et al. 1995,
Bitner-Mathé & Klaczko 1999) remains an unre-
solved issue. Further studies assessing the geograph-
ical variation and the genetic structure of the popula-
tion using molecular markers may aid in clarifying
the observed pattern.
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Inv         1190   1130   1100   1070    950     900     800     750     590    Total

June 1–4, 2007; C-D
DA                               66.7               52.9                           57.1               57.4
DI                                 33.3               41.2                           35.7               37.2
DS                                  0                     2.9                             2.4                 2.1
DP                                  0                     0                                0                     0
DV                                 0                     2.9                             4.8                 3.2
OT                                  0                     0                                0                     0
2N                                18                   34                              42                   94

February 22–26, 2008; H-R
DA                               41.7               31.8                           52.6               44.4
DI                                 41.7               40.9                           26.3               33.3
DS                                  8.3               18.2                           18.4               16.7
DP                                  8.3                 4.5                             0                     2.8
DV                                 0                     4.5                             2.6                 2.8
OT                                  0                     0                                0                     0
2N                                12                   22                              38                   72

November 19–24, 2008; H-R
DA                               65.2               48.4                           44                   53.3
DI                                 29.3               25                              29.8               28.3
DS                                  0                   12.5                           14.3                 8.3
DP                                  0                     6.3                             7.1                 4.2
DV                                 3.3                 6.3                             2.4                 3.8
OT                                  2.2                 1.6                             2.4                 2.1
2N                                92                   64                              84                 240

March 10–16, 2009; H-R
DA                               46.7               43.8                           35.4               40.4
DI                                 30                   25                              33.3               30.9
DS                                16.7                 6.3                           14.6               13.8
DP                                  0                     6.3                             8.3                 5.3
DV                                 3.3                 6.3                             8.3                 6.4
OT                                  3.3               12.5                             0                     3.2
2N                                30                   16                              48                   94

May 30–June 5, 2009; C-D
DA         57.7    50                   59.5    61.7    63.9    64.8    47.8    59.7    58.9
DI           34.6    40.9               31       28.3    25       24.1    30.4    24.2    28.4
DS           0         0                     7.1      5         5.6      5.6      6.5      6.5      5.2
DP           3.8      0                     2.4      1.7      0         1.9      4.3      3.2      2.3
DV           0         9.1                 0         3.3      5.6      3.7      8.7      4.8      4.3
OT           3.8      0                     0         0         0         0         2.2      1.6      0.9
2N         26       22                   42       60       36       54       46       62     348

March 3–5, 2010; H-R
DA           0       58.8               54.8    59.4    66.7               60                   58.2
DI             0       23.5               26.2    34.4    16.7               20                   26.1
DS           0         8.8                 9.5      3.1    16.7               10                     8.2
DP           0         0                     0         0         0                     0                     0
DV           0         5.9                 4.8      3.1      0                   10                     5.2
OT           0         2.9                 4.8      0         0                     0                     2.2
2N                     34                   42       32         6                   20                 134

August 23–27, 2010; C-D
DA                                           51.9    64                              50       40       56.1
DI                                             38.9    19.8                           37       30       29.6
DS                                             7.4      3.5                             4.3    30         6.1
DP                                             1.9      5.8                             2.2      0         3.6
DV                                             0         3.5                             4.3      0         2.6
OT                                             0         3.5                             2.2      0         2
2N                                           54       86                              46       10     196

Table A1. Drosophila mediopunctata. Second chromosome inversion frequen-
cies (%) of D. mediopunctata from 7 collections at sites with different altitudes
(m), at Parque Nacional do Itatiaia, Rio de Janeiro. 2N: number of chromo-
somes analyzed; C-D: cold-dry season; H-R: hot-rainy season. Inv: Inversions; 

OT: rare arrangements; 2N: number of chromosomes analyzed



Clim Res 53: 131–140, 2012140

Collections                                Alt (m) N        df       χ²
                                                                 f   m
                                                        
June 1–4, 2007; C-D                  1100      4    5                 
                                                     950      10   7      1      2.84
                                                     750       4   30                

February 22–26, 2008; H-R      1100      4    4                 
                                                     950      11   0                 
                                                     750      16   3                 

November 19–24, 2008; H-R    1100     30  32     1      0.16
                                                     950      20  12     1      0.06
                                                     750      20  22     2      4.53

March 10–16, 2009; H-R           1100      0   15                
                                                     950       0    8                 
                                                     750       0   24                

May 30–June 5, 2009; C-D       1190      3   10                
                                                    1130      5    6      1      2.89
                                                    1070      6   15     1      1.79
                                                     950       9   21     1      0.11
                                                     900       9    9      1      2.84
                                                     800      15  12     1      1.79
                                                     750      11  12     1      0.11
                                                     590      12  19     1      2.84
March 3–5, 2010; H-R               1130     10   7      1      0.77
                                                    1070      7    9      1      0.20
                                                     950       6   10     1      0.70
                                                     900      10   3                 
                                                     750       5    5      1      3.33

August 23–27, 2010; C-D          1070      9   18     1      0.92
                                                     950      20  23     1      2.37
                                                     750       7   16     1      0.41
                                                     590       5    6      1      1.56

Table A2. Drosophila mediopunctata. Number of flies ana-
lyzed at different altitudes (Alt) on each collection occasion.
N: number of female (f) and male (m) adults karyotyped;
Seasons — C-D: cold-dry; H-R: hot-rainy. All χ² values are
non-significant (p > 0.05). Tests were carried out only for
samples where the number of males and females was >5
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