
SHORT- AND LONG-TERM CHANGES IN CHROMOSOMAL INVERSION 1 

POLYMORPHISM AND GLOBAL WARMING: DROSOPHILA SUBOBSCURA 2 

FROM THE BALKANS  3 

 4 

Goran Zivanovic1, Conxita Arenas2 and Francesc Mestres3 5 

 6 

1Department of Genetics, Institute for Biological Research “Sinisa Stankovic” 7 

University of Belgrade, Serbia. 8 

2Departament d’Estadística, Universitat de Barcelona, Barcelona, Spain. 9 

3Departament de Genètica, Universitat de Barcelona, Barcelona, Spain. 10 

 11 

Corresponding author: 12 

Goran Zivanovic 13 

Department of Genetics, Institute for Biological Research “Sinisa Stankovic”, University 14 

of Belgrade, Bulevar Despota Stefana 142, 11000 Belgrade, Serbia 15 

 16 

Phone: (38111) 2764422 17 

FAX: (38111) 2761433 18 

E-mail: goranziv@ibiss.bg.ac.rs  19 

 20 

Running title: Chromosomal polymorphism changes and global warming  21 



 2

ABSTRACT 22 

The chromosomal inversion polymorphism of Drosophila subobscura is adaptive to 23 

environmental changes. The Serbian population of Petnica was chosen to analyze short- 24 

and long-term changes in this polymorphism. Short-term changes were studied in the 25 

samples collected in May, June and August of 1995. The inversion polymorphism varied 26 

over these months, although various interpretations are possible. To analyze long-term 27 

changes, samples obtained in May 1995 and May 2010 were compared. The frequency of 28 

the “cold” adapted inversions (Ast, Jst, Ust, Est and Ost) decreased and that of the “warm” 29 

adapted inversions (A2, J1, U1+2 or O3+4) increased, from 1995 to 2010. These changes are 30 

consistent with the general increase in temperature recorded in Petnica for the same 31 

period. Finally, the possible response of chromosomal polymorphism to global warming 32 

was analyzed at the regional level (Balkan peninsula). This polymorphism depends on the 33 

ecological conditions of the populations, and the changes observed appear to be 34 

consistent with global warming expectations. Natural selection seems to be the main 35 

mechanism responsible for the evolution of this chromosomal polymorphism. 36 

 37 

 38 
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INTRODUCTION 43 

The impact of increasing atmospheric temperature on the thermal performance of 44 

organisms is a direct biological consequence of climate change which can be evaluated 45 

on a global scale (Deutsch et al., 2008). As a consequence of global warming, heritable 46 

changes in populations of animals as diverse as birds, squirrels and mosquitoes have been 47 

produced (Bradshaw and Holzapfel, 2006; Parmesan, 2006). The magnitude of this 48 

phenomenon has been monitored: temperature is now 0.6ºC higher than in the past three 49 

decades and 0.8ºC higher than in the past century (Hansen et al., 2006; Heerwaarden and 50 

Hoffmann, 2007). These observations are in accordance with the fact that many animals 51 

and plants are able to adapt very fast to variations in environmental conditions (Endler, 52 

1986). In order to study the changes in genetic composition due to environmental 53 

conditions, chromosomal inversion polymorphism in Drosophila genus is considered an 54 

excellent model system (reviewed by Sperlich and Pfriem, 1986; Krimbas and Powell, 55 

1992; Powell, 1997). Widespread generalist species such as Drosophila melanogaster 56 

and Drosophila subobscura, which present short generation times and rapidly develop 57 

phenotypic and genotypic clines, appear to be outstanding candidates as sensitive 58 

indicators of changes in genetic composition in response to global warming 59 

(Heerwaarden and Hoffmann, 2007; Balanyà et al., 2009). Genes located within 60 

Drosophila chromosomal inversions are considered to be coadapted complexes 61 

(Dobzhansky, 1970), and these complexes are associated with a variety of traits including 62 

those involved in climate adaptation (Hoffmann and Rieseberg, 2008). This conclusion 63 

was based on recent results: long-term fate of chromosomal inversion polymorphism of 64 

D. melanogaster in Australia (Anderson et al., 2005; Umina et al., 2005), D. robusta in 65 
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North America (Levitan and Etges, 2005) and D. subobscura in Europe and America 66 

(Rodríguez-Trelles and Rodríguez, 1998; Solé et al., 2002; Balanyà et al., 2004, 2006, 67 

2009). The latter species is especially useful as a model organism for climate adaptation 68 

studies. D. subobscura is characterized by its very rich chromosomal inversion 69 

polymorphism, with 67 different inversions distributed in 93 chromosomal arrangements 70 

(Krimbas, 1992, 1993). For most of them, the frequencies vary clinally with latitude 71 

(Krimbas and Loukas, 1980; Prevosti et al., 1988; Menozzi and Krimbas, 1992; Krimbas, 72 

1993). Of the five acrocentric chromosomes that constitute the species karyotype, O 73 

chromosome (the longest which is homologous to the 3R chromosome arm of D. 74 

melanogaster and the second chromosome of D. pseudoobscura) is the most 75 

polymorphic, with about 40 natural chromosomal arrangements (Krimbas, 1992, 1993). 76 

D. subobscura is a wild species that is found in woods, at the edge of woods and in urban 77 

areas (Krimbas, 1993) so, it may be influenced by human activity. It is generally accepted 78 

that anthropogenic influences have led to global warming at the global scale (Seneviratne 79 

et al., 2012), and most species (including D. subobscura) seem to have the potential to 80 

survive future human-induced climate change (Dynesius and Jansson, 2000). In a 81 

previous study, we examined a swamp population of D. subobscura unaffected by human 82 

activity (Apatin, Serbia), and thus, no human buffer effect of climate was present 83 

(Zivanovic and Mestres, 2011a). In this population, results of long-term climatic change 84 

(15 years between the samples) clearly showed that chromosomal inversions adapted to 85 

warmer conditions and that the population became more “southern” with regard to 86 

inversion polymorphism composition.  87 
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Our aim was to analyze the D. subobscura chromosomal inversion polymorphism 88 

and climatic data from another Balkan population, because this region presents a different 89 

chromosomal inversion composition and climatic pattern (Menozzi and Krimbas, 1992; 90 

Zivanovic, 2007; Araúz et al., 2009; Zivanovic and Mestres, 2010a, 2010b, 2011a) than 91 

Western Europe, the most studied Palearctic region with regard to these topics (Solé et 92 

al., 2002; Balanyà et al., 2004, 2006, 2009). Moreover, this region has the additional 93 

interest that it was a continental refuge for both animals and plants during the last 94 

glaciation period (Taberlet et al., 1998; Hewitt, 1999, 2000; Heckel et al., 2005). We 95 

chose the Petnica population (at continental part of Balkan peninsula, Serbia), which was 96 

studied in depth for chromosomal inversion polymorphism fifteen years ago (1995) in 97 

May (unpublished), June (Zivanovic et al., 2002) and August (unpublished). Our first 98 

objective was to present and reanalyze these data to carry out a short-term monthly study. 99 

In D. subobscura, it is well documented that the O chromosome shows different degrees 100 

of seasonality for different arrangements: Ost, O3+4, O3+4+7 and O3+4+8 (for a recent review 101 

see Zivanovic and Mestres, 2010b). These arrangements were also significantly 102 

associated with the seasonal variation of the climate – temperature, rainfall, humidity and 103 

insolation (Rodríguez-Trelles et al., 1996). We attempted to ascertain whether the 104 

inversion chromosomal polymorphism reacts to climate changes in a short period of time, 105 

as monthly variation in the same season. Furthermore, we examined long-term changes in 106 

chromosomal polymorphism by comparing samples collected from exactly the same site 107 

in May 1995 and in May 2010, taking special care to revise calendar and climatology 108 

data. Finally, chromosomal inversion polymorphisms in Petnica samples were also 109 

compared with those of other D. subobscura populations in Serbia and Montenegro 110 
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studied over the last twenty years (Zivanovic et al., 1995, 2002; Zivanovic, 2007; 111 

Zivanovic and Mestres, 2010a, 2010b, 2011a) to ascertain general patterns of these 112 

polymorphisms in this Balkan region and their potential relationship with environmental 113 

conditions including climatic change.  114 

 115 

MATERIAL AND METHODS 116 

POPULATION SAMPLES AND CHROMOSOMAL PREPARATION   117 

Drosophila subobscura flies were collected in a dense horn-beam wood (Carpinus 118 

betulus) in Petnica (44º14´N/19º55´E, approximately 100km SW of Belgrade). 119 

Meteorological data for Petnica were recorded using the values registered from near the 120 

town of Valjevo by the Republic Hydrometeorological Service (Serbia). Samples were 121 

collected between 14-17 May 2010 from the same place that had been sampled fifteen 122 

years earlier (1995):  between 24-26 May, on 28 June and on 5 August. To compare May 123 

2010 and May 1995 samples, they were collected 2.5 days earlier per decade, because 124 

spring/summer has advanced an average of 2.5 days per decade in Europe (Menzel et al. 125 

2006). Unfortunately, trapping on precise days limited the sample size obtained. We have 126 

used both wild males and sons of wild females (only one son per wild female) for the 127 

chromosomal inversion polymorphism analysis of Petnica (May 2010). However, for the 128 

analysis of previous samples only wild males (May 1995, June 1995) and male offspring 129 

of wild females (August 1995) were used. In the latter case, only one son per wild female 130 

was used. Males were individually crossed with virgin females of the Kussnacht strain, 131 

which is homokaryotypic for standard chromosomal arrangements in all five 132 

chromosomes. The polytene chromosomes were stained and squashed in aceto-orcein 133 
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solution. At least eight larvae from the progeny of each cross were examined. For the 134 

cytological analysis of chromosomal arrangements, the Kunze-Mühl and Müller (1958) 135 

chromosome map was used.  The designation of chromosomal arrangements followed 136 

that of Kunze-Mühl and Sperlich (1955).  137 

  The chromosomal polymorphisms of Petnica were compared with those found in 138 

other Balkan populations: Jastrebac (June 1990, June 1993 and June1994) (Zivanovic et 139 

al., 1995), Apatin (June 1994, June 2008+2009) (Zivanovic et al., 2002; Zivanovic and 140 

Mestres, 2011a), Kamariste (June 1996) (Zivanovic et al., 2002), Zanjic (June 1997) 141 

(Zivanovic et al., 2002), Djerdap (June 2001, August 2001 and June 2002) (Zivanovic, 142 

2007) and Avala (September 2003, June 2004, September 2004 and September 2005) 143 

(Zivanovic and Mestres, 2010a, 2010b). The geographical location of these populations is 144 

presented in Figure 1. All these populations are situated in a region comprised between 145 

45º40’N and 42º24’N of latitude and 18º37’E and 21º20’E of longitude. Climatic 146 

information was obtained from the Republic Hydrometeorological Service (Serbia). 147 

 All strains, stocks and crosses were kept at 19○C. Flies were fed a standard 148 

cornmeal-sugar-agar-yeast medium and kept at 60% relative humidity under a 12 h/12 h 149 

light/dark cycle. 150 

  151 

STATISTICAL ANALYSES 152 

Departure from expectations of chromosomal arrangements and observed karyotypes 153 

frequencies was tested by χ2 test contingency tables. In the population analyzed, the 154 

index of free recombination (IFR) was used to measure the degree of chromosomal 155 

inversion polymorphism (Carson, 1955). For analyzing the temperature changes along 156 
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years we have carried out time series analyses (Box et al., 1994; Chatfield, 1996; 157 

Brockwell and Davis, 2002). Time series are data collected over time; in our case are 158 

yearly values of temperatures (maximum, minimum and mean). An important step is 159 

trend identification, that is, to estimate whether data present a long-term increase or 160 

decrease. The first step in the process of trend identification is smoothing. The most 161 

common technique is moving average smoothing which replaces each element of the 162 

series by either the simple average of k surrounding elements, where k is the smoothing 163 

window (see Velleman and Hoaglin, 1981; Box et al., 1994). After smoothing, data series 164 

can be adequately approximated by an appropriate function. In our case, we consider a 165 

smoothing window equal to k=3, which has the interpretation of a three year period. 166 

In order to compare the inversion polymorphism of Petnica with those from other Balkan 167 

populations, a principal coordinate analysis was computed following Balanyà et al. 168 

(2004, 2006) and Mestres et al. (2009). In our case, we had 18 populations and studied 169 

the five chromosomes of D. subobscura karyotype (A, E, J, O and U). To reduce possible 170 

“noise” due to seasonal effects, we repeated the analysis using only those populations 171 

sampled in June. In this case, the principal coordinate analysis was carried out using data 172 

from 11 populations. Moreover, a principal component analysis was computed using the 173 

climatic data available for the period and location in which these populations were 174 

sampled (maximum, minimum and mean temperatures and rainfall). All these analyses 175 

were carried out using STATISTICA 9.0 software (StatSoft, Tulsa, OK). Finally, the 176 

similarities and relationships between the Balkan populations were analyzed using a 177 

cluster procedure. It is known that different clustering problems need different 178 

approaches to achieve the best results (Krzanowski 1993). Irigoien et al. (2010) showed 179 
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that the GEVA-Ward clustering gives the best results for chromosomal polymorphism 180 

data, even better than those obtained by standard hierarchical clustering. For this reason, 181 

we used GEVA-Ward clustering to carry out two cluster analyses: one for the 18 and the 182 

other for the 11 populations described above.   183 

 184 

RESULTS 185 

The frequencies of chromosomal arrangements observed in Petnica in May 1995, June 186 

1995, August 1995 and May 2010 are shown in Table 1. As commented in the 187 

Introduction, only data from Petnica in June 1995 have been published (Zivanovic et al., 188 

2002). With regard to short-term changes, when comparing all three 1995 samples (May 189 

vs. June; May vs. August; June vs. August) significant differences were observed for 190 

some J and E chromosomal arrangements, whereas a trend was detected for some of the 191 

arrangements on the O chromosome. The Jst chromosomal arrangement showed a 192 

significant decrease during June, comparing to May (χ2 = 4.55; p = 0.0329; df = 1, with 193 

Yates’ correction). However, the frequency of Jst increased in August. Furthermore, Est 194 

chromosomal arrangement showed a trend of frequency increase during August, 195 

comparing to May (χ2 = 3.41; p = 0.0648; df  = 1, with Yates’ correction) and it is 196 

significant in June (χ2 = 8.0; p = 0.047; df = 1, with Yates’ correction), while E1+2+9 197 

showed a trend of frequency decrease when comparing May to August (χ2 = 3.28; p = 198 

0.0708; df = 1, with Yates’ correction) and June to August (χ2 = 3.58; p = 0.0584; df = 1, 199 

with Yates’ correction). Finally, Ost arrangement showed a non significant frequency 200 

decrease during August, comparing to May (χ2 = 2.16; p = 0.1419; df = 1, with Yates’ 201 
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correction). Furthermore, O3+4 and all the other O3+4+x chromosomal arrangements 202 

derived from O3+4 (O3+4+1, O3+4+2, O3+4+8, O3+4+22) showed a trend of frequency increase 203 

during August compared with May (χ2 = 2.88; p = 0.0896; df=1, with Yates’ correction).  204 

In the long-term analysis, a total of seventeen different chromosomal 205 

arrangements were observed between the old (May 1995) and new (May 2010) samples. 206 

Several particular chromosomal inversions found in May 1995 (O6 and O22) were not 207 

present in May 2010. Also, some chromosomal arrangements like U1+8+2, E1+2+9+12, 208 

O3+4+8, not found in May 1995 were detected in May 2010 (Table 1). We found 209 

significant difference in four U chromosomal arrangement frequencies between May 210 

1995 and May 2010 (χ2 = 11.66; p = 0.0086; df = 3). A comparison of five E 211 

chromosomal arrangement frequencies between May 1995 and May 2010 did not show 212 

significant differences (χ2 = 8.83; p = 0.0656; df = 4). For the O chromosome, we also 213 

found significant differences in eight arrangement frequencies between May 1995 and 214 

May 2010 samples (χ2 = 14.89; p = 0.0374; df = 7). The Ost arrangement showed a non 215 

significant frequency decrease between May 1995 and May 2010 (χ2 = 2.49; p = 0.1145; 216 

df = 1, with Yates’ correction). Finally, O3+4 and all the other O3+4+x chromosomal 217 

arrangements derived from it (O3+4+1, O3+4+2, O3+4+8, O3+4+22) showed a trend of increases 218 

in frequency (χ2 = 3.25; p = 0.0714; df = 1, with Yates’ correction) in the period May 219 

1995 vs. May 2010. 220 

The frequencies of the chromosomal karyotypes observed for the Petnica 221 

population are shown in Table 2. The May 2010 sample did not present a significant 222 

deviation from Hardy-Weinberg equilibrium for any of the chromosomes:  J (χ2 = 0.0; p 223 
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= 1.0; df = 1, with Yates’ correction), U (χ2 = 0.77; p = 0.8566; df = 3), E (χ2 = 6.44; p = 224 

0.2657; df = 1) and O (χ2 = 8.98; p = 0.1098; df = 5). However, an excess of some E 225 

(Est/E1+2; Est/E1+2+9+12; E1+2+9/E8) and O (Ost/O3+4; Ost/O3+4+2; O3+4/O3+4+8; O3+4/O3+4+22) 226 

karyotypic combinations was observed. When comparing all three 1995 samples (May vs. 227 

June; May vs. August; June vs. August) monthly differences in frequencies were 228 

observed for some J, U, E and O chromosomal karyotypes. Between May and June, Jst/J1 229 

showed a trend of decrease (χ2 = 3.17; p = 0.0751; df = 1, with Yates’ correction), while 230 

J1/J1 had a significant increase (χ2 = 4.55; p = 0.0328; df = 1, with Yates’ correction). 231 

U1+2/U1+2 presented a trend of increase in August, with regard to May (χ2 = 3.04; p = 232 

0.0815; df = 1, with Yates’ correction) and June (χ 2 = 2.89; p = 0.0892; df = 1, with 233 

Yates’ correction), while U1+2/U1+2+6 showed significant decrease during August with 234 

respect to May (χ2 = 4.02; p = 0.0451; df = 1, with Yates’ correction). Furthermore when 235 

comparing August to June, Est/Est showed a trend of increase (χ2 = 2.89; p = 0.0892; df = 236 

1, with Yates’ correction). Finally, O3+4/O3+4+1 showed significant increase (χ2 = 4.76; p = 237 

0.0291; df = 1, with Yates’ correction) in June with regard to May. 238 

In the old sample (May 1995), 31 different karyotypes were found compared to 28 239 

found in the new (May 2010), and 23 karyotypes were found in both samples. 240 

Furthermore, 8 karyotypes observed in May 1995 were not observed in May 2010, while 241 

5 karyotypes from May 2010 sample were not present in May 1995. When comparing 242 

May 1995 and May 2010 samples, non significant differences for U karyotype 243 

frequencies were observed (χ2 = 12.01; p = 0.0618; df = 6). However, U1+2/U1+8+2 and 244 

U1+2+6/U1+8+2 appeared for the first time in May 2010. The E chromosomal karyotypes did 245 
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not show significant differences in frequency (χ2 = 15.77; p = 0.1064; df = 10). However, 246 

Est/E1+2+9+12 and E1+2+9+12/E8 were observed for the first time in May 2010. No significant 247 

differences were found for O karyotypes between the May 1995 and the May 2010 (χ2 = 248 

20.64; p = 0.1112; df = 14), but O3+4/O3+4+8 was detected in the May 2010 sample (with a 249 

frequency of 14.8%) and was absent in the May 1995 sample. 250 

The index of free recombination (IFR) for the Petnica sample of May 2010 was 251 

78.72±1.84. This value is slightly lower than those obtained fifteen years ago: 81.66±1.18 252 

(May 1995), 80.83±1.31 (June 1995), 84.22±1.84 (August 1995), with a mean of 253 

81.86±0.79. These values fit well with the expectations of a population located in the 254 

central area of D. subobscura distribution and slightly increase (about 4%) of the amount 255 

of inversion polymorphism can be deduced for the May 2010 sample (Krimbas and 256 

Loukas, 1980; Krimbas and Powell, 1992; Krimbas, 1993).  257 

Meteorological data for Petnica in the three 1995 months are showed in Table 3. 258 

The maximum, minimum and mean temperatures increased in May, June and August 259 

1995. However, the rainfall peaked in June. For the long-term changes in meteorological 260 

data (Table 4), the average maximum, minimum and mean temperatures for May 2010 261 

(22.1ºC, 11.9ºC and 16.7ºC) were higher than those recorded in May 1995 (21.4ºC, 262 

10.2ºC and 15.7ºC). However, it is worth to study their variation along years. The time 263 

series analyses carried out indicates that for Min. T (Figure 2a) the lineal trend has a 264 

sloop of 0.085, presenting a significant increasing tendency (p-value = 0.027). For Max. 265 

T (Figure 2b), the lineal trend has a sloop of 0.054, showing an increasing tendency 266 

although it is not significant (p-value = 0.337). Finally, for Mean T (Figure 2c) the lineal 267 

trend has a sloop of 0.062, presenting an increasing tendency, but not significant (p-value 268 
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= 0.197). These temperature increases are small (but in the case of Min. T significant) as 269 

expected by the period of time studied (fifteen years) and the order of magnitude of 270 

global warming, as explained in the Introduction. Additionally, the average of Petnica’s 271 

mean temperatures in the period May 2003 – May 2010 was 0.3 ºC warmer than in May 272 

1995 – May 2002. Also, from 1995 some heat waves were recorded: the well documented 273 

event of 2003 (Schar and Jendritzky, 2004; Seneviratne, et al., 2012) and other smaller 274 

waves as 2000, 2002 and 2009, a phenomenon also described (Kuglitsch et al., 2010). It 275 

is worth to note that the Western Europe heat wave of 2006 (Fouillet et al., 2008) had a 276 

small effect in Petnica, as expected (Table 4). Finally, the rainfall pattern along these 277 

years presents intense droughts with some episodes of heavy rain, as expected by the 278 

global climatic change in Southern Europe (Christensen et al., 2007; Wentz et al., 2007). 279 

In summary, all results are consistent with global warming predictions (Houghton, 2005; 280 

Seneviratne, et al., 2012).  281 

According to the results of the multivariate principal coordinate analysis the 18 282 

Balkan populations analyzed are not distributed at random (Figure 3). The first, second 283 

and third axes explain 24.07%, 19.70% and 14.04% of the variability, respectively. Taken 284 

together they explain 57.80% of the variability. From Figure 3a, it seems that Apatin and 285 

Jastrebac populations are differentiated from the others, possibly due to their particular 286 

ecological environments (Zivanovic et al., 1995; Zivanovic and Mestres, 2011a). The 287 

remaining populations are not well defined at the two-axes level, but better resolution is 288 

observed when the third dimension is used (Figure 3b). In this case, there are two groups 289 

of populations: those from the 1990’s and those from 2000’s (Jastrebac June 1990 is far 290 

apart from both groups). In spite of the fact that only 4 years elapsed from the last sample 291 
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taken during the 1990’s (Zanjic June 1997) to the first of the 2000’s (Djerdap August 292 

2001), at least one heat-wave occurred in the Balkans in this period. It is worth paying 293 

special attention to the climatic data for the populations used in these analyses (Table 5). 294 

In general, when comparing one population in the same month but in different years, a 295 

light increment in temperatures (maximum, minimum and mean) are detected in the new 296 

samples (the cases of Apatin, Avala and Jastrebac). The cluster analysis agrees with the 297 

principal component analysis because there is a clear division into two large groups 298 

(Figure 4a). All the populations in the first group were collected during the 1990’s (with 299 

the exception of Avala September 2004), whereas the second group contains all the 300 

samples from the 2000’s (with the exceptions of Petnica August 1995 and Zanjic June 301 

1997).  These latter populations are associated with higher temperatures, which may 302 

explain why their chromosomal polymorphism resembles that from the 2000’s: the 303 

sample from Petnica was collected in August 95 (Table 3), and Zanjic is located at a 304 

lower latitude (Figure 1), in which the climate is warmer (Zivanovic et al., 2002). To 305 

avoid the seasonal effect, the same study was repeated with all samples collected in the 306 

same month, June (11 populations). In the principal coordinate analysis (Figure 5), the 307 

first, second and third axes explain 32.33%, 27.11% and 14.10% of the variability, 308 

respectively. All axes together explain 73.54% of the variability. In the two dimensions 309 

plot (Figure 5a) four groups can be seen: one with Apatin samples, another with Jastrebac 310 

1990 sample, the third contains the remaining 90’s samples (Jastrebac 1993 and 1994, 311 

Petnica 1995, Kamariste 1996 and Zanjic 1997) and the last one contains samples from 312 

the 2000’s (Avala 2005 and Djerdap 2001 and 2002). The Apatin population has 313 

particular ecological conditions, as described in Zivanovic and Mestres (2011a) and 314 
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Jastrebac 1990 is an outlier. When analyzing the three dimensional plot (Figure 5b), there 315 

are two main groups: one containing 2000’s populations (Apatin 2008+2009, Djerdap 316 

2001 and Djerdap 2002) and Petnica 1995, whereas the second has the 1990’s samples 317 

(Kamariste 1996, Petnica 1995, Jastrebac 1993 and 1994, Apatin 1994, Zanjic 1997). 318 

Only Jastrebac 1990 are clearly separated from both groups. Thus, the general pattern is 319 

similar to that obtained using two dimensions. The cluster analysis (Figure 5b) is 320 

interesting because both collections from Apatin are separated first, probably due to the 321 

ecological conditions. In a second division, Jastrebac 1990 (considered an outlier in the 322 

principal component analysis) forms another branch. Finally, two groups remain: one 323 

with the 2000’s samples (Avala 2004, Djerdap 2001 and 2002) and Zanjic 1997 324 

(probably due to its ecological characteristics previously described) and the other with the 325 

1990’s collections (Petnica 1995, Kamariste 1996, Jastrebac 1993 and 1994). These 326 

results should also to be interpreted taking into account the analysis of the climatic data. 327 

In the principal component analysis (Figure 6), the first and second axes explain 67.27% 328 

and 23.17% of the variability, respectively (both axes together accounts for 90.44% of the 329 

variability). The first component explains the differences in temperature and rainfall: 330 

moving to the right temperature and dryness increase. For instance, this effect can be 331 

observed from the Petnica samples of 1995 (May, June and August). The temporal 332 

variation in climate is observed between Petnica samples of May 1995 and May 2010. As 333 

expected, Zanjic is located to the right of the graph, as well as the August sample from 334 

Djerdap. Furthermore, collections of this latter population taken in June (2001 and 2002) 335 

are situated more to the left. The sample from Avala (June 04) is to the right of the 336 

samples from the same population taken in September. A small differentiation according 337 
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to the first axis is observed for both samples from Apatin (June 94 and June 08+09). In 338 

summary, the climate pattern of these Balkans populations agrees quite well with the 339 

global warming model.  340 

 341 

DISCUSSION 342 

The adaptive value of chromosomal inversion polymorphism has been extensively 343 

demonstrated. The fast establishment of latitudinal clines both in North and South 344 

America soon after the beginning of colonization and in the same manner as those 345 

described in the Palearctic region is key evidence (Prevosti et al., 1988, 1989; Krimbas, 346 

1992, 1993). For this reason, although historical factors play an important role in the 347 

geographical distribution of the chromosomal polymorphism, natural selection seems to 348 

be preponderant (Krimbas, 1993). Furthermore, these clines evolved according to global 349 

warming expectations (Solé et al., 2002; Balanyà et al., 2004, 2006, 2009), corroborating 350 

this phenomenon. The Petnica population of D. subobscura has allowed us to study 351 

different aspects of the chromosomal polymorphism adaptation to climatic conditions, 352 

both at short- and long-term. With regard to the first aspect, variation in the chromosomal 353 

polymorphism composition has been observed, although it cannot be related with the 354 

gradual increase of maximum, minimum and mean temperatures in May, June and 355 

August 1995 (Table 3). Most of the inversions present a peak in June 1995, with the 356 

“warm” adapted in general increasing in frequency (A2 and J1,) and the “cold” adapted in 357 

general decreasing (Ast, Jst, Ust and Est). For the O chromosome, Ost (“cold” adapted), as 358 

expected, gradually decreases in frequency. On the other hand, O3+4, considered “warm” 359 

adapted, maintains invariable its frequency, while the frequency of O3+4+22 increases 360 
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along the studied months. Finally, O3+4+1 arrangement presents an increasing peak in June 361 

and O3+4+2 a decreasing peak in the same month. Thus, an expected continuous frequency 362 

increase for all O3+4+x chromosomal arrangements has not been detected. There are many 363 

explanations for the behavior of these inversions: they are adaptive and generally react 364 

fast to environmental changes but they are not instantaneous. The inversion frequencies 365 

in a month are the result of some environmental factors that had acted on D. subobscura 366 

populations in periods of time before sampling. Detectable seasonal effects on the species 367 

chromosomal polymorphism have been observed in quite separate periods of time (Burla 368 

and Götz, 1965; Fontdevila et al., 1983, Rodriguez-Trelles et al., 1996, Rodriguez-369 

Trelles, 2003, Zivanovic and Mestres, 2010b). Furthermore, chromosomal polymorphism 370 

does not only react to temperature. Laboratory experiments with different D. subobscura 371 

chromosomal arrangements do not yield the results expected a priori (Santos et al., 372 

2005). Temperature should be considered in conjunction with other climatic factors 373 

(humidity, insolation and so on) that could modulate the ecological conditions (for 374 

instance vegetation or yeast diversity and abundance) that would determine D. 375 

subobscura success and its population expansion (Zivanovic and Mestres, 2011b). 376 

Finally, from the short-term analysis we conclude that chromosomal polymorphism is 377 

dynamic, even at the scale of consecutive monthly variation. Thus, these changes are new 378 

evidence of “flexible” chromosomal polymorphism in D. subobscura (in the sense 379 

proposed by Dobzhansky in 1962). Although classic studies classified this species as 380 

“rigid” and this was a controversial topic (Ferrari and Taylor, 1981; Sperlich and Pfriem, 381 

1986), data so far accumulated indicate that D. suboscura can be defined as “flexible” 382 
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(Fontdevila et al., 1983; Rodríguez-Trelles et al., 1996; Rodríguez-Trelles, 2003; 383 

Zivanovic, 2007; Zivanovic and Mestres, 2010b). 384 

In Petnica, it has been possible to observe the global warming in a fifteen years 385 

period. Long-term changes in Petnica population have been detected and they appear to 386 

follow the direction expected by the global warming. All standard chromosomes (Ast, Jst, 387 

Ust, Est and Ost), considered “cold” adapted arrangements, have shown a frequency 388 

decrease. On the other hand, chromosomes considered as “warm” adapted have increased 389 

their frequency (A2, J1, U1+2 or O3+4). It is worth pointing out that several arrangements 390 

considered “warm” adapted and not present in the May 1995 sample were found in the 391 

May 2010 collection: U1+8+2, E1+2+9+12 and O3+4+8. Thus, the chromosomal polymorphism 392 

changes are in accordance with the observed global warming in Petnica. Furthermore, 393 

some heat-waves affected the Balkan peninsula during this period, the well documented 394 

event of 2003 (Schar and Jendritzky, 2004) and other less important waves in 2000 and 395 

2009 (Kuglitsch et al., 2010). In Petnica, these heat-waves and the irregular rainfall 396 

pattern could have had an important effect on chromosomal polymorphism. According to 397 

Balanyà et al. (2006) new Drosophila subobscura samples would correspond almost 398 

exactly to the composition of samples that in earlier studies were collected from sites 70 399 

miles or 1 degree of latitude closer to the equator. In this study, some chromosomal 400 

arrangement frequencies from Petnica are very similar to those from Zanjic (June 1997) 401 

(Zivanovic et al., 2002). For example, in Petnica May 2010 population the chromosomal 402 

arrangement frequency for O3+4 and O3+4+x (O3+4+1, O3+4+2, O3+4+8, O3+4+22) is 77.7%, 403 

which is very similar to the 79.0% found in Zanjic June 1997 (Zivanovic et al., 2002). 404 

Petnica population is located at continental part of Balkan peninsula (latitude 44º14´N), 405 
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while Zanjic (latitude 42º24´N) is about 300 km to the south and separated by large 406 

mountain range up to 2.000m high. This means that Petnica may be evolving to the 407 

characteristics of a more Southern population, although migration from Southern latitudes 408 

can not be discarded (Balanyà et al., 2004, 2009). In previous studies, similar results were 409 

observed for other Serbian populations as Avala or Apatin (Zivanovic and Mestres, 410 

2010a,b and 2011a).  411 

Finally, long-term changes in the chromosomal polymorphism in D. subobscura 412 

and their relation with the global warming have been studied at continental level, both in 413 

Europe (Solé et al., 2002; Balanyà et al., 2004) and America (Balanyà et al., 2006). 414 

However, we attempted to ascertain whether the chromosomal polymorphism also 415 

changed at regional level. The principal coordinates and cluster analyses have shown that 416 

the populations are separated according to their chromosomal composition. This 417 

separation is due to two main aspects: their habitat particularities and temporal changes. 418 

These temporal changes may be related to global warming. The results of the principal 419 

components analysis using the climatic data of the Balkan populations support this 420 

conclusion. However, this relation could be direct or indirect, i. e., global warming could 421 

affect certain ecological conditions that influence the species’ habitat. In this context, it is 422 

of interest to comment many results of the multivariate analyses. For instance, samples 423 

from the Apatin population are separated according to the temporal changes (global 424 

warming effect), but they are also set apart from the other populations, possibly because 425 

they have particular environmental conditions (a swampy region located on the left bank 426 

of Danube river). The Jastrebac population, located on a mountain in the South-east of 427 

Serbia, is also differentiated ecologically from the remaining populations (Zivanovic et 428 



 20

al., 1995). The Balkan peninsula is very close to the Mediterranean region, which is one 429 

of world areas most vulnerable to global climate warming.  430 

The results obtained in the Balkan populations are in agreement with those from 431 

other D. subobscura populations, where an increase in the frequency of “warm” adapted 432 

arrangements and a decrease in the frequency of “cold” adapted arrangements has 433 

generally been observed (de Frutos and Prevosti, 1984; Gosteli, 1990; Orengo and 434 

Prevosti, 1996; Rodriguez-Trelles et al., 1996; Solé et al., 2002; Balanyà et al., 2004, 435 

2006, 2009). Although in this species, genetic flow (a factor producing a decrease in 436 

genetic differentiation between populations) has been observed (Pascual et al., 2001; 437 

Zivanovic et al., 2007; Araúz et al. 2011), natural populations are clearly differentiated 438 

with regard to chromosomal polymorphism. Thus, natural selection is generally accepted 439 

as the main mechanism responsible for the evolution of this chromosomal polymorphism 440 

in a scenario of global warming (Anderson et al. 2005; Hoffman and Rieseberg, 2008; 441 

Balanyà et al., 2006, 2009; Zivanovic and Mestres, 2010a, 2011a).  442 

   443 

ACKNOWLEDGEMENTS 444 

We thank Prof. J. Lorente (Dept. Astronomia i Meteorologia, Universitat de Barcelona) 445 

for his information and comments on global warming. This study was supported by the 446 

following grants: no. 173025 from the Ministry of Education and Science of the Republic 447 

of Serbia; BFU2009-07564 from the Ministerio de Ciencia e Innovación (Spain); 2009 448 

SGR 636 from the “Generalitat de Catalunya” (Spain). We thank Mr. Robin Rycroft 449 

(Servei d’Assessorament Lingüístic, Universitat de Barcelona) for corrections to the 450 

English.  451 



 21

REFERENCES 452 

Anderson, A.R., Hoffmann, A.A., McKechnie, S.W., Umina, P.A., Weeks, A.R. 2005. 453 

The latitudinal cline in the In(3R) Payne inversion polymorphism has shifted in the last 454 

20 years in Australian Drosophila melanogaster populations. Mol. Ecol. 14: 851−858. 455 

 456 

Araúz, P.A., Peri-Bondia, F., Latorre,A., Serra, L., Mestres, F. 2011. Molecular evidence 457 

to suggest the origin of a colonization: Drosophila subobscura in America. Genetica 139: 458 

1477–1486. 459 

 460 

Araúz, P.A., Mestres, F., Pegueroles, C., Arenas, C., Tzannidakis, G., Krimbas, C.B., 461 

Serra, L. 2009. Tracking the origin of the American colonization by D. subobscura: 462 

Genetic comparison between Eastern and Western Mediterranean populations. J. Zool. 463 

Syst. Evol. Res. 47:25–34. 464 

 465 

Balanyà, J., Solé, E., Oller, J.M., Sperlich, D., Serra, L. 2004. Long-term changes in the 466 

chromosomal inversion polymorphism of Drosophila subobscura. II. European 467 

populations. J. Zool. Syst. Evol. Res. 42: 191−201. 468 

 469 

Balanyà, J., Oller, J.M., Huey, R.B., Gilchrist, G.W., Serra, L. 2006. Global genetic 470 

change tracks global climate warming in Drosophila subobscura. Science 313: 471 

1773−1775. 472 

 473 



 22

Balanyà, J., Huey, R.B., Gilchrist, G.W., Serra, L. 2009. The chromosomal 474 

polymorphism of Drosophila subobscura: a micro evolutionary weapon to monitor global 475 

change. Heredity 103: 364−367. 476 

 477 

Box, G. E. P., Jenkins, G. M., Reinsel, G. C. 1994. Time series analysis, forecasting and 478 

control, 3rd ed., Prentice Hall, Englewood Clifs, NJ, 598 pp.  479 

 480 

Bradshaw, W.E., Holzapfel, C.M. 2006. Evolutionary response to rapid climate change.  481 

Science 312: 1477−1478. 482 

 483 

Brockwell, P.J., Davis, R. A. 2002. Introduction to time series and forecasting, 2nd. ed., 484 

Springer-Verlag, N.Y., 434 pp. 485 

 486 

Burla, H., Götz, W. 1965. Veränderlichkeit des chromosomalen polymorphismus bei 487 

Drosophila subobscura. Genetica 36: 83−104. 488 

 489 

Carson, H.L. 1955. The genetic characteristics of marginal populations of Drosophila. 490 

Cold Spring Harbor Symp. Quant. Biol. 20: 276−287.  491 

 492 

Chatfield, C. 1996. The analysis of time series, 5th ed., Chapman & Hall, NY, 283 pp. 493 

 494 



 23

Christensen, J.H., Hewitson, B., Busuioc, A., Chen, A., Gau, X., Held, I., Jones, R.,  495 

Kolli, R.,  Kwon, W., Laprise, R., Magaña Rueda, V., Mearns, L., Menéndez, C., 496 

Räisänen, J., Rinke, A., Sarr, A., Whetton, P. 2007: Regional climate projections. In: 497 

Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K.B., 498 

Tignor, M., Miller, H.L. eds. Climate Change 2007: The Physical Science Basis. 499 

Contribution of Working Group I to the Fourth Assessment Report of the 500 

Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, 501 

UK, pp. 847−940.  502 

 503 

Deutsch, C.A., Tewksbury, J.J., Huey, R.B., Sheldon, K.S., Ghalambor, C.K., Haak, 504 

D.C., Martin, P.R. 2008. Impacts of climate warming on terrestrial ectotherms across 505 

latitude. Proc. Natl. Acad. Sci. USA 105: 6668−6672. 506 

 507 

Dobzhansky, Th. 1962. Rigid vs flexible chromosomal polymorphism in Drosophila. 508 

Am. Nat. 96: 321−328. 509 

 510 

Dobzhansky, Th. 1970. Genetics of the evolutionary process. Columbia University Press, 511 

N.Y., 505 pp.  512 

 513 

Dynesius, M., Jansson, R. 2000. Evolutionary consequences of changes in species’ 514 

geographical distributions driven by Milankovitch climate oscillations. Proc. Natl. Acad. 515 

Sci. USA 97: 9115–9120. 516 

 517 



 24

Endler, J.A. 1986. Natural selection in the wild. Princeton University Press, Princeton, 518 

New Jersey, USA. 336 pp. 519 

 520 

Ferrari, J.A., Taylor, C.E. 1981. Hierarchical patterns of chromosome variation in 521 

Drosophila subobscura. Evolution 35: 391–394. 522 

 523 

Fontdevila, A., Zapata, C., Alvarez, G., Sanchez, L., Méndez, J., Enriquez, I. 1983. 524 

Genetic coadaptation in the chromosomal polymorphism of Drosophila subobscura. I. 525 

Seasonal changes of gametic disequilibrium in a natural population. Genetics 105: 935–526 

955. 527 

 528 

Fouillet, A., Rey, G., Wagner, V., Laaidi, K., Empereur-Bissonnet, P., Le Tertre, A.,   529 

Frayssinet, P., Bessemoulin, P., Laurent, F., De Crouy-Chanel, P., Jougla, E.,  530 

Hemon, D. 2008: Has the impact of heat waves on mortality changed in France 531 

since the European heat wave of summer 2003? A study of the 2006 heat wave. 532 

Intern. J. of Epidemiol. 37: 309−317. 533 

 534 

Frutos R. de, Prevosti, A. 1984. Temporal changes of chromosomal polymorphism in 535 

natural populations of Drosophila subobscura. Genetica 63: 181−187. 536 

 537 

Gosteli, M. 1990. Chromosomal polymorphism in natural populations of Drosophila 538 

subobscura near Zurich, Switzerland: a contribution to long-term comparisons. Genetica 539 

81: 199−204. 540 

 541 



 25

Hansen, J., Sato, M., Ruedy, R., Lo, K., Lea, D.W., Medina-Elizade, M. 2006. Global 542 

temperature change. Proc. Natl. Acad. Sci. USA 103: 14288−14293. 543 

 544 

Heckel, G., Burri, R., Fink, S., Desmet, J.F., Excoffier, L. 2005. Genetic structure and 545 

colonization processes in European populations of the common vole, M. arvalis. 546 

Evolution 59: 2231–2242. 547 

 548 

Heerwaarden, B., Hoffmann, A.A. 2007. Global warming: fly populations are responding 549 

rapidly to climate change. Current Biology 17: R16−R18. 550 

 551 

Hewitt, G.M. 1999. Post-glacial re-colonization of European biota.  Biol. J. Linn. Soc. 552 

68: 87–112. 553 

 554 

Hewitt, G.M. 2000. The genetic legacy of the Quaternary ice ages.  Nature 405: 907–913. 555 

 556 

Hoffmann, A.A., Rieseberg, L.H. 2008. Revisiting the impact of inversions in evolution: 557 

from population genetic markers to drivers of adaptive shifts and speciation? Annu. Rev. 558 

Ecol. Evol. Syst. 39: 21−42. 559 

 560 

Houghton, J. 2005. Global warming. Rep. Prog. Phys. 68: 1343−1403. 561 

 562 

Irigoien, I., Arenas, C., Fernández, E., Mestres, F. 2010. GEVA: geometric variability-563 

based approaches for identifying patterns in data. Comput. Stat.  25: 241−255. 564 



 26

Krimbas, C.B. 1992. The inversion polymorphism of Drosophila subobscura. In: 565 

Krimbas, C.B., Powell, J.R., eds. Drosophila inversion polymorphism. CRC Press, Inc. 566 

Boca Raton, FL (U.S.A.), pp. 127−220. 567 

 568 

Krimbas, C.B. 1993. Drosophila subobscura: Biology, Genetics and Inversion  569 

polymorphism. Verlag Dr Kovac, Hamburg. 395 pp. 570 

 571 

Krimbas, C.B., Loukas, M. 1980. The inversion polymorphism of Drosophila 572 

subobscura. Evol. Biol. 12: 163−234. 573 

 574 

Krimbas, C.B., Powell, J.R. 1992. Introduction. In: Krimbas, C.B., Powell, J,R, eds. 575 

Drosophila inversion polymorphism. CRC Press, Inc. Boca Raton, FL (U.S.A.), pp 1-52. 576 

 577 

Krzanowski, W.J. 1993. Principles of multivariate analysis. Oxford Science Pub. Oxford, 578 

U.K. 608 pp. 579 

 580 

Kuglitsch, F.G., Toreti, A., Xoplaki, E., Della-Marta, P.M., Zerefos, C., Türkes, M.,   581 

Luterbacher, J. 2010. Heat wave changes in the eastern Mediterranean since 582 

1960. Geophys. Res. Lett. 37: L04802. 583 

 584 

Kunze-Mühl, E., Müller, E. 1958. Weitere Untersuchungen uber die chromosomale 585 

Struktur und die naturlichen Strukturtypen von Drosophila subobscura. Chromosoma 9: 586 

559−570. 587 



 27

Kunze-Mühl, E., Sperlich, D. 1955. Inversionen und chromosomale Strukturtypen bei 588 

Drosophila subobscura. Z. Indubt. Abstamm Vererb. Lehre. 87: 65−84. 589 

 590 

Levitan, M., Etges, W.J. 2005. Climate change and recent genetic flux in populations of 591 

Drosophila robusta. BMC Evol. Biol. 5:4. 592 

 593 

Menozzi, P., Krimbas, C.B. 1992. The inversion polymorphism of D. subobscura 594 

revisited: Synthetic maps of gene arrangements frequencies and their interpretation.  J. 595 

Evol. Biol. 5: 625−641. 596 

 597 

Menzel, A., Sparks, T.H., Estrella, N,, Koch, E., Aasa, A., Ahas, R., Alm-Kubler, K., 598 

Bissolli, P., Braslavska, O., Briede, A., Chmielewski, F.M., Crepinsek, Z., Curnel, Y., 599 

Dahl, A., Defila, C., Donnelly, A., Filella, Y., Jatczak, K., Mage, F,, Mestre, A., Nordli, 600 

O., Penuelas, J., Pirinen, P., Remisova, V., Scheifinger, H., Striz, M., Susnik, A., Van 601 

Vliet, A.J.H., Wielgolaski, F.-E., Zach, S., Zust, A. 2006. European phenological 602 

response to climate change matches the warming pattern. Global Change Biology 12: 603 

1969−1976. 604 

 605 

Mestres, F., Balanyà, J., Pascual, M., Arenas, C., Gilchrist, G.W., Huey, R.B,, Serra, L. 606 

2009.) Evolution of Chilean colonizing populations of Drosophila subobscura: lethal 607 

genes and chromosomal arrangements. Genetica 136: 37−48. 608 

 609 



 28

Orengo, D.J., Prevosti, A. 1996. Temporal changes in chromosomal polymorphism of 610 

Drosophila subobscura related to climatic changes. Evolution 50:1346−1350. 611 

 612 

Parmesan, C. 2006. Ecological and evolutionary responses to recent climate change. 613 

Annu. Rev. Ecol. Evol. Syst. 37: 637–669. 614 

 615 

Pascual, M., Aquadro, C.F., Soto, V., Serra, L. 2001. Microsatellite variation in 616 

colonizing and Palearctic populations of Drosophila subobscura. Mol. Biol. Evol. 18: 617 

731−740. 618 

 619 

Powell, J.R. 1997. Progress and prospects in evolutionary biology. The Drosophila 620 

model.  Oxford University Press, N.Y. USA. 562 pp. 621 

 622 

Prevosti, A., Ribo, G., Serra, L., Aguade, M., Balaña, J., Monclus, M., Mestres, F. 1988. 623 

Colonization of America by Drosophila subobscura: Experiment in natural populations 624 

that supports the adaptive role of chromosomal-inversion polymorphism. Proc. Natl. 625 

Acad. Sci. USA 85: 5597−5600. 626 

 627 

Prevosti, A., Serra, L., Aguadé, M., Ribó, G., Mestres, F., Balañá, J., Monclús, M. 1989. 628 

Colonization and establishment of the Palearctic species D. subobscura in North and 629 

South America. In: Fontdevila, A. ed. Evolutionary Biology of transient unstable 630 

populations, Springer–Verlag, Berlin, pp 114–129. 631 

 632 



 29

Rodríguez-Trelles, F. 2003. Seasonal cycles of allozyme-by-chromosomal-inversion 633 

gametic disequilibrium in Drosophila subobscura. Evolution 57: 839−848. 634 

 635 

Rodríguez-Trelles, F., Rodríguez, M.A. 1998. Rapid micro-evolution and loss of 636 

chromosomal diversity in Drosophila in response to climate warming. Evol. Ecol. 12: 637 

829−838. 638 

 639 

Rodríguez-Trelles, F., Alvarez, G., Zapata, C. 1996. Time-series analysis of seasonal 640 

changes of the O inversion polymorphism of Drosophila subobscura. Genetics 142: 641 

179−187. 642 

 643 

Santos, M., Céspedes, W., Balanyà, J,, Trotta, V., Calboli, F.C.F., Fontdevila, A., Serra, 644 

L. 2005. Temperature-related genetic changes in laboratory populations of Drosophila 645 

subobscura: evidence against simple climatic-based explanations for latitudinal clines. 646 

Am. Nat, 165: 258−273. 647 

 648 

Schar, C., Jendritzky, G. 2004. Hot news from summer 2003. Nature 432: 559−560. 649 

 650 

Seneviratne, S.I., Nicholls, N., Easterling, D., Goodess, C.M., Kanae, S.,  Kossin, J., Luo, 651 

Y., Marengo, J., McInnes, K., Rahimi, M., Reichstein, M., Sorteberg, A., Vera, C., 652 

Zhang, X. 2012. Changes in climate extremes and their impacts on the natural physical 653 

environment. In: Field, C.B., Barros, V., Stocker, T.F., Qin, D., Dokken, D.J., Ebi, K.L., 654 

Mastrandrea, M.D., Mach, K.J., Plattner, G.-K., Allen, S.K., Tignor, M., Midgley, P.M., 655 



 30

eds. A Special Report of Working Groups I and II of the Intergovernmental Panel on 656 

Climate Change (IPCC). Cambridge University Press, Cambridge, UK and New York, 657 

NY, USA, pp. 109-230. 658 

 659 

Solé, E., Balanyà, J., Sperlich, D., Serra, L. 2002. Long-term changes in the chromosomal 660 

inversion polymorphism of Drosophila subobscura. I. Mediterranean populations from 661 

southwestern Europe. Evolution 56: 830−835. 662 

 663 

Sperlich. D., Pfriem, P. 1986. Chromosomal polymorphism in natural and experimental 664 

populations. In: Ashburner, M., Carson, H..L, Thompson Jr., J.N. eds. The genetics and 665 

biology of Drosophila. Vol. 3e. Academic Press, pp. 257−309. 666 

 667 

Taberlet, P., Fumagalli, L., Wust-Saucy, A.G., Cosson, J.F. 1998. Comparative 668 

phylogeography and postglacial colonization routes in Europe. Mol. Ecol. 7: 453−464. 669 

 670 

Umina, P.A., Weeks, A.R., Kearney, M.R., McKechnie, S.W., Hoffmann, A.A. 2005. A 671 

rapid shift in a classic clinal pattern in Drosophila reflecting climate change. Science 672 

308: 691−693. 673 

 674 

Velleman, P.F., Hoaglin, D.C. 1981. Applications, basics, and computing of exploratory 675 

data analysis. Duxbury Press, Boston, MA. 354 pp.   676 

 677 



 31

Wentz, F.J., Ricciardulli, L., Hilburn, K., Mears, C. 2007. How much more rain will 678 

global warming bring? Science 317: 233−235. 679 

 680 

Zivanovic, G. 2007. Seasonal changes of chromosomal inversion polymorphism in a 681 

Drosophila subobscura natural population from south-eastern European continental 682 

refugium of the last glaciation period. Russ. J. Genet. 43: 1344−1349. 683 

 684 

Zivanovic, G., Mestres, F. 2010a. Viabilities of Drosophila subobscura homo- and 685 

heterokaryotypes at optimal and stress temperatures. I. Analysis over several years. 686 

Hereditas 147: 70−81. 687 

 688 

Zivanovic, G., Mestres, F. 2010b. Viabilities of D. subobscura homo- and 689 

heterokaryotypes at optimal and stress temperatures. II. Seasonal component analysis.  690 

Hereditas 147: 82−89.  691 

 692 

Zivanovic, G., Mestres, F. 2011a. Changes in chromosomal polymorphism and global 693 

warming: The case of Drosophila subobscura from Apatin (Serbia). Genet. Mol. Biol. 694 

34: 489−495.    695 

 696 

Zivanovic, G., Mestres, F. 2011b. O-chromosome lethal frequencies in Serbian and 697 

Montenegrin Drosophila subobscura populations. Russ. J. Genet. 47: 1364−1370. 698 

 699 



 32

Zivanovic, G., Andjelkovic, M., Marinkovic, D. 2002. Chromosomal inversion 700 

polymorphism of Drosophila subobscura from south-eastern part of Europe. J. Zool. 701 

Syst. Evol. Res. 40: 201−204. 702 

 703 

Zivanovic, G., Arenas, C., Mestres, F. 2007. The genetic structure of Balkan populations 704 

of Drosophila subobscura. Hereditas 144: 120−128. 705 

 706 

Zivanovic, G., Milanovic, M., Andjelkovic, M. 1995. Chromosomal inversion 707 

polymorphism of Drosophila subobscura populations from Jastrebac Mountain shows 708 

temporal and habitat-related changes. J. Zool. Syst, Evol. Res. 33: 81−83. 709 

 710 



 33

FIGURE CAPTIONS: 711 

Fig. 1. Geographical location of the populations used in this research: Petnica, Apatin, 712 

Kamariste, Avala, Djerdap, Jastrebac and Zanjic (in Montenegro). Belgrade appears also 713 

as a geographical reference. 714 

 715 

Fig. 2. Results of time series analysis on temperature. Rhombus and squares mean 716 

original temperatures and smoothing values (smoothing window k=3), respectively. (a) 717 

Min. T. The lineal trend has a sloop of 0.085 (p-value = 0.027). (b) Max T. The lineal 718 

trend has a sloop of 0.054 (p-value = 0.337). (c) Mean T. the lineal trend has a sloop of 719 

0.062 (p-value = 0.197). 720 

 721 

Fig. 3. Principal coordinate analysis using the inversion chromosomal polymorphism of 722 

the following samples: Pm95 (Petnica May 1995), Pj95 (Petnica June 1995), Pa95 723 

(Petnica August 1995), Pm10 (Petnica May 2010), Aj94 (Apatin June 1994), Aj08 724 

(Apatin June 08+09), Kj96 (Kamariste June 1996), Aj04 (Avala June 2004), As03 (Avala 725 

September 2003), As04 (Avala September 2004), As05 (Avala September 2005), Dj01 726 

(Djerdap June 2001), Dj02 (Djerdap June 2002), Da01 (Djerdap August 2001), Jj90 727 

(Jastrebac June 1990), Jj93 (Jastrebac June 1993), Jj94 (Jastrebac June 1994) and Zj97 728 

(Zanjic June 1997). (a) Two axes representation. (b) Three axes representation.  729 

 730 

Fig. 4. GEVA-Ward clusters obtained using the inversion chromosomal polymorphism of 731 

the following samples: (a) Pm95 (Petnica May 1995), Pj95 (Petnica June 1995), Pa95 732 

(Petnica August 1995), Pm10 (Petnica May 2010), Aj94 (Apatin June 1994), Aj08 733 



 34

(Apatin June 08+09), Kj96 (Kamariste June 1996), Aj04 (Avala June 2004), As03 (Avala 734 

September 2003), As04 (Avala September 2004), As05 (Avala September 2005), Dj01 735 

(Djerdap June 2001), Dj02 (Djerdap June 2002), Da01 (Djerdap August 2001), Jj90 736 

(Jastrebac June 1990), Jj93 (Jastrebac June 1993), Jj94 (Jastrebac June 1994) and Zj97 737 

(Zanjic June 1997). (b) Pj95 (Petnica June 1995), Aj94 (Apatin June 1994), Aj08 (Apatin 738 

June 08+09), Kj96 (Kamariste June 1996), Aj04 (Avala June 2004), Dj01 (Djerdap June 739 

2001), Dj02 (Djerdap June 2002), Jj90 (Jastrebac June 1990), Jj93 (Jastrebac June 1993), 740 

Jj94 (Jastrebac June 1994) and Zj97 (Zanjic June 1997). 741 

 742 

Fig. 5. Principal coordinate analysis using the inversion chromosomal polymorphism of 743 

those samples collected in the month of June: Pj95 (Petnica June 1995), Aj94 (Apatin 744 

June 1994), Aj08 (Apatin June 08+09), Kj96 (Kamariste June 1996), Aj04 (Avala June 745 

2004), Dj01 (Djerdap June 2001), Dj02 (Djerdap June 2002), Jj90 (Jastrebac June 1990), 746 

Jj93 (Jastrebac June 1993), Jj94 (Jastrebac June 1994) and Zj97 (Zanjic June 1997). (a) 747 

Two axes representation. (b) Three axes representation.  748 

 749 

Fig. 6. Principal components analysis computed with the climatic information (maximum, 750 

minimum and mean temperatures, as well as rainfall) of the following samples: Pm95 751 

(Petnica May 1995), Pj95 (Petnica June 1995), Pa95 (Petnica August 1995), Pm10 752 

(Petnica May 2010), Aj94 (Apatin June 1994), Aj08 (Apatin June 08+09), Kj96 753 

(Kamariste June 1996), Aj04 (Avala June 2004), As03 (Avala September 2003), As04 754 

(Avala September 2004), As05 (Avala September 2005), Dj01 (Djerdap June 2001), Dj02 755 
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(Djerdap June 2002), Da01 (Djerdap August 2001), Jj90 (Jastrebac June 1990), Jj93 756 

(Jastrebac June 1993), Jj94 (Jastrebac June 1994) and Zj97 (Zanjic June 1997).  757 
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Table 1 758 

Frequencies of chromosomal arrangements for the Petnica natural population of D. 759 

subobscura.  760 

May 1995 June 1995 August 1995 May 2010 Chrom. arrangements 

n  % n % n % n  % 

Ast 30 56.6 26 50.0 17 60.7 11 44.0 

A1 18 34.0 17 32.7 9 32.2 9 36.0 

A2 5 9.4 9 17.3 2 7.1 5 20.0 

Total 53  52  28  25  

Jst 29 27.4 15 14.4 16 28.6 8 16.0 

J1 77 72.6 89 85.6 40 71.4 42 84.0 

Total 106  104  56  50  

Ust 14 13.2 13 12.5 10 17.9 6 12.0 

U1 / / 3 2.9 / / / / 

U1+2 40 37.7 35 33.7 23 41.1 24 48.0 

U1+2+3 / / 1 0.9 / / / / 

U1+2+6 52 49.1 52 50.0 21 37.5 16 32.0 

U1+8+2 / / / / 2 3.5 4 8.0 

Total 106  104  56  50  

Est 43 40.6 34 32.7 32 57.1 15 30.0 

E1+2 4 3.8 3 2.9 3 5.4 3 6.0 

E1+2+9 41 38.7 41 39.4 13 23.2 17 34.0 

E1+2+9+12 / / / / / / 3 6.0 
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E8 18 16.9 26 25.0 8 14.3 12 24.0 

Total 106  104  56  50  

Ost 38 35.9 28 26.9 13 23.2 12 22.2 

O6 1 0.9 2 1.9 / / / / 

O22 1 0.9 1 1.0 / / / / 

O3+4 42 39.6 42 40.4 22 39.3 23 42.6 

O3+4+1 15 14.2 21 20.2 8 14.3 6 11.1 

O3+4+2 3 2.8 1 1.0 3 5.4 1 1.9 

O3+4+6 / / 1 1.0 / / / / 

O3+4+8 / / / / 2 3.5 4 7.4 

O3+4+22 6 5.7 8 7.6 8 14.3 8 14.8 

Total 106  104  56  54  

 761 
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Table 2 762 

Frequencies of chromosomal karyotypes for the Petnica natural population of D. 763 

subobscura.  764 

May 1995 June 1995 August 1995 May 2010 Chrom. arrangements 

n % n % n % n % 

Jst/Jst 3 5.7 1 1.9 3 10.7 / / 

Jst/J1 23 43.4 13 25.0 10 35.7 8 32.0 

J1/J1 27 50.9 38 73.1 15 53.6 17 68.0 

Total 53  52  28  25  

Ust/Ust / / / / 1 3.6 / / 

Ust/U1+2 8 15.1 4 7.7 2 7.2 4 16.0 

Ust/U1+2+6 6 11.3 9 17.3 4 14.2 2 8.0 

Ust/U1+8+2 / / / / 2 7.2 / / 

U1/U1+2+6 / / 3 5.8 / / / / 

U1+2/U1+2 7 13.2 7 13.4 9 32.1 5 20.0 

U1+2/U1+2+3 / / 1 1.9 / / / / 

U1+2/U1+2+6 18 34.0 16 30.8 3 10.7 8 32.0 

U1+2/U1+8+2 / / / / / / 2 8.0 

U1+2+6/U1+2+6 14 26.4 12 23.1 7 25.0 2 8.0 

U1+2+6/U1+8+2 / / / / / / 2 8.0 

Total 53  52  28  25  

Est/Est 9 17.0 7 13.5 9 32.1 1 4.0 

Est/E1+2 2 3.8 / / 2 7.2 3 12.0 
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Est/E1+2+9 16 30.1 15 28.8 5 17.8 6 24.0 

Est/E1+2+9+12 / / / / / / 2 8.0 

Est/E8 7 13.2 5 9.6 7 25.0 2 8.0 

E1+2/E1+2+9 1 1.9 2 3.9 1 3.6 / / 

E1+2/E8 1 1.9 1 1.9 / / / / 

E1+2+9/E1+2+9 9 17.0 7 13.5 3 10.7 2 8.0 

E1+2+9/E8 6 11.3 10 19.2 1 3.6 7 28.0 

E1+2+9+12/E8 / / / / / / 1 4.0 

E8/E8 2 3.8 5 9.6 / / 1 4.0 

Total 53  52  28  25  

Ost/Ost 8 15.1 3 5.8 3 10.7 1 3.7 

Ost/O6 / / 2 3.9 / / / / 

Ost/O22 1 1.9 / / / / / / 

Ost/O3+4 16 30.1 10 19.2 4 14.2 8 29.7 

Ost/O3+4+1 4 7.5 7 13.5 1 3.6 1 3.7 

Ost/O3+4+2 1 1.9 / / 1 3.6 1 3.7 

Ost/O3+4+22 / / 3 5.8 1 3.6 / / 

O6/O3+4+1 1 1.9 / / / / / / 

O22/O3+4 / / 1 1.9 / / / / 

O3+4/O3+4 10 18.8 8 15.3 5 17.8 2 7.4 

O3+4/O3+4+1 2 3.8 10 19.2 3 10.7 1 3.7 

O3+4/O3+4+2 1 1.9 1 1.9 / / / / 

O3+4/O3+4+6 / / 1 1.9 / / / / 
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O3+4/O3+4+8 / / / / 1 3.6 4 14.8  

O3+4/O3+4+22 3 5.7 3 5.8 4 14.2 6 22.2 

O3+4+1/O3+4+1 3 5.7 2 3.9 1 3.6 1 3.7  

O3+4+1/O3+4+2 1 1.9 / / / / / / 

O3+4+1/O3+4+8 / / / / 1 3.6 / / 

O3+4+1/O3+4+22 1 1.9 / / 1 3.6 2 7.4 

O3+4+2/O3+4+2 / / / / 1 3.6 / / 

O3+4+22/O3+4+22 1 1.9 1 1.9 1 3.6 / / 

Total 53  52  28  27  

 765 
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Table 3 766 

Meteorological data for the Petnica population in the three 1995 analyzed months.  767 

 768 

Month Max. T   (ºC) Min. T    (ºC) Mean T  (ºC) Rainfall (mm) 

     

May 21.4 10.2 15.7 73.4 

June 24.3 14.2 18.7 189.1 

August 25.9 15.2 19.8 104.6 

 769 

Max. T and Min. T stand for maximum and minimum temperatures, respectively. 770 
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Table 4 771 

Meteorological data for the Petnica population for the month of May from 1995 to 2010.  772 

Year Max. T   (ºC) Min. T    (ºC) Mean T  (ºC) Rainfall (mm) 

     

1995 21.4 10.2 15.7 73.4 

1996 23.8 11.4 17.5 122.3 

1997 23.8 9.9 16.9 31.6 

1998 21.2 10.3 15.5 80.2 

1999 22.3 10.7 16.8 71.3 

2000 25.2 11.1 18.3 67.6 

2001 23.6 10.9 17.4 43.4 

2002 24.1 11.7 18.1 83.7 

2003 26.4 12.5 19.7 56.6 

2004 20.6 9.4 14.9 71.5 

2005 22.4 10.3 16.6 70.9 

2006 22.3 10.1 16.2 46.4 

2007 23.9 12.6 18.0 125.0 

2008 24.5 11.5 18.0 72.9 

2009 25.1 12.0 18.5 32.2 

2010 22.1 11.9 16.7 117.8 

 773 

Max. T and Min. T stand for maximum and minimum temperatures, respectively. 774 

 775 
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Table 5 776 

Meteorological data of Balkan populations of Drosophila subobscura used in the joint 777 

analyses.   778 

Population Max. T   (ºC) Min. T    (ºC) Mean T  (ºC) Rainfall (mm) 

     

Apatin June 94 26.3 13.8 20.3 55.8 

Apatin June 08+09 26.4 14.3 20.6 99.4 

Kamariste June 1996 27.5 13.6 21.0 22.9 

Avala June 2004 25.3 15.1 19.9 113.3 

Avala Sept. 2003 22.9 13.3 17.6 54.4 

Avala Sept. 2004 22.3 12.5 17.0 46.5 

Avala Sept. 2005 22.8 14.4 17.9 48.2 

Djerdap June 2001 24.4 12.5 18.2 225.7 

Djerdap June 2002 27.9 14.8 21.7 122.5 

Djerdap August 2001 30.6 16.2 22.9 43.8 

Jastrebac June 1990 - - - - 

Jastrebac June 1993 27.0 13.2 19.8 88.1 

Jastrebac June 1994 25.5 13.3 19.1 90.7 

Zanjic June 1997 26.6 18.7 22.6 24.8 

     

Apatin 08+09 values are an average from climatic data of 2008 and 2009. Data from 779 

Jastrebac June 1990 were not available. 780 

Max. T and Min. T stand for maximum and minimum temperatures, respectively. 781 
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Figure 1 782 
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 784 
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Figure 2a. Min. T 786 

 787 

Figure 2b. Max T. 788 
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 790 

Figure 2c. Mean T. 791 
 792 

 793 
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Figure 3a 794 
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Figure 3 b 801 

 802 

 803 

 804 

 805 

 806 



 48

Figure 4 a 807 
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Figure 4 b 818 
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Figure 5 a 828 
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Figure 5 b 835 
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Figure 6 841 
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