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Abstract 
Interspecific hybrids and constructed research models have provided infor-
mation on intracellular interactions. We used two introgressed, chromoso-
mally differentiated strains (H4 and H2) derived from F1 hybrids of crosses 
between D. prosaltans females and D. saltans males. In H4, the D. prosaltans 
chromosomes were eliminated. In H2, a mixture was maintained, preserving 
the entire genome of D. prosaltans (except the Y chromosome) and parts of 
the D. saltans genome. The IIR arm and a segment of chromosome III were 
eliminated. A third strain, used for comparison, was a normal D. prosaltans 
strain (P). This study aimed primarily to analyze the effect on the reproduc-
tive characteristics productivity (number of progeny) and sex-ratio caused by 
Wolbachia infection in interaction with different chromosome constitutions. 
For this, infected and uninfected flies were used in intrastrain cross combina-
tions. Firstly, we analyzed the productivity of intracrosses of uninfected par-
ents, in each strain, in order to detect the effects of intracellular interactions, 
in flies carrying different chromosome constitutions and sharing a Wolba-
chia-free, D. prosaltans cytoplasm. Data indicated that the chromosome parts 
that were eliminated, in H2, carry the isolating genes that impair productivity 
in hybrids of the two species, and suggested the occurrence of a nuclear/nuclear 
interaction. The analysis of Wolbachia-infected flies showed that the three 
strains presented different responses, depending on the chromosome consti-
tution. As to productivity, the infection was harmful in P strain, in H2 be-
haved as mutualistic, and, in H4, produced the effect cytoplasmic incompati-
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bility. As to sex-ratio, intracrosses showed significant differences in P and H4 
strains. These results, associated with the cytological characteristics of the 
strains, pointed to the fundamental importance of host chromosome consti-
tution to define the interactive process host/Wolbachia, and showed the flex-
ibility of the endosymbiont manifested in different forms of self-preservation. 
 

Keywords 
Isolating Genes, Harmful Interaction, Mutualistic Interaction, Cytoplasmic  
Incompatibility of Wolbachia 

 

1. Introduction 

It has been known, for a long time, that interactions between nucleus and cytop-
lasm are essential for normal cell physiology. Many basic cellular processes such 
as protein synthesis and maturation of DNA, RNA and proteins are dependent 
on these interrelations. The interplay for carrying out these processes and many 
others requires compatibility between nuclear and cytoplasmic material. 

Hybrids have often been successfully used to understand the intracellular in-
teractions and their mechanisms. The joining of cell components of different 
species breaks the harmony, impairing cell functions, and is used to indicate 
what is going on. The characteristics productivity and viability are among the 
ones that are affected in interspecific hybrids. The harmful effects may be due to 
abnormal interplay nuclear-nuclear DNA, resulting from accumulation of genes 
that cause incompatible epistatic interactions between the species intercrossed. 
These genes were called speciation genes [1] [2] [3]. 

The literature has also focused on detrimental effects caused in hybrids by 
failure in the interaction between mitochondrial DNA (mtDNA) and nuclear 
DNA (nDNA) of the species intercrossed. Products of both components are re-
quired for normal cell physiology. Most of the proteins present in mitochondria 
are produced from nuclear genes, but some are made from mtDNA. Both kinds 
of proteins constitute subunits of the electron transport chain that perform the 
oxidative phosphorylation (OXPHOS). It is necessary that mtDNA and nDNA 
work in harmony to provide energy in eukaryotes [4] [5] [6] [7]. 

Intracellular interactions that cause effects on reproduction have also been 
described in organisms infected by endosymbionts. From the last decade of the 
twentieth century, an extensive literature has shown the great variability of ef-
fects on host reproduction, resulting from Wolbachia infection, and how these 
bacteria interact with host cell structures to produce those effects. 

Wolbachia are maternally inherited intracellular bacteria that infect the cy-
toplasm of a wide range of arthropods and nematodes. This bacterium is sup-
posed to be carried by more than 16% of Neotropical insect species with a po-
tential for 25% to 70% hosts, considering all insects [8] [9]. 

Wolbachia manipulate their hosts causing, among other effects, cytoplasmic 
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incompatibility (CI), feminization and male killing [10]. CI is considered the 
main detrimental effect of Wolbachia infection, causing embryonic lethality in 
crosses involving non-infected females and infected males. This and the other 
effects that impair males are considered processes selected to ensure the wide 
spreading of Wolbachia in the populations through the favoring of infected fe-
males [11] [12]. 

The study of Wolbachia infected organisms has multiple importance. It allows 
better knowledge of biological aspects of host-symbiont interaction [12]. It is al-
so important from the evolutionary point of view because CI is considered to be 
involved in the speciation process, reinforcing incipient isolation among popula-
tions, in nature [13] [14]. Besides, Wolbachia infection has shown to be a viable 
strategy to modify mosquito populations aiming pest control [15] [16] [17] [18] 
or as a method for treatment of diseases caused by filarial nematodes [19] [20]. 

It is considered that the effects of Wolbachia-hosts interaction on reproduc-
tion are due mainly to the interplay of the bacteria with nuclear DNA and the 
host mitochondria. However, the variation of results produced by different in-
fected organisms point to different strategies used by these bacteria, most of 
which still require understanding. 

With the aim of studying the interaction between Wolbachia and their hosts, 
in the manipulation of productivity and sex ratio, we used a Drosophila model 
consisting of two introgressed strains, involving species from the saltans sub-
group and a normal strain of D. prosaltans taken from the stocks. 

Considering separately the crosses performed between uninfected Wolbachia 
males and females, in each strain, it was possible to obtain information relative 
to the effect of intracellular interactions on productivity of flies sharing D. pro-
saltans cytoplasm, but carrying nuclei with different chromosome constitutions, 
in the absence of the microorganism interference. These results and the results 
obtained in the analysis of Wolbachia infected flies furnished data on aspects of 
the reproductive effect of intracelular interactions in species from the saltans 
group. 

2. Materials and Methods 
2.1. Species and Strains Used in the Experiments 

We used two introgressed, chromosomally differentiated strains (H4 and H2) 
that were derived from F1 hybrids of crosses between D. prosaltans females and 
D. saltans males. These hybrids were maintained by serial transfer technique 
[21] [22]. Drosophila prosaltans strain (P76) used for obtaining the hybrids was 
a mixture of two Brazilian isofemale lines, being one originated from Eldorado, 
RS and other from Belem, PA. Drosophila saltans strain was from Huychiauyan, 
México. Besides H2 and H4, a normal D. prosaltans strain (P), from Cachoeira 
dos Monteiros, BA, Brazil, taken from the stocks, was used for comparison. 

The two introgressed strains are part of a group of four laboratory populations 
prepared simultaneously and in the same way with F1 flies from intercrosses of 
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D. prosaltans females with D. saltans males. In this direction, the intercrosses 
yield F1 fertile females and males, while in the reciprocal direction they yield 
fertile females and sterile males [23]. Chromosome analyses of the populations 
were performed in the salivary gland cells of third instar larvae, at intervals, till 
the populations had fixed a chromosome constitution. This occurred about 151 
weeks after preparing the populations [21]. 

Drosophila prosaltans and D. saltans have three chromosome pairs, being two 
metacentric (X and II) and one acrocentric (III). Over time, the population H4 
fixed a chromosome constitution formed exclusively by D. saltans chromo-
somes, having thus eliminated the D. prosaltans chromosomes. Differently, H2 
maintained the complete set of D. prosaltans chromosomes (except the Y that 
was absent in the original F1 hybrids) and parts of D. saltans genome, including, 
besides the Y, the IIL chromosome arm recombined with the IIR of D. prosal-
tans and several types of recombinant chromosomes III, bearing a mixture of 
parts from both species. The segment of chromosome III derived from D. sal-
tans, encompassing from the first band of section 79 to the first band of section 
85 had been eliminated. These strains had been maintained in laboratory for 
about 37 years, before the present study was carried out (Table 1). 

The diagnosis of the specific origin of the chromosomes, in the flies of the H2 
and H4 introgressed strains, made by [21] was based on the degree of pairing of 
the polytene chromosomes, in the salivary glands. Regions with constant asy-
napsis denote interspecific heterozygosis. Besides, flies from these strains were 
intercrossed with D. saltans and D prosaltans and their progeny analyzed to 
confirm heterozygosis. The presence of interspecific inversions, known from 
previous studies of both species [24], were also used for diagnosis of chromo-
some composition. The chromosome constitution of both introgressed strains 
persisted over time, having been analyzed again by [25] and by the present au-
thors before starting the study. 

2.2. Maintenance of Strains in the Laboratory 

The strains and experiments were kept at 20˚C ± 1˚C, in a constant temperature 
room, located at the Department of Biology, IBILCE-UNESP. The usual culture 
medium of banana-agar was used. 

 
Table 1. Specific origin of the chromosomes in the strains used. P = Drosophila prosal-
tans; S = Drosophila saltans; H4 and H2 = Introgressed strains. 

Strain 
Chromosomes 

X IIL IIR III Y 

P P P P P P 

H4 S S S S S 

H2 P,S P,S P P,S* S 

*The segment of chromosome III from D. saltans, encompassing the first band of section 79 till the first 
band of section 85 was eliminated. 
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2.3. Analyses of the Drosophila Strains for Detecting  
Wolbachia Infection 

First of all, the stocks had to be analyzed for the presence of Wolbachia infec-
tion. The screening of Wolbachia involved the following steps: 

2.3.1. DNA Extraction 
DNA extractions were conducted according to [26] with modifications. Samples 
containing 10 flies were homogenized in 160 μl of solution I (10 mM Tris, 60 
mM NaCl, 5% sucrose, 10 mM EDTA, pH 7.8). 200 μl of solution II (300 mM 
Tris, 1.25% SDS, 5% sucrose, 10 mM EDTA, pH 8.0) were added to each sample, 
mixed and incubated in water bath at 65˚C for 30 minutes. Then, 60 μl of potas-
sium acetate 3 M (pH 5) were added to the samples, which were cooled at −20˚C 
for 20 minutes. After centrifuging at 13,000 rpm for 20 minutes, the superna-
tants were transferred to new tubes containing 400 μl of isopropanol and left to 
rest at room temperature for 5 minutes. Pellets were obtained after applying 500 
μl 70% ethanol, centrifuging samples at 13,000 rpm for 10 minutes and air dry-
ing. The DNA was resuspended in 100 μl ultra-pure water and maintained at 
−20 ˚C. 

2.3.2. Amplification of DNA Sequences 
Specific primers were used for amplifications of the locus Wsp (Wolbachia Surface 
Protein) [27] as insertion sequences of the transposon IS5 in two loci (IS5-WD0516/7 
and IS5-WD1310), and in tandem sequences VNTR-105 and VNTR-141 ([28]). 
All primer sequences are listed in Table 2. The reactions were prepared accord-
ing to specific protocols for each primer. Wsp-PCR mix reactions were prepared 
as described in [29] and amplifications according to [27]. IS5-PCR was con-
ducted as described in [30]. VNTR–PCR was performed as described in [29]. 

2.3.3. Identification of the Amplification Products 
The amplified samples were subjected to electrophoresis using 8% polyacrylamide  

 
Table 2. Primer sequences used for Wolbachia screenings in Drosophila strains. 

Primer Sequences 

Wsp-F 5-TGGTCCAATAAGTGATGAAGAAACTAGCTA-3 

Wsp-R 5-AAAAATTAAACGCTACTCCAGCTTCTGCAC-3 

IS5-WD0516/7-foward 5-CCATCAAGGTCTCTTTCA -3 

IS5-WD0516/7-reverse 5-TGCAAGGAAAACTAAACCAG-3 

IS5-WD1310-foward 5-AGGAGAACTGGTCTACGC-3 

IS5-WD1310-reverse 5-TGTTGCTGAGCTTTGCT-3 

VNTR-105-foward 5-GCAATTGAAAATGTGGTGCC-3 

VNTR-105-reverse 5-ATGACACCTTACTTAACCGTC-3 

VNTR-141-foward 5-GGAGTATTATTGATATGCG-3 

VNTR-141-reverse 5 –GACTAAAGGTTAGTTGCAT-3 
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gel (30% bisacrylamide, TBE 10X Glycerin 10% ammonium persulfate and 
TEMED). 10 μl of each sample were subjected to electrophoresis at 90 volts for 3 
hours in the presence of 1X TBE buffer solution (Tris, boric acid and 0.5 M 
EDTA pH 8.0). The fragments were visualized after fixation (10% ethanol, 0.75% 
Glacial Acetic Acid), and staining of the gel with silver nitrate followed by de-
velopment (sodium hydroxide and formaldehyde). The gels were air dried and 
preserved wrapped in cellophane paper [31]. 

2.4. Preparation of Aposymbiotic Strains (Wolbachia-Infection  
Free) 

After observing that the strains in the stocks were infected, it was necessary to 
prepare uninfected (or aposymbiotic) strains. With this aim, the strains were 
maintained during three generations in culture medium treated with tetracycline 
(Sigma-Aldrich) 0.03%. To prepare the medium, a stock solution of tetracycline 
diluted in 98% ethanol was used at 30 mg/ml concentration and kept at −20˚C. 
After the three generations of treatment, the flies were maintained for other 
three generations in culture medium without tetracycline, in order to exclude 
possible remains of the antibiotic that could interfere in the results. The use of 
this process has been considered secure in relation to the influence of the anti-
biotics on the results. Previous studies tested the effect of tetracycline treatment, 
confirming its efficiency for Wolbachia elimination and showing no significant 
effect on host fitness [32] [33] [34]. 

The Experiments 
After performing the analysis for detecting the presence of Wolbachia in the 
stocks and preparing the strains in the infected and uninfected (treated) condi-
tions, the experiments could be carried out. 

Experiments were performed using intracrosses prepared with three replicas, 
each with five virgin couples aged 7 to 9 days. The intracrosses were maintained 
in flasks and transferred once to new flasks containing recently prepared culture 
medium. In each strain, all the combinations of Wolbachia infected and unin-
fected flies were prepared. 

The characteristics studied for detecting interaction effects on reproduction 
were productivity (number of progeny) and sex-ratio. First of all, the analyses 
were made considering only the crosses of uninfected parents, in the three 
strains, aiming to analyze the intra cell interaction in the absence of Wolbachia 
infection. These flies carried D. prosaltans cytoplasm and different chromosome 
constitutions. The effect of Wolbachia infection was analyzed considering the 
four combinations of infected and uninfected flies in each strain. 

In the analysis of F1 progeny, males and females were computed separately till 
the last fly emerged in the crosses. 

2.5. Statistics 

Data were analyzed by Chi-square tests. Sex-ratio was calculated using the ex-
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pression: number of males times 100 divided by the number of females, as pro-
posed by [35]. 

3. Results 
3.1. Results of Experiments for Detecting the Presence  

of Wolbachia Infection in the Strains 

The five loci used in the amplification tests to detect the presence of Wolbachia 
in the Drosophila strains produced a single fragment (amplicon), indicating that 
each of them houses a single type of Wolbachia (Figure 1). The literature reports 
several cases of multiple Wolbachia infections in species of Drosophila and other 
organisms [36] [37] [38] [39] [40]. In these cases, the trials show more than one 
amplicon in the same host strain. This was not observed in the strains used in 
the present work. 

The screenings for the characterization of the Wolbachia strains present in the 
Drosophila strains used in this study were inconclusive. However, considering 
that, unlike the nuclear genes, which are inherited from both mother and father, 
cytoplasmic structures and Wolbachia are passed on along the female line, it is 
expected that H2 and H4, which were originated from the same F1 progeny, 
share the same cytoplasmic constitution, including the same mitochondrial ge-
nome and the same Wolbachia strain originated from D. prosaltans. 

Most likely, the Wolbachia strain present in H2 and H4 is the same present in  
 

 
Figure 1. DNA fragments produced by the screenings for Wolbachia presence in H2, H4 
and P strains (in the sequence of columns), using the primers Wsp, VNTR-141, VNTR- 
105 (a); IS5-WD1310 and IS5-WD0516/7 (b). 
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P strain, since we suspect that the transmission of the endosymbiont among 
strains from the saltans group have occurred horizontally through mites that 
parasite the flies, in the long time they have been maintained in the stocks. There 
is also the idea that this might be happened in nature on the basis of data ob-
tained by [41]. Those authors suggested that P elements have entered D. mela-
nogaster genome by horizontal transmission from other species. In order to 
identify the potential donor of the horizontal transfer process, those authors 
performed an extensive study on the genus Drosophila, using Southern blot 
analysis, showing that P-homologous sequences are essentially confined to the 
subgenus Sophophora, to which also belong the species in this study. This finding 
may reinforce the possibility of horizontal transference also for endosymbionts. 

3.2. Data Obtained in the Analysis of Wolbachia-Free  
Intrastrain Crosses 

Productivity of intracrosses of both uninfected parents was analyzed, in each 
strain in order to detect the effect of inner cell interactions in flies carrying dif-
ferent chromosome constitutions and sharing a Wolbachia-free, D. prosaltans 
cytoplasm. 

Comparison of data among the three strains showed high and similar progeny 
numbers in P2 (with complete D. prosaltans genome) and H2 strain (with the D. 
prosaltans genome plus one partial D. saltans genome), and much lower produc-
tivity in H4 (with D. saltans genome) (Table 3). 

We also compared H2 productivity with data previously obtained for F1 hybrids  
 
Table 3. F1 productivity and sex ratio in the three replicas of intracrosses involving Wolbachia infected (I) and treated (unin-
fected) (T) flies. P= D. prosaltans; H2 and H4= introgressed strains; F= Females, M= Males; To = total of progeny. 

Strain 

Crosses Replicas 
Sum Sex ratio 

F 
 

M 
1 2 3 

F M To F M To F M To F M To ♂×100/♀ 

P T X T 115 140 255 55 70 125 1 0 1 171 210 381 122,81 

 
I X I 26 23 49 0 0 0 0 0 0 26 23 49 88,46 

 
I X T 42 40 82 0 0 0 46 69 115 88 109 197 123,86 

 
T X I 31 41 72 51 67 118 23 45 68 105 153 258 145,71 

H2 T X T 0 0 0 113 91 204 45 65 110 158 156 314 98,73 

 
I X I 0 0 0 18 15 33 213 165 378 231 180 411 77,92 

 
I X T 41 37 78 181 184 365 190 151 341 412 372 784 90,29 

 
T X I 132 122 254 201 195 396 124 102 226 457 419 876 91,68 

H4 T X T 10 6 16 0 0 0 0 0 0 10 6 16 60 

 
I X I 0 0 0 66 47 113 8 14 22 74 61 135 82,43 

 
I X T 45 25 70 32 36 68 0 0 0 77 61 138 79,22 

 
T X I 6 2 8 1 1 2 0 0 0 7 3 10 42,86 
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of crosses between D. prosaltans females and D. saltans males [23]. In F1 flies, 25 
among 50 pair mating crosses were fertile and produced 326 descendants (a 
mean of 13.04 per female) and 50% sterility among all crosses. In H2, 314 des-
cendants were produced by 10 fly pairs (one of the replicas was sterile) giving a 
mean of 31.40 descendant per female), and cross sterility was about 30% (one of 
the three replicas was sterile). 

3.3. Data on Productivity and Sex-Ratio of the Strains Infected  
by Wolbachia 

The effects on productivity and sex-ratio were analyzed in the strains infected by 
Wolbachia, carrying D. prosaltans cytoplasm and different nuclear chromosome 
constitutions (Table 3). 

3.3.1. Productivity 
Productivity differences among cross combinations were significant in the three 
strains (for P, X2 = 258.2090; for H2, X2 = 381.5392 and for H4, X2 = 204.3445; in 
every strain p = 0.000000). The results were as follows: 

P strain: The intercrosses of both infected parents showed low productivity 
when compared to the other intracrosses, being the intracross of both treated 
(uninfected) parents (Wolbachia-free) the one that yielded the greatest number 
of progeny. The crosses between treated females versus infected males showed 
higher productivity than the reciprocal ones. Crosses of both infected parents, in 
addition to being the least productive, showed a single fertile replica. 

H2 strain: All combinations were highly productive, but those involving one 
infected and another uninfected parent showed productivity about the double or 
more, relatively to the crosses of both uninfected or both infected parents. 

H4 strain: The less productive intracrosses involved both treated parents and 
treated females versus infected males. One or two replicas were sterile in each of 
the combinations, and the number of offspring was much lower than that in the 
combinations of both infected sexes or infected females versus treated males. 
The productivity, much higher in IF X IM than in the reciprocal crosses, charac-
terizes the process named cytoplasmic incompatibility (CI) in operation. 

3.3.2. Sex-Ratio 
Data on sex-ratio of F1 progeny in the three strains showed the following results: 

P strain: In this strain, the difference among combinations was significant 
(X2= 33.12171; p < 0.000000). The intercrosses of infected parents produced 
number of males lower than 1:1 proportion, while the other three combinations 
produced male proportions higher than 1:1. 

H2 strain: In this strain the differences among combinations were not signifi-
cant (X2 = 6.526458; p < 0.088627). However, in the light of the numbers, the 
combination that involved both infected parents showed the lower proportion of 
male progeny. 

H4 strain: In this strain, sex-ratio differed significantly among combinations 
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(X2 = 56.05493; p = 0.000000). Crosses involving both treated parents and in-
volving treated females with infected males showed the lowest male progeny 
percentages, respectively 60% and 43%. 

4. Discussion 

Aiming to analyze intracellular interactions, we used two introgressed strains 
(H4 and H2) derived from F1 hybrids of crosses between D. prosaltans females 
and D. saltans males, chromosomally differentiated over time [21], and a D. 
prosaltans strain (P strain) taken from the stocks, used for comparison. 

We started the study analyzing productivity (number of descendants) in the 
intracrosses of uninfected flies, in the three strains. This allowed studying the ef-
fects of intra cell interactions, in flies containing different chromosome constitu-
tions and sharing a Wolbachia-free cytoplasm from D. prosaltans. The results 
showed that the strain with interspecific hybrid genome (H2) and the normal D. 
prosaltans (P) were similar in productivity, while the strain with only D. saltans 
chromosomes had a low performance. 

The low productivity of H4 may be explained by a high degree of nuc-
leus/cytoplasm incompatibility due to the presence of chromosomes exclusively 
of one species in the cytoplasm of another. However, the similar degrees of 
productivity shown by P and H2 strains were unexpected, given their difference 
in chromosome structure. We expected that productivity in a situation of hybrid 
chromosome structure (H2) would be impaired. 

Because of this, we considered interesting to compare H2 productivity with 
data previously obtained for F1 hybrids of crosses between D. prosaltans females 
and D. saltans males [23]. The production of descendants per fly, in H2, was 
more than double that in F1 flies. 

Since the chromosome difference between F1 hybrids and H2 strain was the 
absence of part of the D. saltans genomic material in H2, we considered that the 
chromosome parts eliminated might contain incompatible genes that act on the 
reproductive isolation between D. prosaltans and D. saltans, and that their eli-
mination has caused the improvement of H2 productivity. Loss of the same D. 
saltans chromosome parts occurred in another population (H3), also started 
with F1 hybrids and prepared simultaneously to H2 by [21] reinforced this idea. 
Those authors mentioned that the parallelism of the two populations, H2 and 
H3, could be indicative that the elimination of chromosome parts of D. saltans 
was not casual, and that they could carry genomic material modified in the spe-
cies divergence. Because the two strains shared the D. prosaltans cytoplasm, it 
seems that the intracellular interaction enabling the elimination of the D. saltans 
chromosome material was nDNA/nDNA. 

Nuclear/nuclear interactions affecting reproduction, in hybrids, have been 
considered as involving autosomal chromosomes of one species and the X 
chromosome of the other. For example, the sterility of D. melanogaster/D. si-
mulans hybrids was explained by interaction of autosomic loci of D. simulans 
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with loci of D. melanogaster X chromosome [2]. Progeny decrease in D. prosal-
tans/D. saltans F1 hybrids may also be promoted by inadequate interaction in-
volving the D. saltans autosome regions with the D. prosaltans X chromosome, 
but this is a possibility that remain to be verified. 

Inadequate nuclear-mitochondrial integration that causes energy crisis in 
cells, changes drastically cell physiology [42] [43]. The literature shows that de-
leterious reproductive phenotypes may also result from such incompatibility, in 
animal and plant hybrids [44] [45] [46] [47]. Harmful mtDNA/nDNA interac-
tion might explain the low productivity of flies we observed in H4 strain, that 
have D. prosaltans cytoplasm and chromosomes exclusively from D. saltans. 

Male F1 hybrids produced in interspecific crosses, in laboratory, are frequent-
ly sterile in one cross direction, and fertile in the other. Several studies of this 
kind of asymmetrical results have indicated that it is due to male sterility factors 
present in the cytoplasm of one species that conflicts with the genome of the 
other species. The cytoplasmic incompatibility factors have been mapped to the 
mitochondrial genome and interact with nuclear genes related to the mitochon-
drial functions. In Saccharomyces, the nuclear gene AEP2, located in the chro-
mosome 13, codes a regulatory protein involved in the translation of the mito-
chondrial gene OLI1 that codes a subunit of the complex of ATP synthesis [48]. 

Intercrosses between D. saltans females and D. prosaltans males produce ste-
rile male progeny in contrast to the reciprocal ones [23]. Since mtDNA/nDNA 
incompatibility is widely indicated to explain asymmetrical sterility (for example 
[49] in yeast; [5] in Drosophila; [47] in mice), we consider the possibility that in 
intercrosses D. prosaltans versus D. saltans, the same interaction process is op-
erating. 

The presence of the endosymbiont Wolbachia in the flies of the three strains 
studied, in the present work, affects the reproductive success of the host organ-
isms. It is already known that Wolbachia causes multiple effects on their hosts. 
They exhibit a spectrum of relationships with their hosts, ranging from parasit-
ism to mutualism. In the maximum degree, the relationship between host and 
symbiont becomes obligate. In this case, if they are separated from each other 
they die because the endosymbiont takes part of essential host processes, fre-
quently causing a metabolic complementation [33] [50] [51]. 

Through the process named cytoplasm incompatibility (CI), Wolbachia pro-
motes its own spreading in the population, favoring infected females. CI oper-
ates in intercrosses between treated (uninfected) females and infected males 
causing complete sterility or low number of progeny while, in the reciprocal 
crosses, the number of progeny is normal. In these intercrosses, Wolbachia 
causes cell cycle damages in the male pronucleus that lead embryos to death, in 
early stages. In the reciprocal crosses, eggs of infected females have the power to 
rescue modified sperm and embryos develop normally [52]. The involvement of 
Wolbachia in the origin of these problems was demonstrated in crosses of Dro-
sophila subquinaria with D. recens. When the crosses involved D. subquinaria 
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females (uninfected) and D. recens males (infected), mating occurred readily, 
but only some few viable hybrids were produced. Treatment of D. recens with 
antibiotic restored viability of hybrids in this cross direction, indicating that the 
strong progeny reduction was due to Wolbachia infection [53] [54]. 

In the present study, the effect of Wolbachia infection on productivity and 
sex-ratio, of the strains used showed strong dependence on the host nuclear 
chromosomes. The three strains with their particular chromosome constitutions 
and cytoplasm of D. prosaltans showed different interaction effects. 

Let’s consider first the strains H4 and H2, since because of their common ori-
gin they must share the same cytoplasm, including mitochondria and Wolba-
chia. H4 strain, with exclusively D. saltans chromosomes, manifested the CI ef-
fect: intercrosses TF x IM produced very low number of progeny in comparison 
with the reciprocal crosses (IF × TM), in which productivity was about 14 times 
greater. In crosses involving both infected parents, the number of descendants 
was also as high as in IF × TM, indicating that interaction of Wolbachia with the 
host chromosome content is favoring the feature productivity. Thus, in this 
strain, we have two fountains of infected flies for spreading Wolbachia: the 
crosses of both infected parents and the crosses of infected females with treated 
males. It is also interesting to note the degree of sterility of the replicas; in the 
four combinations of this strain, at least one replica didn’t yield progeny. Ap-
parently, in H4, the presence of Wolbachia has contributed to maintain the 
strain alive, in the stocks of our laboratory, in the course of time. As to the 
sex-ratio, in H4, crosses of treated parents and crosses TF x IM males showed, 
parallel to the lowest number of progeny, the lowest male percentages, (60% and 
43%, respectively). 

H2, with a mixture of chromosomes from both species faced well the Wolba-
chia infection. The crosses of both infected parents showed progeny number 
higher than the crosses of both treated parents. But, the highest performance was 
shown in crosses in which one of the parents was infected, in both directions, 
with productivity about twice or more than that in crosses of treated parents. 
The interspecific mixture in the host nuclear content seems to favor positive in-
teraction with Wolbachia, characterizing a mutualistic relationship. For Wolba-
chia, an increase of population size is a guarantee for their survival. Regarding 
sex ratio, in H2, the difference of 1:1 proportion was not significant. However, in 
the light of numbers, the crosses of both infected parents showed the lower male 
proportion (about 78%). 

Mutualism in Wolbachia has been described, intraspecifically, for strains of 
several Drosophila species such as D. suzukii [55], D. simulans [56] and D. me-
lanogaster [34] [57]. A stock of Drosophila mauritiana, infected with a native 
Wolbachia strain, produced about four times more eggs than the non-infected 
strain. In cellular studies, the authors found increase of the mitotic activity of the 
germline stem produced cells (GSC) and decrease in programmed cell death of 
the germarium, both induced by Wolbachia [58]. 
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Our results for D. prosaltans (P strain) showed the opposite, since Wolbachia 
infection was harmful for productivity. In crosses of both infected parents, the 
number of progeny was significantly lower than that in the other three combina-
tions, being the higher productivity found in crosses of both infection-free par-
ents. The results on sex-ratio showed some impair of males in intercrosses of in-
fected parents but males were favored in crosses involving one or both unin-
fected parents with some higher advantage in crosses TF x IM. The results 
showed that lower total productivity and lower female productivity may be con-
sidered part of the harmful effect of Wolbachia infection in this strain. 

5. Conclusion 

The present study using species from the Drosophila saltans group points to 
some forms of intracellular interactions revealed or suggested by the hybrid con-
stitution involving D. prosaltans and D. saltans, in introgressed strains. Produc-
tivity of Wolbachia uninfected flies reinforced the hypothesis that the segments 
of D. saltans chromosomes eliminated in H2 are carrier of interspecific isolating 
genes. Interactions nDNA/nDNA and mtDNA/nDNA were also suggested, con-
sidering both the cytological characteristics of the strains and the results on 
productivity. In the crosses involving Wolbachia infected flies, the effect on prod-
uctivity varied among the three strains, being harmful (P strain), mutualistic (H2), 
or CI inductor (H4), emphasizing the importance of the host chromosome consti-
tution in defining the effect of the endosymbiont activity and showing flexibility of 
these bacteria to use interaction processes for achieving self-preservation. 
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