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The genus Eigenmannia comprises several species groups 
that display a surprising variety of diploid chromosome 
numbers and sex-determining systems. In this study, hypoth
eses regarding phylogenetic relationships and karyotype 
evolution were investigated using a combination of molecular 
and cytogenetic methods, Phylogenetic relationships were 
analyzed for 11 cytotypes based on sequences from five 
mitochondrial DNA regions. Parsimony-based character map
ping of sex chromosomes confirms previous suggestions of 
multiple origins of sex chromosomes. Molecular cytogenetic 
analyses involved chromosome painting using probes derived 
from whole sex chromosomes from two taxa that were 
hybridized to metaphases of their respective sister cytotypes. 
These analyses showed that a multiple XY system evolved 

recently ( < 7 mya) by fusion. Furthermore, one of the chromo
somes that fused to form the neo-Y chromosome is fused 
independently to another chromosome in the sister cytotype. 
This may constitute an efficient post-mating barrier and might 
imply a direct function of sex chromosomes in the speciation 
processes in Eigenmannia. The other chromosomal sex
determination system investigated is shown to have differ
entiated by an accumulation of heterochromatin on the X 
chromosome. This has occurred in the past 0.6 my, and is the 
most recent chromosomal sex-determining system described 
to date. These results show that the evolution of sex
determining systems can proceed very rapidly. 
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Introduction 
Despite being largely conserved in birds and mammals, 
chromosomal sex-determining systems have evolved 
independently several times in the cold-blooded verte
brates (Devlin and Nagahama, 2002). Within fishes, a 
number of different sex-determining systems may be 
present even among closely related species (Peichel et al., 
2004; Takehana et al., 2007), including those within 
Eigenmannia (Henning et al., 200S), and have recently 
been implicated in speciation as well (Kitano et al., 2009). 
The reason for this evolutionary lability is unknown, but 
may be related to the multiple redundant gene copies 
created by whole-genome duplication events (Meyer and 
Schartl, 1999) and duplications of single sex-determining 
genes (Nand a et al., 2002). 

Traditional cytogenetic techniques have been able to 
identify heteromorphic sex chromosomes in only about 
10% of the teleost species analyzed (Devlin and 
Nagahama, 2002). This number is expected to increase 
as the use of chromosome painting is increasingly 
becoming part of the fish cytogenetics toolkit (Phillips 
et al., 2001). 
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The glass knife weakly electric eels (Teleostei: Gymno
tiformes: Eigenmannia) are distributed across most of 
South America and a part of Central America. They 
show several adaptations to the Iow visibility associated 
with riverine environments and their nocturnal lifestyle. 
These include morphological and behavioral adapta
tions; notably, the production of weak electric signals 
that are used for intra specific recognition, communica
tion and prey localization (Nelson, 2006). A number of 
gymnotiform species have been analyzed cytogenetically 
and shown a variety of diploid chromosome numbers, 
ranging from 2n = 22 described in Apteronotus albifrons 
(Hinegard and Rosen, 1972) to 2n = 54 in Gymnotus carapo 
(Foresti et al., 19S4). The presence of differentiated sex 
chromosomes is not widespread across this order; 
however, a number of different sex-determining systems 
have been described (Almeida-Toledo and Foresti, 2001). 

A number of different Eigenmannia cytotypes have 
been described from the major river basins in Brazil 
(Figure 1). Most of these populations are not distinguish
able morphologically, owing in part to substantial 
intraspecific variability (Mago-Leccia, 1994). Species 
status has not been officially granted to several putative 
species, despite growing evidence for their reproductive 
isolation (Moyses et al., 2009). Two species of Eigenmannia 
with overlapping distributions in the Upper Parana river 
basin present XY sex-determining systems--Eigenmannia 
virescens and the undescribed Eigenmannia sp.2 (Henning 
et al., 200S). E. virescens exhibits a karyotype of 2n 38XX:XY, 
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Figure 1 Map of the major river basins in Brazil and known distributions of the Eigenmannia cytotypes used in this study (including the 
collection localities). 

whereas Eigenmannia sp.2 presents a karyotype consisting of 
2n 31X1X2 Y in males and 2n = 32 X1X2X1X2 in females 
(Almeida-Toledo et al., 2(00) (Figure 2). 

Existing cytogenetic and population genetic evidence 
suggests that each of these species is sister to a taxon 
without differentiated sex chromosomes, with Eigenmannia 
sp.2 being sister to another undescribed species, Eigenmannia. 
sp.l (Almeida-Toledo et al., 1988), and E. virescens 2n = 
38XX;XY being sister to E. virescens 2n = 38 (Almeida-Toledo 
et al., 2001; Moyses et al., 2009). The distribution of these 
sister-taxa is mainly allopatric, with the exception of 
Eigenmannia sp.l and sp.2, which have been found in 
sympatry in one locality (see Figure 1). The cytotypes 
with sex chromosomes are found in the Tiete River basin 
and the species without sex chromosomes occur in the 
Mogi-Gua~u River basin. 

It was previously shown that these two heteromorphic 
sex chromosomes are not homologous and probably 
evolved independently (Henning et al., 2008). The 
processes proposed to account for the differentiation 
are fusion, in the branch leading to E. sp.2, and 
heterochromatinization, in the branch leading to 
E. virescens (Almeida-Toledo et al., 1988, 2001; Henning 
et al., 2008). 

The objective of this study is to test these hypotheses 
and investigate the processes that have led to the evolution 

of differentiated sex chromosomes in Eigenmannia sp.2 
and E. virescens 2n = 38XX;XY. To achieve this, we 
identify (a) the sister species of each of these two species; 
(b) the chromosomes homologous to each sex chromo
some in the sister species using chromosome painting 
and finally; (c) estimate the divergence to infer maximum 
dates of the two differentiated sex chromosomes. 

We show that mtDNA supports the sister-species 
status of these two species pairs. The ortholog of 
the Y chromosome in E. sp.2 (whose differentiation is 
estimated at < 6 mya) is fused to a different chromosome 
in E. sp.l and this may have interesting evolutionary 
implications. The X chromosome in E. virescens was 
estimated to be <0.6mya, making this the most recent 
differentiated sex chromosome described to date. The 
possible implications of these findings to the speciation 
processes in Eigenmannia and to the general theory of sex 
chromosome evolution are discussed. 

Materials and methods 

The experimental organism 
For this study, the samples were sampled from the Upper 
Parana, Sao Francisco and Amazon river basin. A total of 
10 cytotypes were used for the phylogenetic analysis. 
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Figure 2 (a) Giemsa-stained karyotype of a male specimen of 
E. virescel1s (2n = 38XX:XY)." Chromosome pairs were ordered by 
size. Pair 15 is sex determining. The heterochromatic block of the X 
chromosome is shown in the inset (bottom right). (b) Fluorescence 
in situ hybridization of a Y chromosome probe on a male metaphase 
of E. sp.2 showing the homology of a large metacentric to two 
acrocentric chromosomes. (c) Schematic representation of the sex 
chromosomes in E. sp.2 males and females. 

Table 1 Cytotypes and collection localities of samples used in the 
phylogenetic analysis 

Species Cytotype (2n) Species group Collection locality 

Eigenmannia sp.l 28 E. virescens Alto Parana 
Eigenmannia sp.2 31X1X2Y/ E. virescens Alto Parana 

32X1X1X2X2 
Eigenmanl1ia sp. 36 (var C) E. virescens Siio Francisco 
Eigenmannia sp. 36 (var A) E. trillineata Alto Parana 
Eigenmanl1ia sp. 36 (var B) E. trillineata Alto Parana 
Eigenmannia sp. 34 E. virescel1s Sao Francisco 
Eigel1mal1nia sp. 38 ZZ:ZW E. vi rescens Siio Francisco 
E. virescens 38 XX:XY E. virescens Alto Parana 
E. virescens 38 E. virescens Alto Parana 
Eigel1mannia sp. 30 Amazon 

Taxa shaded in gray were used in the cytogenetic analysis. 

Samples used for the cytogenetic analysis consisted of 
Eigenmannia sp.2; Eigenmannia sp.1 and E. virescens 
collected in small tributaries of the Tiete (23°05'S, 
47°13'W) and Mogi-Gua~u (22°23'S, 47°25'W) rivers, 
respectively (Table I, Figure 1). 

The specimens were sent for taxonomic identification 
and classified into two species groups: E. virescens and 
E. trilineata (R Campos-da-Paz, personal communiction). 
The specimens analyzed in this work will be herein 
identified with relation to their cytotypes. Following 
previous publications (see Introduction section), 
the 2n = 28, 2n = 31X,X2 Y /32X1X2X1X2, 2n = 38 and 
2n = 38XX:XY cytotypes will be referred to as Eigenmannia 

sp.1, Eigenmannia sp.2, E. virescens and E. virescens 
(38XX:XY), respectively. 

Molecular methods 
Five regions of the mitochondrial genome were 
sequenced using standard methods and the following 
primer pairs Met-L4437 + ND2-H4980 (Macey et al., 
1997), ATP8.2-L8331 +C03.2-H9236 (Sivasundar et al., 
2001), ND4-L11424 + His-H12145 (Miya and Nishida, 
1999), Cytb-L14841 + Cytb-H15149 (Kocher et al., 1989) 
and L-Pro + H16498 + 3 (Borowsky and Mertz, 2001). 
GenBank accession numbers for these sequences are 
GQ228019-GQ228029 and GQ253014-GQ253056. 

The ND4 sequence from the specimen with 2n = 36 
(Ec3Sf) could not be determined, and was treated as 
missing data. The sequences from these five regions were 
concatenated for the maximum parsimony (MP) and 
maximum likelihood (ML) phylogenetic analysis. Details 
of the data set used are given in the Supplementary 
Materials (Supplementary Table S1.1). 

Alignment and model selection 
Sequences obtained were aligned using ClustalW, as 
implemented in BioEdit (Hall, 1999) and corrected 
manually. Coding regions were translated for the 
alignment. The aligned data set contained 3016 cha
racters. The nucleotide substitution model for the 
concatenated data set (ML analysis) and for each of the 
partitions (Bayesian analysis) was determined based on 
the hLRT and Akaike Information Criterion, respectively, 
as implemented in jModeltest 0.1.1(Posada, 2008). 

Phylogenetic analysis 
MP (Fitch, 1971) and ML analyses were conducted in 
PAUP v.4.0b10 (Swofford, 2002). MP analysis (heuristic 
search) was conducted with unweighted characters. 
Consistency and retention indices and bootstrap values 
were calculated using 1000 replications. Archolaemus blax 
(Gymnotiformes: Stemopygidae) was used as out-group 
for this analysis (see Alves-Gomes, 1999). 

Partitioned Bayesian analysis was carried out using 
MrBayes (Ronquist and Huelsenbeck, 2003). Details on 
the partitioning schemes and selection methods are 
described in detail in the Supplementary File SI. 
Convergence was assessed by the average s.d. of split 
frequencies (printed on screen every 103 generations) and 
by visual inspection in Tracer v1.4.1 (available from 
http://www.beast.bio.ed.ac.uk/Tracer). The chosen par
titioning scheme was then reanalyzed in MrBayes v.3.1 
using 2 x 107 Markov Chain Monte Carlo generations 
with sampling every 100th generation; 25% of the 
samples were discarded as bumin and the remaining 
log file of each run was combined. 

Cytogenetic character states (diploid chromosome 
number and presence of differentiated sex chromo
somes) were mapped on to the Bayesian tree using 
MacClade v.4 (Maddison and Maddison, 2000). 

Estimation of divergence times 
Divergence times were estimated using BEAST v.1.5.2 
(Drummond and Rambaut, 2007). Markov Chain Monte 
Carlo chains were run for 4 x 107 generations and 
sampled every 1000 generations. Tracer v.1.4.1 was 
used to calculate Bayes Factors and divergence estimates. 
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Four different estimates were obtained using strict and 
relaxed clocks. 

The relaxed clock analyses were performed using 
coding regions of ND2, ATPase 6 and Cytb partitioned 
by codon. The following taxa were used: E. virescens 
2n = 38, E. virescens 2n = 38XY, E. sp.l, E. sp.2, zebra fish 
(gi 18576324), carp (gi 1436882), stickleback (gi 116267225), 
medaka (gi 125005733), rainbow trout (gi 182492328), salmon 
(gi 13775976), fugu (gi 123306916) and Tetraodon nigroviridis 
(gi 186604632). Anguil/a japonica (gi 113429955) was used as 
an outgroup. Sequences were translated and aligned in 
Seaview using the Muscle algorithm (Galtier et al., 1996). 

Maximum and minimum constraints on the uniform 
prior were provided for three nodes, following key 
calibration points indicated in the study by Benton et al. 
(2009) and available at http://www.timetree.org.An 
additional constraint of the Eigenmannia split was added 
to one of the analyses following Alves-Gomes (1999). 
Details of the partitioning schemes, nucleotide substitu
tion models, rates and time constraints used are given in 
the Supplementary File 51 (Supplementary Table 51.2). 
The input file used in BEAST is available in Supple
mentary File 52. 

Estimations using fixed rates were performed on the 
Eigenmannia data set. The Gymnotiform tRNA rate of 
0.23%my described by Alves-Gomes (1999) was used to 
provide a conservative estimate (Mueller, 2006). A second 
estimate was performed using a teleost mtDNA rate of 
O.7%my (Zardoya and Doadrio, 1999). 

Cytogenetic analysis 
Mitotic chromosomes were prepared as previously 
described (Almeida-Toledo et al., 2002). The sex chromo
some probes were derived from the whole Y chromosome 
of Eigenmannia sp. 2 and the whole X chromosome of 
E. virescens (2n = 38XX:XY), as described previously (Henning 
et al., 2008) using the methodology described by Weimer et al. 
(1999). Cross-species fluorescence in situ hybridization was 
performed as in Henning et al. (2008). For the analysis, 
chromosomes from the same metaphase were ordered by 
size. Size measurements were performed using ImageJ 
software (available from http://rsbwehnih.gov/ip. 

Probes for detection of telomeric sequences ttaggg(n) 
were produced using the method published by Ijdo et al. 
(1991b). Details of the protocol are given in the 
Supplementary File 53. 

Simultaneous staining with 4'-6-diamidino-2-phenyl
indole and chromomycin A3 was performed by treating 
fresh slides with 100)11 of a solution containing 10 mM 
MgCl2 and 0.12mgml-1 chromomycin A3 for 2h. Slides 
were then either mounted with Vectashield Mounting 
Medium with 4'-6-diamidino-2-phenylindole (Vector 
Labs, Buriingame, CA, USA) or treated for 10 min in a 
solution containing 0.2 ng ml- 1 4'-6-diamidino-2-phenyl
indole and 2 x SSc. 

Results 

Phylogenetic analysis 
MP analysis including 11 taxa and 3016 characters 
resulted in a single most parsimonious tree (1282 steps) 
(Figure 3a). The GTR + G model was determined to be 
the best evolutionary model for the concatenated data set 
under the hierarchical likelihood ratio test and was used in 

ML analysis. The best trees generated by ML and MP have 
similar topologies, and are combined in Figure 3a. The 
difference between the ML and MP trees is related to 
the position of 2n = 34 and 2n = 30 cytotypes (which are 
monophlyletic in the ML tree), and Eigenmannia sp. 2n = 36 
and Eigenmannia sp. 2n = 38 (which are inverted in the ML 
tree). These differences concern the least supported nodes, 
and are indicated by asterisks in Figure 3a. 

Partitioning scheme c (see Supplementary File 51) was 
chosen for the Bayesian analysis based on In Bayes Factor 
comparison (Table 2). This scheme combined regions 
with similar evolutionary rates and models and resulted 
in a likelihood score indistinguishable from the most 
partitioned scheme, but with considerably less para
meters. The Bayesian tree obtained is consistent with 
those from the MP and ML analyses. The differences are 
related to the lowest supported nodes mentioned above. 
In particular, the relationship of species 2n = 36 VarA and 
2n = 36 VarB could not be resolved and is shown with a 
polytomy (Figure 3b). 

All phylogenetic trees obtained using the several 
reconstruction methods revealed two lineages compris
ing the lower (2n = 28-34) and higher (2n = 36-38) 
diploid numbers, these lineages are hereafter referred 
to as L- and H-lineages, respectively (Figure 3). All trees 
show that the species that possess heteromorphic sex 
chromosomes are closest related to species lacking 
differentiated sex chromosomes. Specimens classified as 
members of the E. trillineata group were shown to be 
paraphyletic by all analysis (see Table 1). 

Divergence time estimations 
The estimates obtained using both relaxed and strict 
clocks are displayed in Table 3. As expected, the strict 
clock based on tRNA rates always estimated more 
ancient divergent times. This analysis was included only 
to present a conservative estimate and will not be 
discussed further. The other estimates are consistent, 
especially in relation to the more recent splits. In short, 
the split of the two E. virescens species and the E. sp.l 
and 2 species were estimated to be <0.55 and <7ma, 
respectively, by all the remaining analyses. The mean 
split of the Eigenmannia H- and L-lineages is estimated to 
be between 27 and 36 ma. The tree obtained is available 
in the Supplementary Files (Supplementary Figure 51.2) 

Cytogenetic analysis 
Use of chromosome painting probes derived from 
microdissected chromosomes is known to produce 
relatively noisy signals, particulariy, because of the 
presence of repetitive DNA that may severely bias 
degenerate oligonucleotide primed-PCR amplification, 
in which the number of template copies is small. In this 
study, only labeled euchromatic regions that appeared 
consistently in both homologous chromosomes were 
considered as an indication of homology. 

The results of the hybridization of the Y-chromosome 
probe from Eigenmannia sp.2 on metaphases of Eigen
mannia sp.l revealed homology to a single arm of a large 
metacentric pair and to another pair of medium-sized 
acrocentric chromosomes (Figures 4a and b). Other 
consistent hybridization signals can also be seen on 
other chromosome pairs, notably, the centromeric 



a b 

'-----Eigenmaonia $po (20-34) 1.----- Elgenmannia gp. (2n~3() 

I.--~--I·m ,..----- EIgenmannJ.$p. (2n-38 ZZ:LW, ')----- Elg&nmannia sp. (20=38 ZZ"z.W) 

.--___ E!genmannia sp. (20=38 vatS) .. 
,..---- Eigenmannla "p. (20=36 vafA)" 

'-------------ArchohJemus bJax '---+'1-- Alcholaemus blax 

Figure 3 (a) Phylogenetic trees obtained by maximum parsimony (MP) and maximum likelihood (ML). MP and ML bootstrap values are 
shown, respectively, above and below the branches. Nodes not shared by both methods are labeled by *. (b) Partitioned Bayesian analysis. 
Posterior probabilities are shown above the branches. The species pairs used in the cross-painting experiments are highlighted and the taxa 
included in the E. trillineata species group (see Materials and methods section and Table 1) are labeled by **. Arrows in (b) indicate most 
parsimonious origin of sex chromosomes. 

Table 2 In Bayes Factors for each of the partitioning schemes tested (described in detail in Supplementary file 51) 

Partitioning scheme 

a 
b 

e 

In P(model I data) 

-10045.903 

s.e. a 

±0.095 

b c d e f 
-15.70 -295.67 -248.10 -295.70 

Values higher than four are considered strong evidence for the preferred model. Schemes shaded in gray were considerably better than the 
remaining schemes, and not significantly different from one another. 

Table 3 Divergence estimates based on relaxed and strict clocks 

Clock Constraints/fixed rate (per base/l1ly)b 2n = 38XY and 2n = 38 E. sp.1 and E. sp.2 Hand L lineages 
modela 

RC Clupeocephala (UP: max. 165.2; min.149.85) 
Medaka. FugoHetraodon (UP: max. 150.9; min 96.9) 
Tetraodontidae (UP: max. 56; min. 32.5) 

0.436 (0.045-0.997) 4.581 (1.324-8.615) 

Eigemnannia (NP: mean = 17. s.d. = 5) 
RC Clupeocephala (UP: max. 165.2; min. 149.85) 

Medaka. FugoHetraodon (UP: max. 150.9; min 96.9) 
Tetraodontidae (UP: max. 56; min. 32.5) 

0.457 (0.40-1.083) 5.262 (1.660-9.541) 27.464 (9.825-48.598) 

SC Teleost mtDNA evolutionary rate = 0.70% 0.565 (0.286-0.856) 6.666 (5.307-8004) 36.120 (31.261-41.431) 
se Evolutionary rate of gyrnnotiforrn 125 and 165 

tRNA genes = 0.23% 
1.831 (0.976-2.805) 20.710 (16.544-24.872) 110.313 (95.292-126.495) 

Numbers in bold represent the mean, and numbers in parentheses represent the 95% confidence interval for each estimate. Estimates are 
given in million years (my). 
"RC, relaxed clock; SC, strict clock. 
bUp, uniform prior; Np, normally distributed prior. 

regions of pair 2. These regions were shown to be 
heterochromatic by fluorochrome staining. In situ hybri
dization using telomeric probes did not reveal interstitial 
telomeric sequences in any of the specimens analyzed, 
despite the use of low stringency hybridization protocols 
(Supplementary File S3). 

The X-specific probe derived from E. virescens 
(2n = 38XX:XY) hybridized to a small pair of acrocentric 

chromosomes in E. virescens (Figures 4c-e). Some non
specific signals were also located on euchromatic regions 
of other chromosome pairs; however, these signals were 
not considered to reflect homology as they were not 
shown in both of the homologs and are probably due to 
the presence of repetitive sequences in the probe. 

MP mapping of the cytogenetic data (presence/ 
absence of sex chromosomes and diploid number) on 
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Figure 4 (a) Cross-species fluorescence in situ hybridization (FISH) using Y-chromosome probe obtained from Eigenmanl1ia sp.2 hybridized to 
an Eigel1mannia sp.l metaphase. Pairs displaying consistent signals on euchromatic regions are indicated. (b) Chromosomes from the same 
metaphase ordered by size to aid interpretation of signals. (c) Cross-species FISH using X-chromosome probe obtained from E. virescens 
(211 = 38XX:XY) hybridized to an E. virescel1s metaphase. Pairs displaying consistent signals on euchromatic regions are indicated. (d) Inverted 
4'-6-diamidino-2-phenylindole image from same metaphase (to facilitate visualization of chromosome morphology). (e) Chromosome pairs 
from panel c ordered by size. 



the phylogenetic tree generated by the partitioned 
Bayesian analysis could not determine the ancestral 
diploid number for each of the main lineages or the 
entire ingroup. Diploid numbers of 36 and 38 are equally 
parsimonious in the H-lineage. By assuming a hard 
polytomy (that is, multiple speciation events), 36 
becomes the most parsimonious ancestral state. It is not 
clear, however, if such an assumption is warranted. The 
most parsimonious scenario of sex chromosome evolu
tion is three independent origins (Figure 3b). 

Discussion 
The two chromosomal sex-determining systems investi
gated were found to be of very recent origin. The 
heterochromatinized XY system is the most recent 
system described to date « 0.6 my), and might provide 
additional insights for the study of patterns related to the 
early differentiation of sex chromosomes. Moreover, one 
of the chromosomes involved in the fusion event that 
gave rise to a multiple XY system is fused independently 
in the closest-related taxa and this probably constitutes 
an efficient post-mating barrier. The taxa that present 
heteromorphic sex chromosomes appear as sister taxa to 
species lacking differentiated sex chromosomes in all 
trees obtained. The evidence provided here through the 
use of chromosome painting suggests that ancestral 
chromosome pairs fused at least twice in the lineages 
leading to Eigenmannia sp.2 and Eigenmannia sp.1. In the 
former species, it has resulted in the evolution of a 
multiple XY system (Almeida-Toledo et al., 2000) . 

Overall, the data presented support the hypothesis of 
repeated evolution of differentiated sex chromosomes in 
Eigenmannia, involving fusions and heterochromatiniza
tion. These findings are summarized in Figure 5. 

a 

E. virescens species pair 
Chromosome painting confirms the homology of the X 
chromosome of E. virescens (2n = 38XX:XY) to a small 
acrocentric pair in E. virescens (Figures 4c-e). This species 
pair showed particularly high support (100% bootstrap 
in both MP and ML, and 1.0 Bayesian posterior) 
(Figure 3). Among all the species analyzed, this species 
pair was the only one to share inter-sequence simple 
repeats amplification patterns in a recent population 
genetic study (Moyses et al., 2009). Judging from the 
current allopatric distribution and divergence dates 
estimated (see Figure 1b and Table 3), it seems likely 
that suppression of recombination in the homologous 
pair of acrocentric chromosomes and accumulation of 
heterochromatin on the X chromosome' occurred after a 
recent geographical separation. 

It is unlikely that such a difference in heterochromatin 
content would result in any degree of post-mating 
isolation, although such a link has recently been 
suggested in Drosophila (Ferree and Barbash, 2009). It 
seems that the genetic differentiation is being maintained 
by geographic isolation alone, but possible negative 
effects on hybrid meiosis remains to be investigated . The 
accumulation of heterochromatin in one chromosome of 
a pair (in this case, the X chromosome) implies that there 
is already restricted recombination, and the most 
common explanation is the presence of inversions 
(Charlesworth, 1991). 

The observation that the X chromosome of this system 
is heterochromatinized seems puzzling. Recombination 
restriction is more drastic in the regions surrounding the 
sex-determination locus of the Y chromosome and is, 
therefore, expected to lead to a degeneration and a higher 
degree of repetitive DNA expansion on the Y chromosome 
(Charlesworth, 1991). However, the accumulation of 

b Hybridization 
Fusion 

11 11 
E. sp. 2 E. sp. 2 (male) E. Sp. 1 

Fusion 

25mya 

Heterochromatinizatlon 

Inversion? 

5 my a 

I' + I" 
E. sp. 1 

Hybrid Karyotype 

E. virescens 

E. virescens 
Hybrid Meiosis 

0.5 my a 

Figure 5 Schematic representation of the main findings and hypotheses generated by this study. (a) E. sp.l and sp.2 diverged approximately 
5 my a and fixed independent fusions involving the same chromosome (represented in blue). The fusion gave rise to a multiple XY sex
determination system in E. sp.2. The E. virescens species pair diverged more recently «O.6mya) and one of the species evolved 
heteromorphic sex chromosomes through the heterochromatinization of the distal region of the X chromosome. A hypothetical inversion 
might have led to this accumulation of heterochromatin. (b) Possible outcome of a hybridization event involving a E. sp.2 male and a E. sp.l 
female. Half of the hybrids would inherit the E. sp.2 Y chromosome. This might lead to complications in the pairing of homologs during the 
hybrid meiosis. Possible sex ra tio distortions and the outcome of the reciprocal cross are harder to deduce given the lack of knowledge of the 
sex-determination system of E. sp.l. Chromosomes derived from E. sp. l and 2 are labeled with' and + respectively. 
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heterochromatin in the X chromosome might be simply 
related to the recent age of this sex-determination 
system. It is known that levels of heterochromatin can 
vary substantially, and, in fact, variation in the size of 
this heterochromatic block has already been observed in 
a natural population of E. virescens (Almeida-Toledo 
et al., 2001). Recently, four Eigenmannia karyotypes 
bearing ZW sex chromosomes were described from the 
Amazon basin (Silva et al., 2009). Based conventional 
cytogenetic techniques, the authors suggest independent 
origins and that the ancestral sex chromosome pair is 
homologous to the Eigenmannia virescens XY system 
studied here (see Figure 5 in Silva et al., 2009). Future 
studies combining chromosome painting and phylo
genetics are needed to test these hypotheses. 

Eigenmanna sp.1 and sp.2 
Eigenmannia sp.l and Eigenmannia sp.2 also appear as 
sister taxa, and the fusion event leading to the evolution 
of the neo-Y chromosome is also recent « 6 ma). The 
similarity between the karyotypes of these two taxa had 
already been observed using R banding and supports the 
sister-species status of this species pair (Almeida-Toledo 
et al., 1988). The fact that one of the chromosomes 
homologous to the Y chromosome is fused to two 
different chromosomes in this species pair may have 
interesting evolutionary implications (Figure 5b). This is 
likely to result in a significant level of infertility in 
potential Fl hybrids because of abnormal meiotic 
segregation (Wallace et aI., 2002). This effect would likely 
be compounded if the chromosome happened to harbor 
sex-determining genes, given the disproportionate 
importance of sex chromosomes in the evolution of 
post-mating isolation mechanisms (Presgraves, 2008; 
Kitano et al., 2009). 

In contrast to the E. virescens species pair, the 
karyotypic differences probably constitute a post-mating 
reproductive isolation mechanism, and it is likely that 
these species would not hybridize significantly in the 
absence of geographic isolation. In fact, these two 
cytotypes have been found in sympatry (CB Moyses, 
personal observation). An exciting possibility is that 
stronger mating discrimination has evolved between the 
sympatric populations in the process known as reinforce
ment of reproductive isolation. In this case, presumably, 
the increase in levels of premating isolation might 
involve the reproductive character displacement of 
electric signals associated with species recognition 
(Feulner et al., 2009). Similarly, the sympatric distribu
tions of Eigenmannia sp.l and E. virescens; and Eigenmannia 
sp.2 and E. virescens (2n = 38XX:XY) are also an indica
tion of significant levels of reproductive isolation. 

No evidence of interstitial telomeric sequences was 
found in Eigenmannia spl or Eigenmannia sp.2, despite 
evidence for the occurrence of multiple fusion events. 
Explanations for this pattern may involve the loss of one 
centromere and surrounding sequences in the case of a 
centric fusion and the rapid evolution of the pericen
tromeric heterochromatin. Losses of regions surrounding 
the fusion site have been described in several groups 
(Nand a et al., 1995; Perez et aI., 1999). Alternatively, this 
might reflect insufficient resolution in our assay-it has 
been shown, for example, that the human chromosome 2 
harbors ancient telomeric sequences in the vicinity of the 

centromeric region (2q13), but that these can only be 
detected with higher resolution techniques (ljdo et aI., 
1991a). Either way, the hypothesis that the Y chromo
some originated by fusion is further supported by the 
observation that the Y chromosome is homologous to 
two different autosomal pairs in E. virescens, an outgroup 
to this species pair (Henning et al., 2008). Thus, the most 
parsimonious ancestral state is that of two pairs. 

Concluding remarks 
Theoretical models have shown that the rate of fixation 
of a chromosomal rearrangement is proportional to the 
mutation rate and selection, and is inversely propor
tional to effective population size (Lande, 1979). Con
sidering the likely negative initial fitness effects of 
multiple rearrangements, it is possible that the current 
pattern was aided by random processes of deme 
extinction followed by recolonization by a few indivi
duals. Indeed, the failure to collect specimens in 
previously sampled localities (LF de Almeida-Toledo 
and F Henning, personal observation) suggests that these 
populations are highly unstable. If a link between 
fixation of these chromosome rearrangements and 
speciation where upheld by future studies, it might 
provide additional support to the mayrian view of 
speciation occurring mainly through founder events 
with no direct link to ecological factors and natural 
selection (Mayr, 1942). It should be noted, however, that 
ecological differences between these species remain to 
be investigated. Sex-specific ecological strategies also 
remain unknown, and might be important for the 
evolution of differentiated sex chromosomes. 

In conclusion, the Eigenmannia species group has 
provided several independent examples of the rapid 
evolution of sex chromosomes and of chromosomal 
rearrangements (Almeida-Toledo et al., 2000, 2001,2002; 
Almeida-Toledo and Foresti, 2001; Henning et aI., 2008). 
The combined approach of phylogenetic and molecular 
cytogenetic methods used in this study highlights the 
occurrence of a series of chromosomal rearrangements 
that gave raise to the contemporary pattern of karyotypic 
variation in Eigenmannia and may have Significant 
implications for the maintenance, and possibly the origin 
of reproductive isolation in this interesting species 
complex. 
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