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Abstract. The high level of inversion polymorphism and, correspondingly, the abundance of 
inversion banding sequences (BSs) of polytene chromosomes in the banding sequence pool of 
Chironomus species permit scientists to reconstruct the cytogenetic evolution of the genus and 
to evaluate the role of structural rearrangements in the genome during population divergence 
and speciation. We performed a quantitative assessment of the important role of inversion 
polymorphism in the differentiation of natural populations and demonstrated the adaptive 
significance of different gene orders in populations of species occurring in different regions. 
For the first time, it has been shown that the BS pools of populations of the same species on 
different continents differed much in the sets and frequencies of gene inversion orders. BS 
pools of populations on each continent were found to contain continent-specific BSs in addi-
tion to sequences occurring on several continents. This intraspecies diversity of the linear 
organization of the genome is one of the major factors maintaining the evolutionary stability 
of species in dramatically different environments. In addition to endemic species-specific 
sequences, the BS pool of the genus Chironomus contains sequences common for different 
species, cytocomplexes, and continents. These sequences, termed basic sequences, are very 
important for reconstruction of genome divergence in the course of evolution. It is suggested 
that they are close to the initial primitive sequences existing on ancient supercontinents, 
whereas continent-specific BSs were formed after continent separation. Comparison of all 
currently known BSs in the sequence pool of the genus Chironomus showed that the genomes 
of the most distant species differed by more than 90 inversion breaks, causing changes of their 
linear structure. In such cases, conserved genome regions span about 10 bands. 

1 INTRODUCTION 

As shown by cytogenetic analysis of chromosomal evolution, the divergence of 
animal karyotypes is mediated mainly by para- and peri-centric inversions, altering 
the gene order in linkage groups (Dobzhansky 1970; White 1977; King 1993; 
Navarro and Barton 2003; Eichler and Sankoff 2003). Comparative genomics con-
firms this conclusion on the basis of molecular analysis of genomes and proteomes. 
The genomes of distant species, such as man, mouse, Drosophila, and Anopheles, 
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differ mainly by the order of genes in linkage groups rather than the number and the 
set of genes (Zdobnov, von Mering and Letunic 2002; Marques-Bonet, Caceres and 
Bertranpetit 2004; Ayala and Coluzzi 2005).  

Alteration of gene order in chromosomes during speciation can be traced visually 
in dipterans, which possess polytene chromosomes with distinct banding sequences 
(Painter 1934; Bridges 1935; Beermann,1972; Zdobnov et al., 2002). Species of the 
genus Chironomus (Diptera, Chironomidae) are particularly appropriate for this 
purpose. They occur on all continents (except for Antarctica) with highly variable 
environments and include numerous groups of sibling species, whose members differ 
in the amount of cytological or genetic change that has accompanied speciation.By 
global analysis of banding sequences (BS) in the genus Chironomus, we have traced 
gene order change during species divergence and dispersal. We studied BSs in 46 
Eurasian endemic species (the Palearctic biogeographic subzone), 14 North Ameri-
can species (the Nearctic subzone), 5 Holarctic species, whose populations inhabit 2 
continents in 2 subzones, and 24 endemic species from Australia and New Zealand 
(Australasian biogeographic zone). In addition, we invoked data on BSs studied in 
four Central African species (Ethiopian biogeographic zone). The species studied 
belonged to two subgenera: Chironomus and Camptochironomus. 

Before proceeding to the characteristics of BS divergence on different continents 
revealed by global analysis, let us consider the main parameters of the structures of 
karyotypes and BSs in species of the genus Chironomus.  

2 KARYOTYPE STRUCTURE IN THE GENUS Chironomus 

Species of the genus Chironomus possess seven conserved linkage groups, corre-
sponding to seven chromosome arms (A, B, C, D, E, F, and G). The chromosome 
arms typically form four chromosomes in the Chironomus karyotype (n = 4). Differ-
ent species possess different arm combinations: chromosomes AB CD EF G in the 
thummi cytocomplex, AE CD BF G in the pseudothummi cytocomplex, AB CF DE 
G in the camptochironomus cytocomplex, etc. In rare cases, the acrocentric chro-
mosme is not arm G, e.g, the columbiensis-group with AG, CD, BF and E. A few 
species of the genus have reduced chromosome numbers (n=3, n=2) owing to fusion 
of short arm G with another arm (Keyl 1962; Martin 1979; Wuelker 1980; Kiknadze 
Blinov and Kolesnokov 1989; Kiknadze, Shiliva, Kerkis, Shobanov, Zelentzov, 
Grebenjuk, Istomina, and Prasolov 1991; Kiknadze, Istomina, Gunderina, Salova, 
Aimanova and Savvinov 1996; Michailova 1989). 

The seven linkage groups correspond to seven main BSs in the karyotype of each 
species. These main BSs are the most abundant in natural populations of a species. 
As the karyotypes of the overwhelming majority of Chironomus species are highly 
polymorphic due to various inversions, alternative BSs occur in each species in addi-
tion to the seven main ones. They can occur at relatively high frequencies, although 
not in all populations. There are also rare and unique BSs, found in the heterozygous 
state in occasional larvae and in few populations. Each arm sequence is designated 
with a unique identifier, which includes an abbreviation of the species name and the 
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BS number. For example, arm A of C. plumosus has 12 BSs: pluA1, pluA2, ..., 
pluA12; arm B has 8 BSs: pluB1,…, pluB8, etc. The set of BSs found in a particular 
species forms its banding sequence pool. The pool size depends on the level of 
chromosome polymorphism of the species. In the genus Chironomus, the pool size 
within a species varies within the range 7–60 BSs. 

Speciation is accompanied by karyotype divergence mediated by the fixation of 
various inversion BSs. The role of chromosome variability in speciation is most clear 
in groups of sibling species. For example, karyotypes of virtually all of about a 
dozen species belonging to gr. plumosus have common BSs in some arms, but other 
arms differ by species-specific fixed inversion sequences. The number of arms with 
homologous BSs varies from one to six per genome. Correspondingly, the more 
homologous arms that are conserved between the karyotypes of species, the closer 
are these species, and vice versa. This conclusion is confirmed by Nei's cytogenetic 
distances. Species divergence can be enhanced by variability of frequencies of ho-
mologous BSs (Gunderina, Kiknadze and Golygina, 1999; Gunderina and Kiknadze, 
2000).  

Common BSs do not occur only in sibling species of the genus Chironomus. 
They can be found between more distant species, even those belonging to different 
cytocomplexes (Keyl 1962; Wuelker 1980). Such BSs found in different cytocom-
plexes are termed “basic” and considered to be primitive, existing before the forma-
tion of cytocomplexes. Moreover, some basic BSs are found not only in European 
species, to which earlier BS studies were dedicated, but also in species from other 
continents: North America (Wuelker, Sublette and Martin 1968; Wuelker and Martin 
1971; Wuelker and Martin 1974; Wuelker 1980), Australia (Martin 1971; Martin 
1979), South America (Wuelker and Morath 1989; Wuelker, Sublette, Morath and 
Martin 1989), and India (Saxena 1995). However, the overall number and geo-
graphical distribution of basic BSs have not been known until recently. We attempt 
to recognize those BSs in the Chironomus banding sequences pool that can be as-
signed as "basic", trace their dispersal on various continents, and assess their contri-
bution to the chromosomal evolution of the genus. Unfortunately, we have to confine 
our study to three of seven arms (A, E, and F), because BSs of Australian species are 
currently known only for these arms. 

3 DIVERGENCE OF BANDING SEQUENCES IN THE GENUS 
Chironomus ON VARIOUS CONTINENTS 

As mentioned above, the genus Chironomus is virtually cosmopolitan. However, 
it is represented on each continent mainly by endemic species (Saether 2000; Sho-
banov, Shilova and Belyanina 1996). In addition to endemic species, the genus in-
cludes few species with vast ranges, covering several continents and several bio-
geographic zones. In particular, Holarctic species occur on two continents belonging 
to the Holarctic biogeographic zones: Northern Eurasia (Palearctic) and North Amer-
ica (Nearctic). For this reason, the BS designations are preceded by symbols for the 
corresponding biogeographic zones or subzones, to specify the geographic occur-
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rence of various basic BSs. Banding sequences confined to the Palearctic, are desig-
nated with p’ (e.g. p’pluA1); BSs confined to the Nearctic, with n’ (e.g. n’plu A9); 
BSs found on both continents of the Holarctic, with h’ (e.g. h’pluA2); Australasian 
BSs, with a’ (e.g. a'oppA1); and Central African (Ethiopian biogeographic zone), 
with e’ (e.g. e'allA1). 

We can now consider BS features in species from various continents. 
Of the Holarctic species, we have studied BS divergence in C. plumosus, C. en-

tis, C. pallidivittatus, C. anthracinus, and C. annularius. Populations of these species 
occur in Northern Eurasia and North America (Kiknadze et al., 1996; Kiknadze, 
Butler, Aimanova, Andreeva, Martin and Gunderina 1998; Kiknadze, Butler, Goly-
gina, Martin, Wuelker, Sublette. and Sublette 2000; Gunderina et al., 1999; Butler, 
Kiknadze, Golygina, Martin, Istomina, Wuelker, Sublette and Sublette 1999). Gener-
ally, Holarctic Chironomus species are characterized by high levels of chromosomal 
polymorphism and, correspondingly, large banding sequence pools (Table 1). Unex-
pectedly, comparison of BSs between populations of each of these species on differ-
ent continents shows that Eurasian and North American populations differ dramati-
cally in BS sets. These differences are related mainly to the fact that different 
endemic BSs occur on either continent. Eurasian populations of each species have 
their own p’BS groups, and North American populations, n’BS groups (Table 1). 
Naturally, in addition to these continent-specific BS, the banding sequence pools of 
each species include Holarctic h’BSs, common for both continents. The numbers of 
the various BS categories in the sequence pools of Holarctic species are presented in 
Table 1. The pools of all Holarctic species are dominated by p’BSs (over 50%); 
n’BSs constitute ca. 35%; and h’BSs are much scarcer, ca. 15%. Thus, the presence 
of p’- and n’-BSs, endemic for continents, is indicative of strong cytogenetic popula-
tion divergence between the continents, whereas the presence of common h’-BSs 
points to their common origin. It should be mentioned that intercontinental popula-
tion divergence can be enhanced by differences in the prevalence of certain BS cate-
gories. First, if any endemic BS occurs as a homozygote (i.e., close to fixation), the 
degree of divergence increases. Second, frequencies of h’BSs strongly influence 
population divergence; that is, if any of them are scarce in the Palearctic but abun-
dant in the Nearctic, or vice versa, the divergence of populations increases. Note also 
that the Nearctic populations have lower levels of chromosome polymorphism than 
Palearctic ones as reflected in the general heterozygosity of populations and the 
mean number of heterozygous inversions per individual.  

Table 1. Cytogenetic divergence of the species of the genus Chironomus 

Species Number of popula-
tions 

Number of BS per 
species (BS pool) 

Cytogenetic structure 
of the BS pool 

Holarctic species 

C. plumosus 73 54 (28p+8h+18n) 

C. entis 39 52 (26p+6h+20n) 
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C. annularius 10 25 (13p+6h+6n) 

C. pallidivittatus 17 29 (19p+5h+5n) 

C. anthracinus  17 (2p+12h_3n) 

Palearctic species 

C. acutiventris 2 27 (27p - -) 

C. bernensis 3 16 (16p - -) 

C. setivalva  8 (8p - -) 

C. heterodentatus 6 24 (24 - -) 

C. sokolovae 4 17 (17p - -) 

C. agilis 3 8 (6p+2h -) 

C. balatonicus 17 60 (58p+2h -) 

C. borokensis 7 11 (9p+2h -) 

C. muratensis 4 17 (15p+2h -) 

C. nudiventris 4 19 (15p+4h -) 

C. tentans 25 45 (39p+6h -) 

C. sinicus  10 (9p+1h -) 

C. suwai  10 (8p+2h -) 

C. nuditarsis  16 (15p+1h -) 

Nearctic species 

C. crassicaudatus 1 11 (- - 11n) 

C. utahensis 7 15 (- - 15n) 

C. sp.B2 2 9 (- - 9n) 

C. spB3 1 15 (- - 15n) 

C. maturus  13 (- - 13n) 

C. atrella 2 16 (- 2h+14n) 

C. sp Is 3 9 (- 2h+7n) 

C. cuccini 2 9 (- 5h+2n) 

C. staegeri  17 ( - 2h+15n) 

The differences between populations in their BS sets and frequencies allow quan-
titative assessment of cytogenetic distances between them within particular conti-
nents and between continents. The cytogenetic distance dendrogram shown in Fig. 



6 Author One and Author Two 
 

 
1(left) convincingly shows that intercontinental population divergence exceeds in-
tracontinental divergence by an order of magnitude.  

    
Fig. 1. Dendrogram of the divergence of Palearctic (Eurasia) and Nearctic (North America) 
Chironomus plumosus populations constructed from cytogenetic distances between popula-

tions (оn the left). Dendrogram of the divergence of populations of sibling species, Palearctic 
Chironomus tentans and Nearctic C. dilutus, constructed from cytogenetic distances (Dcg) 

between populations (оn the right). 

The available information indicates that the continental isolation of populations 
of Holarctic species caused their dramatic cytogenetic differentiation, resulting in the 
appearance of specific inversion BSs on each continent. Nevertheless, Nearctic and 
Palearctic populations of each Holarctic species retain common h’BSs, pointing to 
the common origin of the populations. These h’BSs can be assigned to the basic BSs 
discussed earlier. Basic BSs common in the Palearctic are predominant on both con-
tinents; hence, Palearctic populations of Holarctic species are likely to be older. This 
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conclusion is supported by the lower level of chromosome polymorphism in Nearctic 
populations. 

Few Holarctic basic BSs (hb’BSs) have been found. They are listed in Table 2: 
four in arm A, four in arm E, and three in arm F. Some of the hb’BSs occur not only 
in Eurasia and North America but also on other continents. For example, one of the 
four arm A hb’BSs (Table 2) is common for four continents and, correspondingly, 
three biogeographic zones: Holarctic, Ethiopian, and Australian. We designate this 
sequence as heab’A. It is the most abundant in Eurasian species.  

Table 2. Geographic dispersal of the banding sequences (BS) of the species of the genus 
Chironomus. 

Species, having BS in Arm BS BS 
symbol 

Palearctic Nearctic Ethiopian Australasian 

A 01a-02c 10a-12c 
03i-02d 09e-04a 
13a-19f C 

heab’A p’hol, p’mls, 
p’pan, p’yos, 
p’sax, p’Al.1, 
p’rii, p’tnu, 
p’esa, h’lon 

n’sta, n’cuc, 
n’maj, n’tar, 
h’lon 

e’all, e’sp.3 a’feb, a’clo, 
a’inc 

 01a-02c 10a-12a 
13b-13a 04a-04c 
02g-02d 09e-04d 
02h-03i 12c-12b 
13c-19f C 

hb1’A h’plu, h’ann, 
h’ant, p’bor, 
p’suw, p’ber, 
p’bon, p’com, 
p’sp.J 

h’plu, 
h’ann, h’ant 

  

 01-02c 10a-12a 
03f-02h 04d-09e 
02d-02g 04c-04a 
13a-13b 03g-03i 
12c-12b 13c-19f C 

hb2’A p’cin, h’ant h’ant   

 01a-19f C hb3’A p’pig, h’rip h’rip   

E 01a-03e 05a-10b 
04h-03f 10c-13g C 

hab’E p’abe, p’plu, 
p’agi, p’agi2, 
p’AL1, p’bel, 
p’beh, p’bon, 
p’bor, p’cin, 
p’cur, p’fra, 

n’cuc, n’sta, 
n’Ave, 
n’spIs, 
n’neo, 
n’tar,.n’dec, 

 a’gro 
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p’fre, p’sp J, 
p’jon, p’lac, 
p’mel, p’nud, 
p’ocu, p’res, 
p’rii, p’sor, 
p’spTu3, 
p’use, h’lon, 
p’tnu, h’ann 

h’ant, h’lon 

 01a-03e 10b-03f 
10c-13g C 

heab’E h’plu, p’aci, 
p’apr, p’lur, 
p’uli, p’yos, 
p’spYa2, 
p’hpi, p’pil, 
p’wue 

h’plu, n’atr  a’opp, a’tim, 
a’tep, a’sam, 
a’pse, a’mad, 
a’aus, a’aus, 
a’for, a’jac, 
a’sp5, a’sp6, 
a’sp8, a’sp9, 
a’sp7 

 01a-13g C heb’ E p’pig, h’rip, 
p’pst, p’hol, 
p’spYa4 

h’rip e’all  

 01a-02e 10g-10c 
03f-04h 10b-05a 
03e-03a 11a-13g 
C 

hb3’E p’mur, h’ent h’ent   

F 01a-10d 17d-11a 
18a-23f C 

hb1’F p’abe, p’alb, 
p’bal, p’bor, 
p’bel, p’fra, 
p’jon, p’rii, 
p’sor, p’tnu 

n’cuc, 
n’maj, n’tar 

  

 01a-01d 06e-01e 
07a-10d 17d-11a 
18a-23f C 

hb2’F h’plu, h’ent, 
p’bon, p’spJ, 
p’mur, p’nud, 
p’use, h’ant 

h’plu, h’ant   

 01a-23f C heab’F p’pig, h’rip, 
p’nig, p’res, 
h’lon, p’mel, 
p’spTu1, 

n’Ave, 
h’rip, h,ant, 
h’ann, h’lon 

e’all a’gro 
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h’ann, h’ant 

Three of four arm E hb’BSs are detected on other continents. One of them 
(hab’E) is widespread over Eurasian species, less common in North American spe-
cies, and scarce in Australia. Another sequence, heab’E, occurs on all continents 
studied. It is most abundant in North Eurasia and Australia. It has been reported that 
heab’E also occurs in Brazil, South America (Wuelker and Morath 1989). It is not 
inconceivable that further studies will show it to be cosmopolitan, although there is 
no data on cosmopolitan BSs in Chironomidae. A third sequence, heb’E, occurs in 
Eurasian, North American, and Central African species. It was also found in India 
(Saxena 1995), although it could not be identified precisely because of poor image 
quality. 

On arm F (Table 2), one of the three hb’F BSs was found on all continents stud-
ied and, correspondingly, designated as heab’F. Another sequence, pab’F, was found 
on two continents: Eurasia and Australia, being abundant in Australia. Sequence 
heab’F was also detected in Brazil, South America (Wuelker and Morath 1989; 
Wuelker et al.,1989). Like heb’E, it may be cosmopolitan.  

The banding sequence pools of many North Eurasian (Palearctic) endemic spe-
cies contain only Eurasian p’BSs (Table 1), However, we found that the chromo-
some pools of some Palearctic endemics also contain h’BS, common for Northern 
Eurasia and North America. Typically, a banding sequence pool contains no more 
then two such h’BSs, but some species have four to six h’BSs. In particular, six 
hb’BSs have been found in the chromosome pool of C. tentans. This species shares 
these sequences, first of all, with its Nearctic sibling species C. dilutus, diverging 
relatively recently (Martin, Guriev and Blinov 2002). It can be conjectured that spe-
cies with few h’BSs are more divergent, whereas species with greater numbers of 
h’BSs are less divergent from Palearctic species. A total of 12 hb’BSs have been 
detected in arms A, E, and F of Eurasian species. They are identical to those de-
scribed above for European populations of Holarctic species and have similar disper-
sal on continents.  

The banding sequence pools of most North American endemic species studied 
in contain only n’BSs, found only in Nearctic (Table 1). However, hb’BSs present 
also in Palearctic species were found in the pools of several Nearctic endemic spe-
cies (Table 1). Generally, such sequences are few (2 h’BSs), but some Nearctic en-
demics, e.g., C. cucini, have as many as 5 h’BSs. This fact may point to close rela-
tionship of this species to Palearctic ones. The Holarctic basic BSs present in 
banding sequence pools of North American species are the same as those found in 
Eurasian species (Table 2). 

By now, BSs have been determined in banding sequence pools of four Central 
African species (Ethiopian biogeographic zone): C. alluaudi, C. transvaalensis, C. 
sp.3, and C. formosipennis. Some data on BSs in some of these species were for-
merly reported by Wuelker (1980) and Martin (1979). Analysis shows that the pool 
of only one of four species, C. transvaalensis, includes only BSs endemic for Central 
Africa. The other three species have basic BSs (heb’BSs). For example, three arms 
of C. alluaudi, A, E, and F, have heb’BSs (Table 2). The heb’BSs of arms A and F 
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are common to four continents, and the basic sequence of arm E occurs on three 
continents. Other arms have endemic e’BSs. The banding sequence pool of C. sp.3 
has the basic heb’BS similar to C. alluaudi and species of Eurasia and North Amer-
ica. Other arms have e’BSs endemic for Africa. The banding sequence pool of C. 
formosipennis has one basic heab’BS characteristic of four continents. Other arms 
have endemic e’BSs (Table 2).  

The most prominent feature of the banding sequence pools of Australian and 
New Zealand endemic species (Australasian biogeographic zone) is their smaller 
divergence from each other. Seventeen species of twenty-four have common BSs 
linking them to the central species C. oppositus. In addition, the BSs of Australian 
endemics are simpler than in Eurasian and North American ones; they differ from 
standard BSs by smaller numbers of inversions.  

As in Eurasia, North America, and Central Africa, the banding sequence pools of 
all species in Australia are dominated by endemic Australian BSs (a’BSs). However, 
many species also have some of the basic BSs occurring in Eurasia, North America, 
and Central Africa. As evident from Table 2, such common BSs are present in all the 
three arms studied: A, E, and F. Some of them occur on all continents, others on 
three, and still others on two. Five basic BSs were found in the Holarctic, Ethiopian, 
and Australasian biogeographic zones. 

4 BASIC BANDING SEQUENCES AS MARKERS OF 
EVOLUTIONARY DIVERGENCE OF SPECIES GENOMES  

Thus, we have analyzed 271 BSs in three arms (A, E, and F) of 87 Chironomus 
species and found 11 BSs occurring on several continents, which we regard as basic 
BSs. They include two heab’BSs, common for four continents (Eurasia, North Amer-
ica, Central Africa, and Australia); two hab’BSs, common for three continents 
(North Eurasia, North America and Australia); one heb’BS, common for the other 
three continents (North Eurasia, North America and Central Africa), and six se-
quences (hb’BSs and pab’BSs) common for two continents (Eurasia + North Amer-
ica or Eurasia + Australia, respectively.  

It is conceivable that heab’BSs, common to four continents, are the oldest. They 
may have belonged to a common ancestor of the genus Chironomus, existing even 
on Pangaea supercontinent (Fig. 2). The appearance of Chironomidae is recorded in 
the range from the Triassic to Cretaceous, before the splitting of Pangaea into Laura-
sia (Northern Hemisphere: Eurasia, North America, and Greenland) and Gondwana 
(Southern Hemisphere: Australia, Africa, South America, and Antarctica. 
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Fig. 2. The hypothetical pattern of divergence of banding sequence (BS) of polytene chromo-

somes in the genus Chironomus during formation of continents. 

Chironomidae are recorded in the late Permian (Paleozoic) – early Triassic 
(Mesozoic), when the supercontinent Pangaea existed, encompassing all continents. 
The BSs of these Chironomidae can be designated as original ones (o’s). They in-
cluded basic sequences (b’s), which remained unchanged in the course of evolution. 
Later, the basic sequences existed in Laurasia, Gondwana, and on separate conti-
nents. After splitting of Pangaea into Laurasia and Gondwana, BS divergence was 
mediated by different inversions in the Northern and Southern Hemispheres because 
of different environmental conditions. Correspondingly, basic b’s could partly sur-
vive in Laurasia, and new inversion sequences common for Eurasia and North Amer-
ica (Holarctic h’s) could arise. Some of these h’s were shared by several species; that 
is, they were basic Holarctic, hb’s. Sequences common for future Australia (Austral-
asian zone, a’), Africa (Ethiopian zone, e’), and South America (Neotropic zone, t’) 
formed in Gondwana. These sequences are designated as aet’s. They included basic 
sequences common for several species (aetb’s). In addition, part of b’s survived, 
reflecting the Pangaean origin of the BSs. 

Later, during formation of each continent, continent-specific endemic sequences 
arose: Palearctic (p’s), Nearctic (n’s), Australian (a’), and Ethiopian (e’s). In addi-
tion, some BSs formed in Pangaea (b’s), Laurasia (h’s, hb’s), and Gondwana (ae’s, 
aeb’s) survived on continents. Sequences common for Eurasia and Australia, 
pab’BS, can also be assigned to that time. Later, hb’BSs found in Northern Eurasia 
and North America could arise in Laurasia. Common intracontinental p’-, n’-, e’-, 
and a’-BSs may reflect BS divergence in endemic species. These banding sequences 
may be considered the youngest. 
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As indicated above, basic BSs are the minority of the banding sequence pools of 

species. The most numerous BSs in chromosome pools are endemic. They are likely 
to have diverged independently on each continent. It is reasonable to suggest that 
mutagenic effects on chromosomes differed depending on environmental features on 
each continent (volcanism and glaciations), types of bottom sediments in water pools 
inhabited by chironomid larvae, etc. This suggestion is clearly confirmed by the fact 
that inversion breakpoints in endemic BSs are strictly continent-specific.  

Study of the divergence of basic and endemic BSs allows the tracing of the his-
tory of gene orders during the evolution of the chironomid chromosome pool. 

5 SCENARIO OF BS DIVERGENCE 

By now, BS divergence in the genus Chironomus has been studied for five of 
seven chromosome arms (Kiknadze, Gunderina, Istomina, Gusev and Nemytikova 
2003; Kiknadze Gunderina, Istomina, Gusev and Miroshnichenko 2004; Gunderina, 
Kiknadze, Istomina, Gusev and Miroshnichenko 2005). However, as said above, we 
had to confine ourselves to BSs of three arms, A, E, and F. Phylograms of BS diver-
gence in these arms are shown in Figs. 3a-c. 

Arm A (Fig. 3a) is one of the most variable arms in many species of the genus. 
However, the phylogram shows that there is a notably large group of species whose 
karyotypes contain the basic sequence heab’BS. This group includes Palearctic, 
Nearctic, and Holarctic species. The basic sequence heab’BS was productive in the 
evolution of arm A, giving rise to BSs present in the majority of Palearctic and 
Nearctic species. The left part of the phylogram indicates Palearctic species of the 
genus having various inversion BSs of arm A. In particular, inversion 4d-2g pro-
duced the basic Palearctic sequence pb’BS, occurring in eight species. In turn, vari-
ous inversions in this sequence gave rise to a large group of hb’BSs and other BSs. 
Other BSs in arm A of Palearctic species were less productive, although their inver-
sions also resulted in formation of species-specific BSs. 

The right part of the phylogram shows BSs characteristic of the banding sequence 
pools of Nearctic species. It is obvious that the formation of Nearctic BSs was medi-
ated by quite different inversions with breakpoints located at other chromosomal 
sites than in the Palearctic. Moreover, the Nearctic species do not exhibit such a large 
number of basic BSs.  
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Fig. 3a. Phylograms of the divergence of inversion banding sequences of the arm A in species 
of the genus Chironomus.  

Black circles designate numbers of inversions between sequences. Key inversions from basic 
sequences to Palearctic (left) and Nearctic (right) ones are indicated above arrows. Homolo-
gous basic sequences occurring in different species are boxed. For further explanations, see 
text. 
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Arm E (Fig. 3b) is the least variable in the genus Chironomus. The presence of 

basic BSs in this arm in a great number of species is prominent in the phylogram of 
BS divergence. The most widespread is the Holarctic basic BS, hab’. It was found in 
at least 39 species, including p, n, and h species. Another basic BS, heab’, is present 
in 11 species, also including p, n, and h species. The third BS, hb3, is less wide-
spread than the first and second ones. 

Unlike arm A, arm E exhibits simpler BS divergence in both the Palearctic and 
Nearctic, mediated by fewer inversions. However, as in arm A, the divergence of BS 
in arm E involved different BSs on different continents. 
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Fig. 3b. Phylograms of the divergence of inversion banding sequences of the arm E in species 

of the genus Chironomus. 
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Fig. 3c. Phylograms of the divergence of inversion banding sequences of the arm F in species 

of the genus Chironomus. 

Arm F (Fig. 3c) is intermediate between arms A and E with regard to inversion 
polymorphism. The phylogram clearly shows several species groups, each of which 
has a characteristic basic BS. Groups with hb1 and heab BSs include approximately 
equal numbers of species. Somewhat fewer species have the hb2 basic BS. The most 
productive sequences proved to be hb1 and heab. These BSs produced Palearctic and 
Nearctic sequences; however, BSs formed in the Palearctic and Nearctic were related 
to quite different inversions. This fact indicates that different gene orders are advan-
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tageous on different continents. It is noteworthy that, in addition to continent-specific 
BSs, there are groups of common basic BSs, indicative of the common origin of 
Chironomus species. 

6 DISPERSAL OF SPECIES AND BANDING SEQUENCES 

Analysis of BS divergence allows tracing not only of their evolution but also of 
the putative pathways of species dispersal. As indicated above, the presence of basic 
BSs common for the four continents analyzed suggests that ancestors of Chironomus 
species existed even in Pangaea. Then, the primary BSs diverged mostly by means of 
inversions and, probably, gave birth to the endemic species of Eurasia, North Amer-
ica, Central Africa, and Australasia. The subsequent history of the Earth included 
multiple continent aggregations and breakups, which may have been accompanied by 
migrations of species between continents. The most appropriate group for studying 
such migrations is the Holarctic species, whose populations occur on several conti-
nents. 

As early as 1970s, the variability of BSs in chromosomes of Chironomus tentans 
was studied and it was suggested that this species had colonized North America from 
Europe through Siberia and the Bering land bridge (Acton and Scudder 1971), be-
cause the BS pool of its Alaskan populations was intermediate between Europe and 
North America. By that time, nothing was known about the banding sequence pools 
of Siberian C. tentans populations, but Acton and Scudder suggested that the diver-
gence of European BSs had begun in Siberia. We pioneered a parallel study of BS 
variability in Siberian, European, and North American C. tentans populations (Ki-
knadze et al., 1996, 1998) and found that Siberian populations were similar to Euro-
pean ones in BS pools and different in the presence of a few unique Siberian BSs and 
frequencies of some main or alternative BSs. According to cytogenetic distances, 
Siberian and European populations belong to one Palearctic cluster (Fig. 1right). In 
contrast, North American populations differ significantly from European and Sibe-
rian ones by the presence of endemic Nearctic BSs and frequencies of some Holarc-
tic BSs. For example, h’tenF3 and h’tenA4, rare in Siberian populations, are pre-
dominant in North America. Owing to the drastic difference in BS sets and 
frequencies between Palearctic and Nearctic C. tentans populations, the cytogenetic 
distances between them is at the level of differences between sibling species (Fig. 4). 
On this basis, the formerly single Holarctic species C. tentans has been divided into 
two species: Palearctic C. tentans and Nearctic C. dilutus (Kiknadze et al., 1996; 
Shobanov, Kiknadze and Butler 1999). A similar pattern of BS divergence between 
Palearctic and Nearctic populations is observed in other Holarctic species: C. pallidi-
vittatus, C. plumosus, C. entis, C. anthracinus, C. annularius. However, the differen-
tiated populations of these species still belong to one species (Kiknadze et al., 1998, 
2000, 2004; Butler et al., 2000).  

In all Holarctic species studied, Siberian populations are more polymorphic in BS 
pools, population heterozygosity, and mean numbers of heterozygous inversions than 
Nearctic ones. The intracontinental divergence of these populations is greater. These 
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data show that Siberian populations are older than Nearctic ones. Moreover, there is 
one Siberian (Yakutian) population of C. tentans containing the rare h’tenF3 and 
h’tenA4 BSs, which became characteristic of North America. This leads us to the 
conclusion that North American populations descended from Siberian populations 
after their migration through the Bering land bridge. Obviously, migration of Euro-
pean populations via Greenland is not impossible, but this way is much more diffi-
cult. 

For understanding the cause of migration of Siberian populations of Holarctic 
species to North America, it should be emphasized that the last Quaternary glaciation 
covered the bulk of North America and Europe for a long time, whereas Siberia 
never experienced complete glaciation. Separate glaciation zones in Siberia were 
confined mainly to mountainous regions. Correspondingly, the chironomid fauna of 
North America was much depauperated after completion of the solid glaciation, and 
its diversity may have been restored by migration of Siberian Chironomidae in the 
periods of existence of the Bering bridge. 

One may suggest that profound changes of BSs after migration of species to 
North America resulted from colonization stress. A peculiar "chromosomal revolu-
tion" during the migration is likely to have occurred as follows: The intervention of 
Siberian populations presumably occurred in early Pleistocene just after the end of 
the last glaciation in North America (Martin and Porter 1973; Kiknadze et al., 1998, 
2000) or in the late Pliocene (Martin et al., 2002). It is likely that the dramatic 
change of environmental conditions resulted in increasing frequencies of chromo-
some rearrangements, because stress conditions favored variability, mediated by 
recombinations and mutations (Belyaev and Borodin 1980). The low population size, 
related to either mass-scale death of individuals under extreme conditions or to colo-
nization of new econiches according to the founder principle, favored rapid change 
of BS frequencies and fixation. 

Ecogeographical analysis of a number of Holarctic animal and plant taxa shows 
that the degree of taxonomic difference between them correlates well with the dura-
tion of intercontinental isolation caused by the disappearance of the Bering bridge 
(Beringia in Kainozoi 1976). It is suggested that animal populations isolated in the 
late Würm–Wisconsin epoch (ca. 30 kyr BP) belong to one species; species isolated 
in the late Riss–Illinoian epoch (ca. 75 kyr BP) are semispecies or sibling species; 
species isolated in the late Mindel–Kansan epoch or earlier (300–1000 kyr BP) are 
genuine allopatric species. The discovered correlation between the taxonomical state 
and time of continental isolation of populations of Holarctic species suggests that the 
ancestors of the species recognized by us (C. dilutus and C. tentans) came to North 
America from Eurasia in early Pleistocene or late Pliocene and evolved to the state of 
sibling species. Populations of other Holarctic species migrated later and diverged to 
the level of geographic populations. Therefore, another explanation for the different 
degrees of divergence between populations of different Holarctic species may be 
relevant to at least some of the species.  The different divergence may reflect differ-
ent abilities of the genomes to respond to colonization stress and environmental 
selection.  The latter hypothesis is supported by molecular data on the divergence of 
two chironomid mitochondrial genes. They indicate that C. tentans, diverging to two 
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sibling species, and C. pallidivittatus, diverging only to the level of differentiated 
populations in the Palearctic and Nearctic, synchronously migrated to North America 
(Martin et al., 2002). 

7 Chromosome evolution and speciation 

Comparison of BSs in species of the genus Chironomus allows assessment of 
evolutionary relationships between species and construction of phylogenetic trees. 
The number of breakpoints altering banding order in BSs under comparison was 
used as a measure of the degree of BS divergence. The degree of BS divergence was 
assessed in five chromosome arms (A, C, D, E, and F) in Chironomus species by a 
special-purpose method (Gusev, Nemytikova and Chuzhanova 2001; Kiknadze et al., 
2003; Gunderina et al., 2005). The degree of divergence, i.e., number of breakpoints 
discriminating BS, increased with the rank of taxonomic difference between species 
(Gunderina et al., 2005). In this report, we analyze the tree constructed from data on 
breakpoint numbers in arms A, E, and F. The neighbor-joining tree constructed from 
breakpoint numbers in three chromosome arms in pairwise comparisons of BSs from 
87 chironomid species (Saitou and Nei 1987) illustrates a complex branched hierar-
chy (Fig. 4). It is apparent that BSs of species from different cytocomplexes and 
groups of closely related species generally form distinct clusters on the tree. The 
cluster first separated from the tree includes two distinct subclusters. One of them is 
formed by BSs from species of the camptochironomus-cytocomplex, the other, by 
those from the maturus-cytocomplex. Then a succession of three clusters is sepa-
rated. They are formed by BSs of species of the pseudothummi-cytocomplex. The 
rest of the tree includes BSs of species of the thummi-cytocomplex. This is an intri-
cately branched set of clusters. Most of them correspond to separate groups of 
closely related species: plumosus, albimaculatus, aberratus, pilicornis, tenuistylus, 
and piger. Two groups, decorus and obtusidens, are bulked into one cluster. The 
resulting tree shows that BS evolution is in good agreement with the morphologi-
cally determined taxonomic positions of species in the genus Chironomus.  
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Fig. 4. The NJ-phylogenetic AEF tree constructed on the base of analysis of pairwise similar-
ity between banding sequences in three chromosome arms (A, E, and F) of polytene chromo-
somes in 84 Chironomus species. Groups of sibling species are designated as plu, tnu, rii, obt, 
dec, abe, alb, pil, and pig; cytocomplexes, as thu, cam, pst, mat; and biogeographic zones, as 

p, n, h, a, e. For further explanations, see text. 

The tree clearly illustrates the correlation between the geographic distribution of 
BSs of chironomid species studied and their phylogenetic relationships. Our analysis 
shows that this correlation is not unambiguous. In most cases, the geographic distri-
bution of BSs is clearly linked to the taxonomic positions of species. Such a linkage 
is obvious in the case of BSs of species of the pseudothummi-cytocomplex, grouped 
into three clusters. One cluster is formed by Palearctic BSs, the second one, by Aus-
tralasian ones. The third cluster includes only two BSs: one Australian and one 
Palearctic. Nevertheless, the BSs of the species of the camptochironomus–
cytocomplex belong to a single cluster independent of the geographic region of their 
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occurrence. The same regularity is observed with species of the maturus-
cytocomplex. The BSs of species belonging to the thummi cytocomplex occur on all 
continents, as clearly illustrated by the tree. It is apparent that in most cases BSs of 
species belonging to one group of closely related species occur in the same geo-
graphic regions. Thus, the geographic diversity of BSs in the thummi-cytocomplex is 
determined by different geographic occurrence of groups of closely related species 
present in this cytocomplex. 

This regularity has some exceptions. For example, the cluster with Palearctic BSs 
of species belonging to the pseudothummi-cytocomplex also includes Holarctic BSs 
of C. riparius, a species of the thummi-cytocomplex. Palearctic BSs of C. novosibiri-
cus, belonging to the camptochironomus-cytocomplex, and Australian BSs of C. 
crassiforceps, belonging to pseudothummi-cytocomplex, are clustered with Palearc-
tic BSs of C. nigrifrons from the thummi-cytocomplex and belong to the system of 
BS clusters of the thummi-cytocomplex. This phenomenon may be related to secon-
dary translocation of corresponding chromosome arms (Keyl 1962), which occurred 
relatively recently in these species in the course of Chironomus karyotype evolution. 
The result is alteration of the arm combinations forming a chromosome and, corre-
spondingly, transition of the species to another cytocomplex.  

The diversity of geographic clustering of BSs in different cytocomplexes can be 
related to the differences in the time of divergence of these species and the strategy 
of colonization on different continents by these species. The BSs of species belong-
ing to the camptochironomus-cytocomplex belong to one cluster independent of their 
geographic occurrence. This may be related to the fact that the ancestor of the 
Palearctic species C. tentans and the Nearctic species C. dilutus was, as well as C. 
pallidivittatus, a Holarctic species. The complete but relatively recent geographic 
segregation of these species has not resulted in their complete cytogenetic divergence 
and formation of independent clusters on the tree. On the other hand, species of the 
pseudothummi-cytocomplex are considered the oldest in the genus Chironomus, and 
this has permitted the manifestation of both cytogenetic and geographic factors in 
determining their evolutionary divergence. As a result, BSs of species of this cyto-
complex are combined into distinct clusters in agreement with their geographic oc-
currence. Thus, the AEF tree shows relationships between banding sequences and 
species and illustrates the geographic occurrence of Chironomus species in the past. 
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