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Abstract—Sixty-five sequences of the mitochondrial DNA cytochrome b gene fragment (759 bp) and 23
sequences of the NADH dehydrogenase subunit 6 gene fragment (224 bp) were compared in ants of the genus
Formica L. from different regions of the Palearctic and in Polyergus rufescens Latr. as outgroup. In total,
28 species of the genus Formica were examined. As a result, dated trees with a molecular clock were con-
structed showing the phylogenetic relationships of Formica ants. The topology of the obtained tree based on
the Cyt-b sequences was found to be not consistent with the generally accepted opinion on the Formica rufa
and F rufibarbis groups. New data on the formation history of the present-day fauna of Formica ants of the
Palearctic were obtained. It was demonstrated that a considerable fraction of the examined species (about a

third) were formed in the Quaternary Period.
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INTRODUCTION

Ants of the genus Formica, owing to their relatively
large size, the large number of colonies, and nests
molded with plant residues, are among the most com-
mon insects in the forest ecosystems of the Palearctic.
The biomass of these insects in the forests of south
taiga zone is only slightly lower than that of the mass
of soil animals like earthworms [1]. Most species are
active predators, and their specific feature is reactivity;
i.e., with the mass reproduction of any invertebrate
species edible for them, they completely switch to feed
on it [1, 2]. As a result, ants of the genus Formica are
an important factor in regulating the number of phy-
tophagous insects in forest ecosystems.

Today, there are many controversial issues in the
taxonomy of the genus Formica, which includes 175
valid species [3]. It is clear that, without proper defini-
tion of ant species, it is impossible to study their ecol-
ogy and biology and to organize an effective system of
forest protection in which ants of the genus Formica
are the central core. The reason for this situation is the
existence of sibling species (for example, F rufa and
F. polyctena), allopatric species (for example, F cunic-
ularia and F. rufibarbls, F. lemani and F fusca, etc.),
and geographical variation and hybridization of these
species [1, 4, 5]. One of the solutions is to reveal the
relationships between the species. It is now conven-

tional to use the methods of phylogenetic analysis
based on the determined sequences of specific molec-
ular marker genes to address various issues of sys-
tematics, biogeography, evolutionary biology, ethol-
ogy, ecology, phylogeography, and population biol-
ogy. Commonly, phylogenetic analysis makes it
possible to gain a deeper insight into the evolutionary
relationships of extinct and modern ant taxa [6, 7].
Therefore, in recent years, there were many phyloge-
netic and population studies of ants using different
molecular markers [6—17, etc.]. At the same time, the
reconstruction of phylogenetic relationships between
the species is a much easier task in the case of existence
of a molecular clock in their evolution, and the very
possibility of the existence of a molecular clock prin-
ciple is not in question for most researchers [18].

A phylogenetic study of the ant genus Formica was
already performed earlier [19]. However, this study
was focused on phylogeography and genetic diversity
of 20 ant species of the genus Formica from Eurasia,
taking into consideration the history of the biotic
responses to environmental changes in the Quaternary
Period [19]. The objective of the present study was to
carry out a molecular phylogenetic analysis of Formica
ants from the Palearctic using the molecular clock for
dating the evolutionary events in this genus and to
compare the results of phylogenetic analysis with tra-
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ditional ideas of systematics based on morphological
characters.

The GenBank sequence database was used as a
source of information on the determined DNA
sequences of ants of the genus Formica. It was decided
to perform the study using the sequences of the mito-
chondrial DNA cytochrome b (Cyt-b) and NADH-
dehydrogenase 6 subunit (NADH-6) genes, since these
sequences are available for the greatest number of spe-
cies of the investigated genus. The selected genetic
markers are often used for species identification and
the reconstruction of phylogenetic relationships
between different ant taxa [6—11]. In addition, the val-
ues of genetic distance (p distance) provide insights
into the taxonomic status of individuals [5]. Mito-
chondrial DNA is often used in phylogenetic studies
of animals owing to a number of advantages (maternal
inheritance, lack of recombination, and simple orga-
nization) [19].

MATERIALS AND METHODS

All the sequences used in the analysis were taken from
the GenBank, NCBI (http://www.ncbl.nlm.nih.gov/)
[20]. The search for genus Formica DNA sequences
was carried out in the GenBank taxonomic browser.
This made it possible to cover the entire spectrum of
species of the genus Formica presented in the Gen-
Bank database. A member of the genus Polyergus
(Polyergus rufescens), as one of the most similar in
morphology to the genus Formica, was used as an out-
group.

To visualize the alignment and trimming of
sequences, the BioEdit software program (version 7.2.5)
was used [21]. The alignment itself was carried out using
the Clustal W built-in utility of multiple alignment; all
parameters were set as the default options. The control of
alignment of sequences was carried out by translating
them into amino acid sequences using an online service
(http://www.ebl.ac.uk/Tools/st/ emboss_transeq/) [22].

The search for unique haplotypes for phylogenetic
analysis was conducted with the help of the online
application FaBox (utility DNA to haplotype collapser
and converter in insert of work with format Fasta) [23].

Testing the hypothesis of strict molecular clock for
ants of the genus Formica with respect to the outgroup
was carried out with the help of the Tajima Relative
Rate Test of Molecular Clock [24]. All calculations
were performed using the APE 3.0-8 (Analysis of Phy-
logenetics and Evolution) [25] and PEGAS software
packages [26] in the R programming environment
[27]. In addition, using the APE 3.0-8 software pack-
age, genetic distances between the sequences were cal-
culated.

Selection of the best-fit model of nucleotide substi-
tution for further construction of gene trees was car-
ried out in the jModelTest 2.1.7 software program [28].
Phylogenetic analysis and the reconstruction of phy-
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logenetic trees with the molecular clock model and
without it were performed using Bayesian inference as
implemented in the MrBayes 3.2 software program
[29]. In this case, the models suggested by the jMod-
elTest program served as the substitution accumula-
tion models. To construct the phylogenetic trees, the
stability of the resulting reconstruction with respect to
the noise data was assessed by estimation of the a pos-
teriori probabilities of nodes on the phylogenetic tree
calculated by the MrBayes 3.2 program.

Calibration of the molecular clock was carried out
on the basis of the published data [6, 7, 30], according
to which the genus Formica and the genus Polyergus
diverged from a common ancestor about 44.1 Ma. The
substitution rate in the Cyr-b and NADH-6 markers
was calculated on the basis of genetic distances
defined using a rooted nonclocklike phylogenetic tree.
We calculated the mean length of the branch connect-
ing the Formica taxon with a node separating the out-
group from the rest of the tree. The value obtained was
divided by the calibration of 44.1 million years, which
made it possible to estimate the mean substitution rate
per million years. Calculations were carried out in the
APE 3.0-8 and PHYLOCH software packages [31] for
the R programming language. The 95% confidence
interval for the mean substitution rate was evaluated
with the help of bootstrap analysis implemented in the
BOOT package [32] of the R programming language.
Visualization of phylogenetic trees and export of the
resulting images in vector graphics format was per-
formed using the Figlree 1.4.0 software program.

RESULTS

The search for partial Cyr-b and NADH-6
sequences of ants in the GenBank database yielded
224 such sequences for the Cyr-b fragments and 126
sequences for the NADH-6 fragments belonging to 31
Formica species. After the alignment of the set of Cyr-b
gene fragments, the overlapping region constituted 759 bp
for all sequences. It is this fragment of the Cyr-b gene that
was used for further analysis. For the NADH-6 gene
fragments, the overlapping region after the alignment
constituted 224 bp. This NADH-6 gene fragment was
used for further analysis. Translation of the nucleotide
sequences in the amino acid sequences indicated that
both Cyt-b, and NADH-6 gene fragments encoded
amino acid sequences that matched the fragments of
the Cyt-b and NADH-6 proteins.

At the next stage, from the whole dataset of the Cyr-b
and NADH-6 sequences, the redundant sequences
were removed using the FaBox online service. Thus,
for further analysis, only the unique haplotypes were
used, which reduced the amount of computations.

With the script written in the R programming lan-
guage and using the PEGAS software package, for the
whole sequence dataset of the Cyr-b and NADH-6
fragments, the conformity to the strict molecular
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clock model was tested using the Tajima Relative Rate
Test of Molecular Clock. In the script, the hypothesis
was tested for each combination of sequences with the
Polyergus rufescens outgroup. The null hypothesis of
conformity to the molecular clock model of a pair of
compared sequences was accepted upon its calculated
probability of P, > 0.05. Thus, it was demonstrated
that, out of the whole set of sequences containing 31
species of the genus Formica, only 28 species were con-
sistent with the hypothesis of strict molecular clock
and could be used for phylogenetic reconstructions
considering this hypothesis. A list of these species with
the accession numbers of nucleotide sequences of the
Cyt-b and NADH-6 fragments is presented in the table.

Testing of the Cyr-b and NADH-6 sequence data-
sets in the jModelTest 2.1.7 software program showed
that, taking into account the AIC (Akaike information
criterion) values, the best-fit substitution model for
the Cyr-b dataset was the GTR+I+G model, and for
the NADH-6 dataset, the GTR+G model [33].

Taking into the account the selected nucleotide
substitution models, the phylogenetic reconstruction
of the evolutionary history with application of the
strict molecular clock model was performed in the
MrBayes 3.2 software program. The calculations for
both the Cyr-b and NADH-6 sequence datasets were
performed with the construction of 50000000 Markov
chain generations. The analysis was performed in two
parallel independent runs. To build a consensus phy-
logenetic tree, trees were saved every 1000th genera-
tion. The process of Markov chain generation was
stopped automatically when the level of differences
between the trees of two independent parallel trials
reached the level of <0.008. In the process of calcula-
tion, the Bayesian inference was automatically
stopped for the Cyr-b marker after 8940000 Markov
chain generations and for the NADH-6 marker after
16890000 generations. The convergence in Bayesian
phylogenetic inferences was additionally controlled by
the analysis of minimum values of ESS statistics for
the substitution model parameters in two independent
trials. During the phylogenetic analysis, minimum
ESS values for all parameters of the substitution mod-
els for both the Cyr-b and NADH-6 gene fragments
were higher than 200, as recommended by the manual
to the MrBayes 3.2 software program. The phylogenetic
trees with calibrated molecular clock for the Cyz-b and
NADH-6 gene fragments are shown in Figs. 1 and 2.

Comparison of the phylogenetic trees revealed
considerable differences in their topologies. For
example, on the tree based on the Cyz-b sequences, the
subgenus Formica s. str. formed an independent cluster
at the dating point of 17 Ma, while other subgenera
formed a common cluster. On the tree formed on the
basis of the NADH-6 sequences, at the dating point of
17 Ma, most species of the subgenus Serviformica
formed an independent cluster, while other subgenera
and the species F uralensis from the subgenus Servifor-
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mica formed a common cluster. Interestingly, on the
tree formed on the basis of the Cyr-b sequences, at the
dating point of 14 Ma, almost all subgenera formed
independent clusters. The exception was the subgenus
Serviformica, which formed two clusters. Therefore, at
this time, the modern subgeneric structure of the
genus Formica was formed, if we take into account
only the Cyt-b marker. At the same time, the tree
topology based on the NADH-6 sequences at the dat-
ing point of 14 Ma was quite different. Specifically, the
subgenera Formica s. str. and Coptoformica formed a
common cluster, while the main part of the species of
the subgenus Serviformica divided into two clusters,
and the subgenus Raptiformica (F. sanguinea) formed a
common cluster with F uralensis from the genus Serv-
iformica. 1t should be noted that statistical support for
most nodes was low (below 70%).

Interestingly, the obtained tree topologies mainly
coincided with the taxonomic structure of the genus
Formica based on the study of morphological charac-
tersof ants [1]. On the trees, all species are located in their
subgeneric clusters, except for F uralensis (Fig. 2). How-
ever, not all branches of the species are statistically
well supported (more than 80%). This mainly refers to
F lugubris and F. pratensis (Figs. 1 and 2).

The trees with calibrated molecular clock show the
approximate time of the appearance of the first repre-
sentatives of the subgenera, species, and populations
(Figs. 1, 2). Thus, the first member of the subgenus
Serviformica probably appeared at 16.1—20.7 Ma; of
the subgenus Formica s. str., at 13.9—17.5 Ma; of the
subgenus Copfoformica, at 13.9—14.5 Ma; and of the
subgenus Raptiformica, at 11.2—14.5 Ma. However,
because of weak statistical support of the majority of
branch nodes (below 70%), many of these dates can be
used only as a guide for further investigations.

In order to estimate the substitution rate in the Cyr-b
and NADN-6 markers, the phylogenetic trees were
reconstructed in the MrBayes 3.2 software program
without enforcing the molecular clock and using the
substitution models suggested by the jModelTest 2.1.7
software program (GTR+I+G for the Cyr-b and
GTR+G for the NADH-6). Setting the parameters for
the Markov chain modeling and evaluating the con-
vergence of the results of phylogenetic analysis were
performed as in the reconstruction of the tree with
molecular clock. Each tree after reconstruction was
rooted at the Polyergus rufescens outgroup. Then, for
the phylogenetic trees reconstructed on the basis of
the Cyt-b and NADH-6 gene fragments, the sample of
the distances from the tree root to its leaf was deter-
mined. These samples define the variability of the
genetic distances accumulated by the Cyr-b and
NADH-6 markers of Formica ants since the separation
from a common ancestor with the genus Polyergus.
The genetic distances divided by the calibration of
44.1 million years give the samples of variability of the
substitution rates per million years in the Cyf-b and
Vol. 52
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NADH-6 markers of Formica ants. The calculations
showed that the mean substitution rate in the Cyz-b
marker was 0.0184 substitutions per million years with

the 95% confidence interval from 0.0182 to 0.0185; in
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the NADH-6 marker, it was 0.0087 substitutions per
million years with the 95% confidence interval from
0.0084 to 0.0090. The maximum genetic distance (p)
for the Cyr-b gene fragment was 0.198; the estimate

2016



814

ANTONOYV, BUKIN

Polyergus_rufescens

3 _F candida

—113.0/38

305 F candida

29/48 7 _F candida
1.2/96

72_F_picea Subgenus Serviformica

15.6/55
144.1/100

10_F cunicularia

9_F cinerea
1.6/96
56_F selysi

5.6/100

18_F fusca
66_F foreli

2.4/29

3.2/48 O7_F_forsslundi Subgenus Coptoformica

47_F pressilabris

20.7/100

—13.9/41

4.8/100

5.4/100

70_F manchu
68 F lugubris

2.1/10

74 _F pratensis

s.s/19- 71_F paralugubris
0.7/22
73 _F pratensis Subgenus Formica s. str.

2.4/4

16.5/57

5.0

11.2/82

35 _F pratensis
1.7/9

75_F pratensis
———69_F lugubris

54 F sanguinea |Subgenus Raptiformica

60_F uralensis
1.9/100

61 _F uralensis

Subgenus Serviformica

Fig. 2. Rooted tree with calibrated molecular clock showing the phylogenetic relationships of Formica ants based on the 23
NADH-6 gene sequences. At the nodes are sequentially shown the dating points in million years and statistical support in percent.
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using Kimura’s two parameter model [34] was 0.232.
For the NADH-6 gene fragment, the maximum genetic
distance was 0.175; the estimate using Kimura’s two
parameter model was 0.2.

DISCUSSION

From the published data, it follows that mitochon-
drial genetic markers are characterized by a certain
limit of genetic distances at which substitution satura-
tion of the compared sequences occurs. Analysis of the
Cyt-b genetic marker in cichlid fishes [35] showed that
the limit of genetic distances at which there was substi-
tution saturation was 0.468 substitutions. In our case,
the maximum distance (p) and the distance estimated
by Kimura’s two parameter model are less than this
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limit. This means that the dating estimates of the phy-
logenetic events and the tree topology are not distorted
by the effect of substitution saturation of the compared
sequences.

The amino acid sequence of the protein encoded by
the NADH 6 gene is less conservative than the amino
acid sequence of the Cyt-b protein [36]. However, our
results on the substitution rate (0.0184 substitutions
per million years for the Cyz-b and 0.0087 substitutions
per million years for the NADN-6) seem to contradict
this fact. The size of the investigated NADH-6 gene
fragment constituted 224 bp, which was less than 50%
of the full-length sequence (552 bp) of this gene in the
mitochondrial genome of the Formica ants [37].
According to the literature [37], as well as our data
obtained with the help of the jModelTest software pro-
Vol. 52
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List of species used in the study with the GenBank accession numbers, molecular markers, and the collection localities

GenBank
No. Species name accession Molecular marker Collection locality
number
1 | Formica aquilonia Yarr. | HQ651085.1 Cyt-b China: Hebei Province
2 | E aquilonia Yarr. AY488781.1 Cyt-b Finland: Riisitunturi
3 | E candida Smith JX170887.1 Cyt-b and NADH-6 | Kyrgyzstan: Alay Valley
4 | E candida Smith HQ651081.1 Cyt-b China: Hebei Province
5 | E candida Smith AY786157.1 Cyt-b and NADH-6 | China: Qinghai, Tibet
6 | E candida Smith AY786153.1 Cyt-b Kyrgyzstan: Alay Valley
7 | F candida Smith AY786149.1 Cyt-b and NADH-6 | Russia: Moscow oblast
8 | F candida Smith AY786146.1 Cyt-b Finland: outskirts of Helsinki
9 | E cinerea Mayr JX170884.1 Cyt-b and NADH-6 |Sweden: Skane County
10 | E cunicularia Latr. JX170885.1 Cyt-b and NADH-6 | Russia: outskirts of Novosibirsk
11 | E cunicularia Latr. HQ651084.1 Cyt-b China: Hebei Province
12 | E cunicularia Latr. HQ651079.1 Cyt-b China: Shandong Province
13 | E cunicularia Latr. HQ651075.1 Cyt-b China: Shandong Province
14 | F exsecta Nyl. JX170868.1 Cyt-b China: Qinghai, Tibet
15 | E exsecta Nyl. JX170867.1 Cyt-b Germany
16 | E frontalis Sant. AY488791.1 Cyt-b Spain: outskirts of Leon
17 | E fukaii Wheel. HQ651088.1 Cyt-b China: Ningxia Province
18 | E fusca L. JX170888.1 Cyt-b and NADH-6 |Sweden: outskirts of Tierp
19 | E fusca L. HQ651077.1 Cyt-b China: Ningxia Province
20 | E gagatoides Ruzs. HQ651073.1 Cyt-b China: Ningxia Province
21 | F lemani Bondr. HQ651086.1 Cyt-b China
22 | E lemani Bondr. HQ651082.1 Cyt-b China: Hebei Province
23 | E lugubris Zett. AY573885.1 Cyt-b Switzerland
24 | E lugubris Zett. AYS573872.1 Cyt-b Russia: Kamchatka
25 | E lugubris Zett. AY573863.1 Cyt-b Russia: Altai
26 | F lugubris Zett. AY573861.1 Cyt-b Sweden: outskirts of Ahus
27 | FE lugubris Zett. AY573859.1 Cyt-b Sweden: outskirts Uppsala
28 | F lugubris Zett. AY573857.1 Cyt-b Pyrenees
29 | F lugubris Zett. DQ836181.1 Cyt-b Scotland
30 | E manchu Wheel. JX170874.1 Cyt-b Russia: West Transbaikal region
31 | E pisarskii Dluss JX170876.1 Cyt-b Russia: West Transbaikal region
32 | E polyctena Foerst. AY517508.1 Cyt-b Russia: outskirts of Novosibirsk
33 | E polyctena Foerst. AY488763.1 Cyt-b Russia: outskirts of Severobaikalsk
34 | E polyctena Foerst. AY488760.1 Cyt-b Denmark: Jutland
35 | E pratensis Retz. AY584232.1 Cyt-b and NADH-6 | Pyrenees
36 | F pratensis Retz. AY584227.1 Cyt-b Russia: outskirts of Snezhinsk, Chelyabinsk
oblast
37 | E pratensis Retz. AY584220.1 Cyt-b Russia: outskirts of Novosibirsk
38 | E pratensis Retz. AY584219.1 Cyt-b Sweden: outskirts of Uppsala
39 | E pratensis Retz. AY584210.1 Cyt-b Russia: outskirts of Krasnoyarsk
40 | F pratensis Retz. AY584208.1 Cyt-b Russia: outskirts of Tyumen
41 | E pratensis Retz. AY584207.1 Cyt-b Russia: outskirts of Tyumen
42 | F pratensis Retz. AY584206.1 Cyt-b Russia: Sverdlovsk oblast
RUSSIAN JOURNAL OF GENETICS Vol.52 No.8 2016
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GenBank
No. Species name accession Molecular marker Collection locality
number

43 | F pratensis Retz. AY584205.1 Cyt-b Russia: Altai

44 | F pratensis Retz. AY584198.1 Cyt-b Russia: Altai

45 | F pratensis Retz. AY584197.1 Cyt-b Finland: outskirts of Hanko

46 | F pratensis Retz. AY604525.1 Cyt-b Russia: Sverdlovsk oblast

47 | E pressilabris Nyl. JX170872.1 Cyt-b and NADH-6 | Russia: Perm oblast

48 | F pressilabris Nyl. JX170871.1 Cyt-b Russia: outskirts of Yekaterinburg
49 | F rufa L. AY488766.1 Cyt-b Russia: outskirts of Novosibirsk
50 | E rufa L. AY488765.1 Cyt-b Spain

51 | E rufibarbis Fabr. JX170889.1 Cyt-b Sweden

52 | E sanguinea Latr. JX170892.1 Cyt-b Russia: outskirts of Magadan

53 | F sanguinea Latr. JX170891.1 Cyt-b Sweden: outskirts of Uppsala

54 | F sanguinea Latr. JX170890.1 Cyt-b and NADH-6 | Spain: outskirts of Leon

55 | E sanguinea Latr. HQ651087.1 Cyt-b China: Ningxia Province

56 | F selysi Bondr. JX170883.1 Cyt-b and NADH-6 |Switzerland

57 | E sinae Em.* HQ651071.1 Cyt-b China: Shandong Province

58 | E sinensis Wheel. HQ651083.1 Cyt-b China: Hebei Province

59 | E truncorum Fabr. AY488789.1 Cyt-b Sweden: outskirts of Uppsala

60 | F uralensis Ruzs. JX170881.1 Cyt-b and NADH-6 | South of Mongolia

61 | F uralensis Ruzs. JX170880.1 Cyt-b and NADH-6 | Russia: outskirts of Yekaterinburg
62 | F uralensis Ruzs. JX170879.1 Cyt-b Germany

63 | F uralensis Ruzs. JX170878.1 Cyt-b Finland

64 | FE uralensis Ruz. HQ651080.1 Cyt-b China: Hebei Province

65 | Polyergus rufescens Latr.| JX170870.1 Cyt-b and NADH-6 | Germany

66 | Formica foreli Bondr. | JX170873.1 NADH-6 Sweden: Oland

67 | E forsslundi Lohm. JX170877.1 NADH-6 South of Mongolia

68 | F lugubris Zett. AY573869.1 NADH-6 United Kingdom: District Sheffield
69 | F lugubris Zett. AY573868.1 NADH-6 United Kingdom: District Sheffield
70 | E manchu Wheel. JX170875.1 NADH-6 Russia: Zabaykalsky krai

71 | E paralugubris Seifert | EU600792.1 NADH-6 Alps

72 | E picea Nyl. JX170886.1 NADH-6 Sweden: Varmland County

73 | E pratensis Retz. AY584221.1 NADH-6 Russia: Novosibirsk oblast

74 | E pratensis Retz. AY584218.1 NADH-6 Russia: Sverdlovsk oblast

75 | E pratensis Retz. AY584214.1 NADH-6 Finland: outskirts of Hanko

* Became a subspecies (Formica clara sinae Em.) [3].

gram, the examined fragment of the NADN-6 gene is
characterized by extremely depleted nucleotide com-
position. According to the data obtained with the
jModelTest software program, the analyzed sequences
were characterized by the highest occurrence of thy-
mine nucleotide (44.7%), followed by adenine
(35.8%), cytosine (15.8%), and guanine (=3.7%). The
nucleotide composition of the tested NADH-6 frag-
ment is determined by the codon composition of the
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sequence that determines the amino acid composition
of the encoded polypeptide. For the sequences with
uniform representation of A, T, G, or C nucleotides,
the p distance substitution saturation occurs at its
value of about 0.75; at a given threshold of p values, all
further substitutions will be reversible. For the coding
markers, the p distance saturation effect occurs before
the threshold of 0.75 (for example, the aforemen-
tioned threshold of 0.468 for the Cyz-b). In the case of
Vol. 52
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depletion of the nucleotide composition, the substitu-
tion saturation effect for the noncoding sequence will
occur much earlier than the threshold of 0.75. For
example, when comparing two sequences consisting of
two types of nucleotides, the limiting p distance is
equal to 0.5. For the coding sequence, the combina-
tion of the nucleotide composition depletion with the
codon structure can lead to a sharp decrease in the
threshold p value for the substitution saturation limit.
Most probably, this situation is observed for the exam-
ined NADH-6 gene fragment within a time interval
encompassing the evolutionary history of the Formica
ants (=40 million years). Within the investigated
period, the substitution saturation of the NADH-6
gene fragment occurred, resulting in the downward
bias of the calculated substitution rate parameters. The
substitution saturation of the examined NADH-6 gene
fragment occurred in a time interval of less than
40 million years. Later on, the substitutions occurred,
but they were already reversal and did not increase the
genetic distance. As the experience shows [35], even
the use of complex substitution saturation models can-
not prevent the biases introduced by the substitution
saturation effect in the calculated genetic distances. It
is possible that, at shorter time intervals (<40 million
years), owing to a higher rate of the NADH-6 protein
evolution, the analyzed nucleotide fragment will give
adequate values of linearized genetic distances calcu-
lated from one of the substitution saturation models.

The substitution saturation effect of the investi-
gated NADH-6 gene fragment is also observed in the
analysis of phylogenetic trees (Figs. 1, 2). On the tree
reconstructed on the basis of the NADH-6 marker,
division of the genus Formica into species is observed
at the dating point of 20.7 Ma, and on the tree recon-
structed on the basis of the Cyr-b marker, it is at the
dating point of 17.5 Ma. The increase in the time of the
species separation on the NADH-6 tree results from
the effect of the shortening of the branch connecting
the root of the tree to the point of the species separa-
tion owing to the influence of the substitution satura-
tion effect on the calculated genetic distances.

In insects, the mean substitution rate in the mito-
chondrial genome is 0.012 substitutions per million
years. The most slowly evolving marker of insect mito-
chondrial DNA is the 16S ribosomal RNA [38] with
the substitution rate of 0.005 per million years. The
closest with respect to evolutionary properties to the
Cyt-b mitochondrial marker is the gene for the cyto-
chrome c-oxidase subunit 1 with the mean substitu-
tion rate in insects of 0.016 substitutions per million
years. For the Formica ants, the calculated mean sub-
stitution rate in the Cyr-b marker was 0.0184 substitu-
tions per million years, which is consistent with the
published data for insects.

As was already mentioned, the topologies of the
obtained trees mostly coincided with the taxonomic
structure of the genus Formica based on the analysis of
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the morphological characters of ants, excluding
F uralensis. These results are also supported by the
published data [19]. However, the tree topology based
on the NADH-6 sequences points to insufficient infor-
mativeness of the used 224-bp sequences for the reso-
Iution of all branches and thus, for the determination
of the relationships of many taxonomic groups stud-
ied. Many nodes of subgeneric and specific branches
are weakly statistically supported (less than 70%).
Grouping of F. uralensis and F. sanguinea in one cluster
at the dating point of 12 Ma should be considered as an
unsatisfactory result of the NADH-6 sequence analysis
(Fig. 2). In our opinion, the reasons for this deviation
are as follows. Previously, myrmecologists assigned
F. uralensis to the subgenus Formica s. str. on the basis
of external similarity of worker ants of this species to
the worker ants of Formica s. str. and the nest con-
struction similar to F. pratensis. However, comparison
of the males of F. uralensis with the males of Formicas. str.
and Serviformica showed that they were considerably
distant from the males of Formica s. str., but at the
same time very similar to the males of some Servifor-
mica species. In this case, the Formica males are the
most conservative and slow changing cast [1]. There-
fore, this species stands out in the subgenus Servifor-
mica, as evidenced by the data obtained. The subgenus
Serviformica itself is central in the genus Formica,
because one cannot find a single character at which it
is completely different from the other subgenera [1].
On the contrary, many of the results of the analysis of
65 sequences of the 759-bp Cyr-b fragment are sup-
ported by the published data (for example, F uralensis)
based on paleontological research and the studies of
morphological characters of ants. It should be noted in
this respect that the inclusion in the analysis of a num-
ber of molecular markers increases the number of spe-
cies studied and complements the data on the relation-
ships of some taxa.

The results of the present study are not consistent
with the data of morphological investigations. First,
the attention is drawn to F aquilonia. On the tree based
on the Cyr-b sequences, the individuals of this species
are found in two different clusters (one with F rufa,
F polyctena, FE sinensis, F. frontalis, and F. truncorum,
the other with F. lugubris and F pratensis) at the dating
point of 4 Ma. In our opinion, there are two possible
explanations for this situation. First, the study was car-
ried out with participation of the hybrids of different
ant species of the Formica rufa group, which are often
found in mixed colonies [4, 30]. Second, the speci-
mens were taken from the limits of the species range
(Riisitunturi, Finland, and Hebei Province, China),
which may indicate great interpopulation differences
with respect to the Cyr-b gene fragment in F. aquilonia.
Moreover, in F aquilonia, there are two forms (possi-
bly, two different species). One of the forms with
respect to the chaetotaxy patterns is more similar to
F rufa, while the other form is similar to F polyctena
[1]. The situation with the Formica rufa group deserves
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special attention. First, the meaning of the term spe-
cies group should be considered. The species group
(superspecies) is the monophyletic group of very close
and largely or completely allopatric species [39].
G .M. Dlussky used this term for convenience in the
description, because the species belonging to the same
group are very similar, and there are no special group
names; the groups are named by the main species
(Formica rufa group, Formica exsecta group, etc.) [1].
Thus, the Formica rufa group includes the following
species investigated in the present study (Cyz-b molec-
ular marker): F. aquilonia, F. lugubris, F polyctena, and
F rufa. However, on the Cyt-b tree, the members of
these four species, instead of forming a single cluster,
are found in a number of clusters with the other spe-
cies of the subgenus Formica s. str. Therefore, the
obtained Cyt-b tree topology does not conform to the
generally accepted views of the Formica rufa group.
The F. cunicularia ants also deserve special interest. It
is well known that this species belongs to the Formica
rufibarbis group [40]. At the same time, on the Cyr-b
tree, the sequences of the representatives of this species
are found not only in the cluster of the Formica rufibarbis
group (F rufibarbis and F clara sinae (F. sinae)) but also
in the cluster with F candida. Analysis of the geo-
graphic distribution of the F cunicularia individuals
showed that this uncertainty is associated with the
specimen from Russia (outskirts of the city of Novosi-
birsk). It seems likely that, in this case, either there are
two different species, or the informativeness of the
Cyt-b fragment is insufficient to make an adequate
conclusion. In summary, the resulting Cyt-b tree
topology does not conform to the generally accepted
views on the Formica rufibarbis group.

The interpopulation genetic variability of F can-
dida and F uralensis deserves special interest, since the
Cyt-b tree shows that the specimens from Chinese
populations of these species are considerably distant
from other representatives of the same species. These
differences are considerably greater than the intraspe-
cific variability of other species investigated. Let us
consider each species separately. Analysis of the geo-
graphical distribution of the F candida individuals
shows that, in addition to the ant specimen from Hebei
Province (east of China), an individual from Qinghai
Province (west of the central part of China) was also
included in the study. Moreover, the sequence of the
individual from Qinghai Province forms a tight cluster
with the specimens from the populations of Russia and
Finland, while the sequence of the ant from Hebei
Province is far distant from them (the point of diver-
gence at 5.8 Ma). Apparently, these are ants from two
different but morphologically close species (for
instance, F candida and F. picea). Distinguishing
between these species requires multiple measurements
and statistical treatment of a relatively large number of
ant individuals. In turn, the analysis of the collection
localities of F. uralensis shows that the sequence of the
ant from Hebei Province (east of China) is very differ-
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ent from others and even from the ant from the popu-
lation from the south of Mongolia. However, F ural-
ensis is a good species, which differs from the others in
a set of characters [1]. Most likely, the Chinese popu-
lations of F uralensis were isolated in the Late Mio-
cene (the point of divergence at 6.5 Ma) because of the
landscape transformations caused by climate changes
(temperature fall and drying out) at that time [41].
Although the sequence of the ant from China is con-
siderably different from the others, morphologically
this individual is similar to them. Moreover, F uralen-
sis is a remnant of the ancient Palearctic fauna [1],
which is also supported by our data (the point of diver-
gence point at 15.4 Ma) (Fig. 1).

The new data on the formation history of the pres-
ent-day fauna of Formica ants of the Palearctic were
obtained. This is especially true concerning the Qua-
ternary period, since there are practically no ant col-
lections from Pleistocene and Quaternary sediments
[42]. At the same time, because of the peculiarities of
their biology, Formica ants are rarely found in deposits
of different geological periods, compared to other gen-
era (for example, Camponotus) [42]. Therefore, it is
currently impossible to trace in detail the history of the
modern fauna of the genus Formica using only fossil
evidence.

From the literature, it is known that, by the Plio-
cene (from 5.1 to 1.6 Ma, [43]), the Formica fauna was
formed, which was not very different from the present,
and during the Quaternary period, there was probably
only the segregation of several species caused by the
isolation of populations [1]. However, our data show
that a considerable proportion of species (about a
third) was formed in the Quaternary period. We begin
with the structure of the Cyr-b tree:

(1) The cluster of F polyctena, F. rufa, and F. sinen-
sis; moreover, F. sinensis is morphologically closer to
F. truncorum and inhabits the high mountain conifer-
ous and mixed forests of China [44], while FE polyctena
and F rufa are sibling species [1].

(2) The cluster of FE aquilonia, F. lugubris, and
F pratensis; moreover, worker ants of F. lugubris differ
from the worker ants of F pratensis in either presence
or absence of a dark spot with diffuse borders on the
thorax [1].

(3) The cluster of E cinerea and F. selysi, which
belong to the Formica cinerea group. The specific fea-
ture of F selysi is extreme pilosity [45].

(4) The cluster of F cunicularia and F. rufibarbis.
Confident distinguishing of F rufibarbis from other
species of the group is possible only with the use of
morphometry and discriminant analysis [40].

(5) The cluster of F. exsecta and F. fukaii. The dis-
tinctive feature of F fukaii is constant absence of setae
from first gaster tergite of worker ants [46].

Now we proceed to the analysis of the NADH-6 tree:
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(1) The cluster of F candida and FE picea. At pres-
ent, with these species, a dual situation has developed.
On one hand, outside of Russia, they are recognized as
two different species [3]; on the other hand, Russian
myrmecologists consider F picea and F candida as
synonyms, because Seifert [47] made a conclusion
based on limited material, and the distinctive charac-
ters suggested by him do not allow a satisfactory sepa-
ration of these species [48]. Our data show that the
genetic differences between these species are small,
and they are smaller than the differences between the
populations of F candida (Fig. 2). However, because
of a small sample size, making an unambiguous con-
clusion is difficult.

(2) The cluster of F paralugubris and F. pratensis. In
this cluster, the sympatric sibling species of £ lugubris
is F paralugubris, which clearly differs from other spe-
cies in the female traits (especially chaetotaxy and
size) [49].

Formation of the modern fauna of the Palearctic
genus Formica took place during climate cooling that
began in the second half of the Oligocene [41]. The
main feature of the climate development in Eurasia in
the Late Oligocene—Neogene was the strengthening
of its differentiation in relation to the increasing inter-
latitudinal thermal contrasts and owing to the compli-
cation of the continental relief that influenced the dis-
tribution of atmospheric precipitation [41]. As a result,
complication of natural zoning occurred. During this
period, the modern subgeneric structure of the genus
Formica was formed, as well as many of today’s species
of this genus. One of the important factors affecting
the speciation was the appearance in the Pliocene of
many orographic barriers [41]. The Quaternary period
is characterized by high speed, contrast of all natural
processes, and extremely short duration. During this
period, there were repeated sharp fluctuations in tem-
perature and humidity, which led to the alternation of
glacial and interglacial periods in the high latitudes of
Eurasia [41]. This caused intense speciation. However,
the species formed during this period had no consider-
able morphological differences.

Thus, it is noted that the topology of the tree con-
structed on the basis of the Cyz-b fragment sequences
does not conform with the generally accepted views on
the Formica rufa and Formica rufibarbis groups. New
data on the history of the modern fauna of the Palearc-
tic genus Formica were obtained. Furthermore, it was
demonstrated that a considerable fraction of the stud-
ied species (about a third) were formed in the Quater-
nary period.
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