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B 2008 r. Obulo 4eTKO MOKa3aHO, YTO €CTECTBEHHBIH OTOOpP OENOK-KOIUPYIOIIKUX
TCHOB HEOJHOPOJEH 10 CBOEW NpPUPOJE W CBA3aH C JBYMs pasHbIMU siBieHusmMu [1]:
ONTHUMU3AIMEH YPOBHS DKCIIPECCHUU T€Ha M ONTUMH3AIUEH CTPYKTYPHO-()YHKIIMOHATBEHON
opranuzanuu Oenka. OdYeBUAHO, 4YTO BTOpPOE SBICHUE CBS3aHO IMPEXKIE BCETO C
AMUHOKHCIIOTHBIMU 3aMEHAMH, MO-Pa3HOMY BIIMSIOIIMMH Ha CTPYKTYpPY U (YHKIUIO Oenka.
Ha »T0i#1 ocHOBe Hamm OBbUT CO3/IaH MPOCTOM METOJ aHAJIM3a PEKHUMOB IBOJIOIUU OCIIKOB,
OCHOBaHHBIM Ha MapKOBCKOM MOJICTUPOBAHUH 3BOJIIOIMH OeKkoB. MCmoap3yst co3maHHBIN
METO/, B HAcTOsed paboTe Mbl MPOBENM aHAJIN3 PEKUMOB SBOJIOIUH OPTOJOTHUYHBIX

0EJIKOB MO3BOHOYHEIX U OSCIIO3BOHOYHBIX.

B ananu3 Opanuch OPTOJIOTHYHBIE TPYIINBI OeIKOB M3 0a3bl gaHHbIX MetaPhOrs [2]
COACPpIKAIIHUEC 10 OJHOMY HauOoIee IOATBCPKACHHOMY OPTOJIOTY U3 20 TakCOHOMHUYECKUX
rpymn no3sonounsix (Amphibia, Tetraodontiformes, Smegmamorpha, Cypriniformes, Aves,
Squamata, Prototheria, Metatheria, Afrotheria, Xenarthra, Insectivora, Carnivora, Equidae,
Chiroptera, Artiodactyla, Catarrhini, Hominidae, nusmme Primates, Lagomorpha u Rodentia)
1 9 TakcoHoMHueckux rpymn Oecro3Bonounbix (Lophotrochozoa, Caenorhabditis, Husmue
Chromadorea, Arachnida, Paraneoptera, Lepidoptera, Hymenoptera, Drosophilina u
Culicomorpha). B kauecTBe ayTrrpymnmbl ObUTH HCIOJIB30BaHbl TakcoHbl Cnidaria u Tunicata.
Ha ocHoBe u3BeCTHOM TOIOJIOTHU ACPCBHECB IMO3BOHOYHBIX U 0€CI03BOHOYHEIX (PI/IC 1) u
BBIYHMCJICHHBIX HaMH CHGI_II/IQ)I/IIICCKI/IX 1A Kamnoﬁ OpTOJIOFH‘-ICCKOﬁ rpymnmbsl  MaTpUuIl

CKOpOCTEH aMMHOKHCIIOTHBIX 3aMeH (¢ momortpto nporpammvbel MODELESTIMATOR [3]) B
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Ka)XJIOM BHYTPEHHEM Yy3Jie JepeBa ¢ nomoinbio PAML [4] pekoHCTpyHpOBaJIUCh MPEIKOBHIC
IIOCJIEJOBATEIBHOCTH OEJIKOB. ODTHU NOCIEA0BATENBHOCTH HCHOJIb30BAINCH Ul IOJCUETa
yuciaa HaONIOJAaeMbIX aMUHOKHUCIOTHBIX 3aMeH. /[l TOouCKa HETHINHWYHBIX THIIOB
AMHHOKHMCIIOTHBIX 3aMEH Ha KaXJOW BETBU JEpeBa Mbl CPAaBHUBAIM YHCIO HAOIIOTAEMBIX
3aMEH C UX OXHIAEMBIMH 3HAYCHHSAMHU JUIA KaKIOTO THUMA 3aMEH B IPEANOJOXKEHHU O
CTallMOHApHOM MapkoBckoM mpouecce HBoyouud. OKujaeMmble 3HAUEHUs 3aMeH
MOACYUTHIBAIUCH, Ha OcHOBE 1000 KOMIIBIOTEPHBIX CUMYJSALUNA MOJIEKYJISIPHOM 3BOJIIOLIMU
oenkoB npu nomoinu nakera INDELIible [5], ¢ yuetom ocoGeHHOCTE#H HCCIeayeMbIX OEIKOB.
CpaBHEHHE YHCIIa OKHIAEMBIX M HaOIIOAAEMBIX 3aMEH Ka)XJIOTO THMA MPOU3BOJMIOCH C
IOMOIIBIO TIepecTaHoBodHoro Tecta (10° mepecTaHoBOK). B Xxofe TecTa MOJCUMTHIBATIOCH
YHCIIO CIy9aiiHBIX BEIOOPOK M, B KOTOPBIX YacTOTa OXKHIAEMBIX 3aMEH OIPEICIICHHOTO THIIA
GoMbIIe YACTOTHI HaOMIOgaeMbIX 3ameH. Bemmumua M/10° oumeHmBana BepOSTHOCTH P, C
KOTOpO#l BCTPEYaeMOCTh 3aMEH ONPEJEICHHOIO THIMa, HabltogaemMas B UCXOJIHOM BBIOOpKE

I'€HOB, MOI'JIa BOSBHUKHYTH IO CﬂyqaﬁHBIM IIpUYIUHAM.
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B pesynprare mpoBeseHHOrO aHanmu3a OBUIO TOKAa3aHO, YTO BHYTPEHHHE BETBH,
cogepkaiue >20% OpTOJOTMYHBIX Tpynn OelkoB cojaepxamux HerunuuHbie (P<0.01),
AMHUHOKHCIJIOTHBIC 3aMEHBI COOTBETCTBYIOT OCHOBHBIM apoMopdo3am 1mo3BoHouHbIX (Puc 1.):
1) meprosaM TOJTHOTEHOMHBIX AYIUIMKAIMKA MPH (OPMHUPOBAHUHU TO3BOHOYHBIX U PHIO, 2)
BBIXOJly Ha cymy, 3) (OpMUPOBAaHHIO aMHHOT, 4) AMBEPTEHIMH MJICKOTIUTAIOMINX, a TaKKe
IpyNIbl  IUIALIEHTapHbIX. Takke ObUI0 TI0Ka3aHO 3HAYUTENbHOE [0 CpPaBHEHUIO C
M0o3BOHOYHBIMEH (>12%) m ¢ kemMOpuiickumu auBepreHmusMu (>7%) yBEIWYCHHE 4YHCIIA
OpPTOJIOTUYHBIX TPYINI OEJIKOB, COJEp)KalIUX HETUIINYHbIC, aMUHOKUCJIOTHBIE THUIIBI 3aME€H
(p<0.01) B rpymmax Hacekombix ¥ Hemaron (Puc 1.). AGCONIOTHBI MaKCUMyM 3TOTO YHCIIA
XapakTepeH s (OPMHpPOBAHMS TPYIIbl HEMaToJ, HHTEPCUBHO TEPSIOUIEH JOMEHHOE
pa3HooOpasue OenkoB [6]. Ilokasano, uto ¢QopmupoBanue rpymn Insecta u Diptera
COMPOBOXKJAEMOE YBEIMUEHUEM 4YHUCJIa OPTOJIOTUYHBIX TIpyNN OEJIKOB, COJEpKallnuX
HETUIUYHbIE, AMMHOKHUCIIOTHBIE THUIBl 3aMEH MOXET OBbITh CBA3aHO € (POpMHUpPOBAHUEM
TECHOTO SKOJOIMYECKOT0 cOOOIIecTBa HACEKOMBIX U IMOKPBITOCEMEHHBIX pacTteHuil [7]. B
HacTosel paboTe TakKe MPOBEIAECH CPAaBHUTENbHBIN aHAIN3 QYHKIHUNA OPTOJOTUYHBIX TPYIIT
OENKOB COJIEep)KalUX HETUIMYHbIE 3aMEeHbl Ha KaXJIO0M BHYTpEHHEH BETBU JepeBa
MO3BOHOYHBIX M OECIIO3BOHOYHBIX, 4YTO TIO3BOJIMJIO CBA3aTh PEXUMBI MOJEKYJIIPHOU
HBOJIIOLIUY ONPEAEICHHBIX OPTOJOTHYHBIX IPYMI ¢ MOP(HOJOTHUECKUMH NPeoOpa3oBaHUSIMU

B MAJICOHTOJIOTHYECKO# nctopun TakcoHoB Bilateria (Puc. 1).
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DEEP INSIDE INTO VERTEBRATES AND INVERTEBRATES
MACROEVOLUTION: THE MOLECULAR EVOLUTION MODES OF STRICT
ORTHOLOGOUS PROTEIN SEQUENCES
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In 2008, it was clearly demonstrated that the natural selection of protein-coding genes
is heterogeneous in nature and associated with two different phenomena [1]: optimization of
the gene expression level and optimization of protein structural and functional organization. It
is of known, that the second phenomenon is primarily associated with amino acid
substitutions having different effects on the protein structure and function. Thus, simple
method for the analysis of protein evolution modes was developed. This method is based on
Markov simulation of protein sequence evolution. This study, we analyzed the evolution

modes of vertebrate and invertebrate orthologous protein sequences using our novel method.

The molecular evolution modes of 752 orthologous protein groups (OPGs) of
vertebrates and of 1736 OPGs of invertebrates were analyzed. In our analysis the OPGs were
taken from MetaPhOrs database [2]. The OPGs containing at least one strictly confirmed
orthologous sequence without ambiguous characters from each of 20 vertebrate species
groups and 9 invertebrate species groups were taken into analysis (Figure 1). Cnidaria and
Tunicata were served as outgroup taxa. The ancestral protein reconstruction in each internal
tree node of OPG was made using PAML 4 CODEML program [3] (marginal reconstruction)
on the basis of the known tree topology (Figure 1) and amino acid replacement matrices
calculated by MODELESTIMATOR [4] program. These ancestral sequences were used to
calculate the number of observed amino acid substitutions. For each amino acid replacement
type we compared the observed number of changes with expected ones under the assumption
of a stationary Markov process of protein evolution. Expected replacement numbers were

calculated using 1000 computer simulations of OPG molecular evolution by the INDELIible
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program [5], taking into account the peculiarities of the investigated OPGs. Comparison of
expected and observed numbers of each replacement type was performed using permutation
tests (10° permutations). We count the number of random samples, M, in which the frequency
of expected changes of a certain type higher than the frequency of observed ones. Thus, the
value M/10° is the occurrence probability, p, of a certain amino acid replacement type
observed by chance.
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The analysis of R value, the proportion (%) of OPGs with atypical amino acid

replacements (p<0.01), showed that internal tree branches of vertebrate tree with R>20%
strictly correspond to aromorphoses in the vertebrate evolution (Figure 1): 1) the full genome
duplications in early stages of vertebrate evolution and actynopterigian fish evolution, 2) the
adaptation to terrestrial environments, 3) the origin of Amniota, 4) the divergence of primitive
mammals and placental mammals. It is of big interest that the molecular evolution of insects
and nematodes were characterized by significant increase in R value in comparison with its
mean value for vertebrates (Figure 1). The absolute maximum of R value is typical for

nematodes - a group with intensive lost of protein domain diversity [6]. It was shown that the



divergence of Insecta and Diptera accompanied by increasing of R (Figure 1) may be due to
the emergence of insects-angiosperms ecosystems and to the formation of the characteristic
Diptera morphology [7]. This study we also conducted the functional comparison of OPGs
containing atypical amino acid replacements that allowed us to uncover various features of
gene networks molecular evolution on each internal branches of vertebrate and invertebrate

trees (Figure 1).
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