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% Background. The exponential growth of research concerning a role of morphological modularity and integration in evolu-
tion has taking place from the beginning of the century. It was especially noted that inter-level integration should manifest
itself, first of all, in the congruent variability of the modules of different structural levels. We analyzed congruence between the
interspecific variability of the first lower molar (m1) masticatory surface and the mtDNA Cytb gene in ten species of the gray
voles Microtus s.1. from the point of view of the modular organization. Materials and methods. In total, 5306 pairs of chewing
surface contours of vole molar m1 were investigated. Thirty one different morphotypes and 187 their different combinations are
identified: 30 — symmetric and 157 — asymmetric. 576 sequences of the Cytb mtDNA gene from the GenBank database are
used. Climatic data are taken from the website Climate:Date.org. Data are processed using a DJ-method. The morphogenetic
matrix of Euclidean distances between species is obtained from the frequencies of m1 morphotypes co-occurrence from the
right and left sides of the lower jaw, and the molecular-genetic one from the frequencies of synonymous codon substitutions.
The algorithm is realized in the Jacobi 4 package. Results. A high correlation (r = 0.847) between the first principal com-
ponent of the molecular-genetic distance matrix and second principal component of the morphogenetic one is found. From
the standpoint of the modular organization of the phenotype, the principal components of these matrices are treated as vari-
ability modules. The molecular-genetic module is caused by change of frequencies of the codons ACC and GCA along geo-
climatic gradient, and morphogenetic one — various aspects of the m1 asymmetry. Conclusions. The proposed approach al-
lowed to identify two congruently varying modules from different trait systems of the studied species along the geo-climatic
gradient.

& Keywords: modularity and integration; Cytb; m1 asymmetry; distance matrices; DJ-method; geo-climatic factors.
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MOAYNEA U3MEHYMBOCTU CEPbIX NMONEBOK MICROTUS S.L. B TPAAUEHTHbIX
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% Llesab — paspaboTarb MOMIYJILHBIH MOAXO K KOJMUECTBEHHO OLIEHKe COTPSKEHHOCTH pasHbIX (POPM H3MEHUHUBOCTH Ha MPUMepe
JIECATH BHJIOB MOJIEBOK IPyMIibl pojioB Microtus B rpalMeHTHBIX yeaoBUsix cpebl. Marepuan u meronpt. [Ipocmorpeno 5306 nap
PHCYHKOB 2KeBaTeJibHOH MoBepxHocTH ml cripaBa u cieBa. Boisisaennt 31 mopdortun, 187 ux coderanuit: 30 — CUMMETPHUHBIX
u 157 — acummerpuunbix. Menosb3oBano 576 nocnenobarensHocreil reda Cytb mtJIHK n3 Gasbl nanubix GenBank. Kanmaru-
yeckue jaauuble B3siThl ¢ cafita Climate:Date.org. Haunele o6pa6oransl ¢ nomoupto DJ-metona. Mopdorenetnueckast MaTpula
€BKJIMJIOBBIX PACCTOSTHUI MEXy BMJIAMH MOJIyueHa 110 4acTOTaM COBMECTHOH BCTpeyaeMocTH MOpdoTuroB ml ¢ 1npaBoi u JeBo#
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GENETIC BASIS OF ECOSYSTEMS EVOLUTION

CTOPOH HHKHEF YEJIIOCTH, MOJIEKYJISIPHO-TEeHETHYECKasi — M0 4aCTOTaM CHHOHHMHUHBIX 3aMeH KOJIOHOB. AJITOPUTM peasii30BaH
B MakeTe TpUKAaIHbIX nporpamm Jacobi 4. Pedynbratbl. OGHapy:xkeHa Bbicokast comnpsitkeHHOCTb (r = 0,847) mexmy nepBoi
IJIABHOF KOMIOHEHTO!H MOJIEKYJ/ISIPHO-TeHETHUECKOH 1 BTOPOH TJIABHOH KOMITOHEHTOH MOP(HOreHeTHUECKOH MaTpHLl pacCTOSTHUIL
C no3uumit 6J104HO-MOJLYJIbHOF OpraHu3alk (heHOTHIA TJIaBHblE KOMITOHEHTbI JIAHHBIX MATPHLL TPAKTYIOTCH KaK MOJYJIH H3MEH-
uiBOCTH. MOJIEKYJISIPHO-TeHETHUECKHIT MOJTyJib 00yc/ioBJieH uameHeHneM yactoT KojoHoB ACC u GCA B/o/ib reOKJIMMATHUECKOTO
rpajieHta, MOp(OreHeTHUECKHI — pa3/IMUHbIMU acriektamMu acummerpur Mopdotunos ml. BeiBoabl. [Ipeataraembiii noaxosn
MO3BOJIJI BBISIBUTH /IBA CONPSKEHHO BAPbUPYIOLLMX MOJIYJISI U3 Pa3HbIX MPU3HAKOBBIX CHCTEM Y HCCJIEIOBAHHBIX BHIOB BJOJIb re-

OKJIMMATHUYECKOI'0 rpalieHTa.

% Kmouesbie cioBa: MojysibHOCTb M HHTerpauus; Cytb; acummeTpusi ml; jaucTaHLMOHHBIE MaTpullbl; DJ-MeTon; reoksnma-

THUECKHE (PaKTOPHI.

INTRODUCTION

At present, the modular organization principle of mul-
ticellular organisms has a solid conceptual and empirical
basis [1—=8]. The main criterion for identifying modules is
strong consistency of parts inside a module in combina-
tion with modules relative independence from each other
[9—12]. It enables modular systems not only to function,
but evolve in relative autonomy [13, 2, 14—16]. In broad
terms, e.g., anatomic units (parts of body and bones),
morphometric measurements and also other traits [8]
may be considered as constituents (axes) of phenotypic
modules.

The attempts to reveal the complexes of integrity-
forming phenotypic traits have been taken since the be-
ginning of the last century. The main prerequisite of such
investigations consisted in that traits related genetically,
ontogenetically or functionally correlate closer than oth-
ers. Accordingly, the analysis was focused on the ma-
trix of correlation between traits — the method of cor-
relation pleiades [17], which determined the use of the
principal components and other latent variables as a way
of revealing stable blocks of phenotypic variability [10,
11, 18]

The internal consistency of parts within a module,
combined with modules independence from each other,
allows modular systems to function and evolve, to some
extent, autonomously [2, 9—11, 13—16]. The integrity of
morphogenesis imposes some limits on modules excess
autonomization. Therefore, the “modularity concept” is
closely connected with the concept of “morphological in-
tegration” [19, 20]. The traits integrated after E. Olson
and R. Miller are such subsets of morphological traits
which have a tendency to change jointly during ontogen-
esis and evolution, opposed to others far less related to
each other. The division into subsets is made either for-
mally on the correlation between the traits (r-group), or in
the content — on the principle of traits joint functioning
(F-group) [19]. Ideally, both divisions should correspond
to each other.

One of the consequences of morphological integra-
tion is that the variability of organisms is concentrated in
some limited directions (more often, in one or two) form-
ing a “space of abilities”, whereas, in other directions,

the variability is less [21—24]. It was shown in the work
with the quantitative traits of rodent [23] and insectivo-
rous [24] skulls that the first two directions of variability
form the size—shape plane. The analysis of congruence
with molecular-genetic traits (Cytb) allowed revealing the
integrated blocks of two trait systems — morphological
and molecular-genetic. Thereat, the quantitative esti-
mates of the congruence between them became consider-
ably higher at the elimination of the size component of
variability.

The exponential growth of the research concer-
ning the role of morphological modularity and integra-
tion in evolution [3, 6, 8, 10, 12, 25—30] has been ob-
served since the beginning of the century and up to the
present.

The presence of the corresponding genetic base is a
necessary condition of modular evolution. The genetic
base of integration suggests that a selection on some
separate structural or functional peculiarities of an organ-
ism will always lead to a correlated response in its other
parts, whereas the genetic base of modularity will provide
a relative independence for evolutionary changes of differ-
ent parts of an organism [2, 10, 13, 31]. It was particu-
larly noted that inter-level integrations [10] should mani-
fest themselves first in the congruent variability of different
structural level modules.

Most of researchers accept that the integration con-
cept is applicable at different biological levels [6, 10] in-
cluding genetic and ecological integrations [13, 32], left
and right sides integration of organisms body [32—37] and
evolutionary integration of taxa [38—43].

For the last decades, more perspective methods, in
particular, multidimensional scaling and PLS-methods
that enable finding out deep joint latent variables belong-
ing to different structural-functional systems and are pre-
sented by different types of traits, have become available.
This gives an additional opportunity for the inter-level
research of integration and modularity, which has just
begun and the potential of which is still far from being
exhausted [10].

In our work, the search of morphogenetic and mole-
cular-genetic variability modules has been realized, and
the quantitative estimation of the congruence between
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them in ten vole species for the group of genera Micro-
tus in gradient geo-climatic conditions has been made.
The choice of trait systems is conditioned by the data on
the morphological variability m1 of ten gray vole species
Microtus s.l. from the right and left lower jaw sides and
the completeness of GenBank database on the mtDNA
Cytb gene related to the investigated species. The working
hypothesis consisted in that the degree of environmental
extremeness will simultaneously affect both the stability
of specific morphogeneses of investigated species, and the
mtDNA Cytb gene properties.

MATERIALS AND METHODS

The morphotypic variability of the first lower molar
(m1) of ten gray vole species Microtus s.I from the Si-
berian Zoological Museum of RAS, Zoological Museum of
MSU and the Zoological Institute of RAS was studied. The
description methods of morphotypic variability were
published earlier [44]. It is known that the morphotypes
from the right and left jaw sides may be different. As the
morphotypes are connected with each other by chains of
elementary transitions, the longer minimal chain is, the
more different the morphogenetic trajectories of the mor-
photypes being at the ends of this chain are and, accord-
ingly, the more seldom they can be realized on different
sides of one individual [44—47].

In total, 5347 pairs of vole molar (m!l) chewing sur-
face contours were observed from the right and left lower
jaw sides. Fifty-six morphotypes and their 222 pair com-

binations (direct and reverse combinations were con-
sidered different) were found. Twenty-five morphotypes
were encountered (left and right, in total) less than five
times and were excluded from the further analysis to-
gether with their pairs. Accordingly, 5306 chewing sur-
face contours were left, the number of morphotypes
being equal to 31, and the number of different combina-
tions — 187 : 30 — symmetric and 157 — asymmetric.
Symmetric combinations were encountered more often
(Table 1). The fraction of symmetric and asymmetric pairs,
common for all species, equaled 72.3 % and 27.7 %,
respectively.

The following indices were used for the results inter-
pretation: complexities and absolute asymmetry of the
complexities (difference modulus) of closed fields num-
ber, labial, lingual sides of morphotypes, also minimal
number of elementary transitions and Shannon entro-
py [48].

Full nucleotide sequences of gene mtDNA Cytb
(1140 bp) of the same gray vole species were chosen from
the International GenBank [49] database. In total, 576 se-
quences were used (see Appendix).

The geographic coordinates and height above the sea
level (also their ranks) of the places of collecting most
representative samples of each species — total of 6 traits
(Fig. 1) — were used as environmental characteristics.
Besides, the average monthly climatic norms of these ter-
rains — temperature, its amplitude and norm of precipita-
tion (total of 36 traits) [50] — were analyzed.

Table 1
Frequencies number of symmetric pairs of morphotypes m1 for each species and total for all species
. w|lxlw|lolvlxl Blo|lx|lBvB|lo|llv|loc|lbloRA R | R ||| (R || ||| =
S e e E R E IR B B R EER R E R HEEEHEEBEIEE:
Alexandromys forlis | 010 0 |0{0[0[ 0 {0]0] 0O |0 |0|0|1]|0]|0|0[144]22|0|123[64|3|0| 2 |00 [0[0]O0]359
A. maximowiczii 0[O0 1]0[{0]|0] 3 |0|0O| 8 |1[0[45|8|4[5]|0]20(166{0| 4 [100{10{3| 18200 |0]0]|398
A. middendorffii 0{010[0[0]|0O]O]0O|O|O|0O[O[O|0O[O]|0|0] 2 |65][0] O [113[16]2]38|10[0|0]O0]|237
A. mongolicus 0{010(0[{0]|0]2]0|0|6|3][0[6|9(0[0|0]| 4 |15][0[14[67|1|0]0|0[0][0|0]0]|127
A. oeconomus 1[0]0[0]0[24|828(56|20|819|51|{1[16|/4|0{0[0|30| 2 (0] 3 [0 |0[0]O0]0O]|]0[0]0]O0O]/L8>
Lasiopodomys ololofololo[ofofo|o]ojojolofofo|4]7 [68|2]14[213/6 0| 1 |0]|0|0|1]1]317
gregalis
Microtus agrestis 010[{0(0|O[0O] O |O|OLO[O(0O[0O]0|O|O|O] O ]20|0] O |8940/0(20]5[0|3|2]|0]180
M. paradoxus 010[{0(0]Of0O] O |O|Ol L |[Of0O]0O]0|O|OfO] O] O0O|O]O]|19/0|0O]64]|1|1][O0[O0]|1]|87
M. rossiaemeri- 151 g1 g lolo|o] o [o|o|o|olo|olojofojofo|2]olo]|70]2|oft0s{4]0o|1]0]1|1ss
dionalis
Neodon juldaschi |2 |3(86(2|1|/0| 0 [0O[O| O [0[0O[{0O[O[O[O(O]O|[O0O|0O[O0O]O0O[O0O[0O/O]O[O]|O0O]|O0]0] 9
Total 313|87[2]1(24|833(56/20(834|55(1 (67224 |5|4(207(361|2[158(735|78 |5 (25113 1 [ 4|3 |3 |3842

Note. Modal morphotypes for each species according to [52] are shown in bold. Latin species names are given by [53], except absent

from the fauna of Russia.
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90°E  100°E  110°E  120°E  130°E
1500 km
30°N ‘ :
Fig. 1. The locations of the most representative samples for each species. Species: | — A. fortis, 2 — A. maximowiczii,

3 — A. middendorffii, 4 — A. mongolicus, 5 — A. oeconomus, 6 — L. gregalis, 7 — M. agrestis, 8§ — M. paradoxus,

9 — M. rossiaemeridionalis, 10 — N. juldaschi

A new algorithm for analyzing the congruence and
combining the data based on the matrices of distances
between the species, i.e. the DJ—method, was proposed
in a number of our publications [23, 24, 51]. If a set of
objects has two or more description systems, then it is
possible to calculate the pair similarity/dissimilarity index
matrix between objects on each of description system.
The similarities/dissimilarity matrix can be transformed
into the object—trait matrix. It is necessary in order to
map the existing set of objects for each description system
as the cloud of points in the Euclidean space. Thereaf-
ter, the cloud of points (objects) is analyzed for the con-
gruence of their mutual location, e.g. assisted with the
PLS—methods [54], generalized Procrustean analysis [55]
or common correlation methods. The algorithm was real-
ized in the Jacobi 4 package [56] of applied programs.
In this work, the frequencies table of all pairs of morpho-
types — symmetric and asymmetric — is normalized at
the sum on the rows. The Cavalli-Sforza and Edwards
matrix [46, 57] of Euclidean distances was calculated
between all species. As this matrix was obtained on the
base of differences in the occurrence of common pairs of
morphotypes in different species, it reflects the variability
of specific morphogenesis [45, 46]. On this basis, further
on in the text, we will call it the morphogenetic matrix
of distances.

The Cytb nucleotide sequences divided into codons
were analyzed in the work. The transformation of nucleo-

tide sequences from the GenBank into the Excel format
and splitting into codons were carried out using MEGA7
and Excel packages.

It was believed earlier that, as synonymous nucleotide
mutations do not change any amino acid they code, they
have no consequences for the protein function or viabil-
ity of an organism. However, as a result of a compara-
tive analysis of sequences, the non-random synonymous
codon frequencies distribution was revealed later in dif-
ferent organisms (individuals and species). This phe-
nomenon was called the “Synonymous Codon Usage
Bias” (SCUB) [58]. In our research, at the calculation of
evolutionary distances, we used the model in which the
substitution of not a nucleotide, but a codon [59, 60] is
considered to be an elementary event. These substitutions
can be both synonymous and nonsynonymous (replace-
ments).

The matrix of p-distances that reflects the total num-
ber of codon substitutions for each pair of sequences was
calculated between sequences. If amino acids are used
instead of codons, then the p-distance matrix will reflect
the number of only nonsynonymous substitutions of co-
dons. The difference between them gives the p-distance
matrix of only synonymous substitutions of codons. Any
p-distance matrix is a matrix of squared Euclidean dis-
tances [51]. Therefore, square roots were extracted from
the p-distances for all three molecular-genetic matrices.
Then distance matrices were transformed into object—trait
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matrices with the method of principal coordinates [61].
This way, points in molecular-genetic Euclidean spaces
were matched corresponding to all objects. PAST and Ja-
cobi 4 packages were used to calculate distance matrices
and principal components with the method of principal co-
ordinates. Note that the method of principal coordinates is
the direct method of calculating principal components in
case when a matrix of distances between objects is Eucli-
dean [61—64]. The centroid, which represents the spe-
cies [65], was calculated for each set of points belonging
to one species. Further on, matrices of pairwise Eucli-
dean distances were calculated between centroids of all
species.

All interspecific distance matrices, including the mor-
phogenetic one, were processed with the method of prin-
cipal coordinates. As a result of such processing, we ob-
tained a limited set of modules (principal components)
that describe their variability in morphogenetic and mo-
lecular—genetic spaces [66] for ten gray vole species un-
der investigation.

In order to minimize the number of compared cor-
relation coefficients, both totalities of geo—climatic fac-
tors (each separately), after the centering, normalization
and calculating of Euclidean distance matrices, were
processed with the method of principal coordinates. Part
of calculations was carried out independently in differ-
ent packages to control the correctness of the obtained
results. Pearson linear correlation coefficients were cal-
culated in packages Statistica 8, PAST and Jacobi 4,
and their significance — in Statistica 8 and PAST

packages (Student #-test for Pearson correlation coef-
ficient, df = n-2). Next, the correlations of variability
modules with the obtained geo-climatic gradients were
analyzed.

RESULTS

Morphogenetic modules of variability. On the plane
of the first two principal components of morphogenetic
distances matrix (32.7 and 23.8 % of total variance), the
species mutual location is determined by the differences
of their specific morphogeneses (Fig. 2).

On the first principal morphogenetic component
(mgPCl), N. juldaschi and A. oeconomus are drastically
different from all the rest species due to the low average
complexity of their morphotypes. Such interpretation of
this variability module follows from its high correlations
with the traits that characterize the complexity of m1 mor-
photypes (Table 2).

The investigated vole species are arranged along the
second principal morphogenetic component (mgPC2) in
the order of their increase ml morphotypes asymmetry
and the decrease of symmetric individuals fraction (see
Table 2). As asymmetry is traditionally considered as
an index of ontogenesis instability [67], it follows from
Fig. 2 that species M. paradoxus, M rossiaemeridiona-
lis and N. juldaschi are characterized by the most stable
morphogenesis, and A. fortis and A. mongolicus —
by the most unstable morphogenesis.

Molecular-genetic modules of variability. It was
found out in the investigation process that the principal
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Fig. 2. The configuration of ten species of the gray voles Microtus s.1. on the plane of the first two PCs of the morphogenetic dis-

tances matrix
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Table 2

Pearson correlation coefficients (x1000) between morphotypes m1 traits of ten species of the gray voles Microtus
s.l. and two first PCs of the morphogenetic distances matrix

Trait mgPCl1 mgPC2
Total complexity of the right morphotype 971** —188
Total complexity of both morphotypes 970%* —191
Total complexity of the left morphotype 969** —194
Closed fields complexity of the left morphotype 903** 300
Closed fields complexity of the right morphotype 903%* 297
Absolute asymmetry of morphotypes complexity —-067 693*
Minimal number of elementary transitions —060 691*
Shannon entropy 251 682*
Absolute asymmetry of lingual side complexity 019 637*
Fraction of symmetric individuals 143 —632*

Note: *p < 0.05, **p < 0.001.

components of synonymous distances matrix demon-
strate the highest congruence with one of the morpho-
genetic modules of variability out of three considered
matrices (total, nonsynonymous and synonymous in-
terspecific distances). Therefore, only they are discussed
below. The species mutual location on the plane formed
by these principal components (Fig. 3) well agrees to the
results obtained with the methods of molecular phyloge-
netics [68], despite that our result was obtained on the

model of replacing synonymous codons, but not single
nucleotides.

At calculating the codon frequency correlations with
the first principal components of synonymous distances
matrix (genPCl), the highest correlations were found for
two codons: GCA (r = —0.911, n = 10, p = 0.00025)
and ACC (r = 0.902, n = 10, p = 0.00036). Thus, there
is a significant increase of the ACC codon frequency and a
decrease of the GCA codon frequency along the first prin-

0.04 : : ! ' ! '
' Nijuldaschi i
A
0.02 Mﬁé’éﬁi‘"'5""'"""'"""""""""'"}i’}(}'}}}}"i """""" X;;i;iié&i;éi;} """""
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N ; .
0.00 b A— L ] I 4 maximovicsii W A
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: L gregfalis
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genPC1, 191 %

Fig. 3.
matrix

The configuration of ten species of the gray voles Microtus s.1. on the plane of the first two PCs of the synonymous distances
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cipal component of genus Alexandromys voles, compared
to those of genus Microtus.

Environmental factors. The first principal components
of the matrices of geographic (62.2 % of total variance)
and climatic (53.4 % of total variance) traits for the loca-
tions of capturing the most representative samples of each
species highly correlate (r = 0.872, n = 10, p = 0.001)
(Table 3). Totally, they build up the geo-climatic gradi-
ent “south-west—north-east”. There is a decrease in
the average temperature of all months and winter-spring
precipitation (from February to April) and an increase of

summer precipitation (from June to September) along the
gradient.

The congruence of the modules of morphogene-
tic, molecular—genetic and environmental variabili-
ties was studied with the help of correlations between
the first two components of the corresponding matrices
(Table 3).

As is seen in Table 3, one of the strongest correlations
(r =0.847, n = 10, p = 0.002) was obtained between
the first molecular-genetic and the second components of
morphogenetic variability (Fig. 4).

Table 3

Pearson correlation coefficients (x1000) between first two PCs of the morphogenetic (mgPC), molecular-genetic
(genPC), geographic (geoPC), and climatic (¢/imPC) variability

PCs mgPCl mgPC2 genPCl genPC2 climPCl1 climPC2 geoPCl geoPC2
mgPCl - 0 —058 —229 338 049 343 —242
mgPC2 0 - 847%* —260 695* 325 598 536
genPCl —058 847%* - 0 788%* 148 759% 472
genPC2 —229 —260 0 - —047 —003 133 014
climPC1 338 695* 788%* —047 - 0 872%* 368
climPC2 049 325 148 —003 0 - —159 690*
geoPCl 343 598 759% 133 872%* —159 - 0
geoPC2 —242 536 472 014 368 690* 0 -
Note: *p < 0.05, **p < 0.001.
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Fig. 4. Correlation (r = 0,847, n = 10, p = 0,002) between PC1 of the synonymous distances matrix and PC2 of the morphoge-
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Fig. 5. Correlation (r = 0,788, n = 10, p = 0,0068) between PC1 of the climatic variability and PC1 of the synonymous distances

matrix

The first component of molecular-genetic variabil-
ity also correlates with the geo-climatic gradient, largely
with the first climatic component (r = 0.788, n = 10,
p = 0.0068) (Fig. 5). A weaker correlation (r = 0.695,
n =10, p = 0.026) is observed between the second com-
ponent of the morphogenetic matrix and the first climatic
component.

The first principal component of the morphogenetic
variability does not correlate with anything.

DISCUSSION

The present investigation is a continuation of a series
of our articles published on the search of congruent vari-
ability of traits from different trait systems, also on the
development of the adequate algorithms of such search
[23, 24, 69]. An attempt of searching the congruence be-
tween the morphotypic and molecular-genetic variability
of gray voles Microtus s.l. by analyzing the corresponding
matrices of distances with the help of Mantel test [69] was
taken earlier with the same material. The test showed the
insignificant correlation between the matrices (r = 0.23,
p = 0.13, Np = 106), from which a conclusion on the
considerable independence of these trait systems of the
studied species was made. Nevertheless, this issue has
not been cleared out completely, as the 2B—PLS-analy-
sis demonstrated the presence of congruent variability
between the indices of morphotypes asymmetry and en-
tropy, and the frequencies of gene Cytb nucleotides and
dinucleotides along the geo-climatic gradient. To specify

the investigation results, it was decided to use a bit other
approach: namely, to split all the total variability of traits
of different trait systems into autonomous units, i.e. mod-
ules that may contribute to revealing those of them that
change jointly. At present, the modular approach to the
analysis of variability is widely practiced worldwide. Dif-
ferent criteria (functional, ontogenetic, statistical, evolu-
tionary, etc.) are used to reveal modules. In the present
research, we used a statistical approach to pointing out
variability modules [10, 11, 18], which are the principal
components of two interspecific matrices of Euclidean
distances.

The first matrix (morphogenetic) was built up based
on the differences in the Microtus s.l. occurrence frequen-
cies of the common pairs of ml; the second matrix (mo-
lecular-genetic) — based on the synonymous p-distances
between the Cytb codon sequences of the same species.
In this article, we consider two first modules for each trait
system, as there was no congruent variability found be-
yond them. They are directions in the corresponding Eu-
clidean spaces. The experience in this field shows that, in
most cases, latent variables can be interpreted informa-
tively [70—72].

Concerning the modular approach, ontogenesis is a
totality of morphogeneses, which can be presented as
discrete blocks or modules that can be changed relatively
independently, other events of ontogenesis being unaffect-
ed [73, 74]. As, in our research, the interspecific morpho-
genetic distances matrix was obtained on the base of the
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difference in the occurrence frequencies of common pairs
of ml morphotypes, both symmetric and asymmetric, it
reflects the variability of specific morphogeneses. Calcu-
lating the principal components of this matrix allows its
decomposition into independent constituents, i.e. modules
which are a result of different morphogenetic events. In
this case, these modules were interpreted by us as the av-
erage morphogenetic complexity, which reflects the com-
plexity of the molar prismatic design, and the asymmetry
of the phenotypic complexity which reflects the instability
of the morphogenesis of this organ.

The species mutual location in Fig. 2 is determined
by the differences of their specific morphogeneses. Two
species N. juldaschi and A. oeconomus are character-
ized by the low average complexity of their morphotypes
(separated on the first principal component), which dis-
tinguishes them from the rest species that stretch along
the second component forming pairs. Thus, the pair of M.
paradoxus, M. rossiaemeridionalis has the most stable
morphogenesis, and the pair of A. fortis, A. mongolicus
has the least stable morphogenesis, as the latter have the
highest asymmetry indices of morphotypic complexity and
the fraction of asymmetric individuals. Interesting is that
no significant correlations with a direction of molecular-
genetic or geo-climatic variability were found for the first
principal component, which is the main direction of mor-
phogenetic variability and reflects the variability of the
average ml morphotypic complexity in the investigated
species.

Next, we obtained the correlation of the second compo-
nent of the morphogenetic matrix with the “south-west—
north-east” geo-climatic gradient (especially with the first
climatic principal component (Table 3), which confirms
the mophotypes asymmetry at the increase of stress in
the “organism—environment” interaction (Table 2). As the
first climatic principal component is formed by exclusively
the contribution of temperatures, we believe temperature
is the main interspecific variability factor of morphogen-
eses [75—=T7T7].

However, the second morphogenetic component dem-
onstrated an even higher correlation with the first com-
ponent of interspecific molecular-genetic distances matrix
calculated on the model of the synonymous substitutions
of Cytb codons (Table 3). The fact of SCUB established for
a big number of species of living organisms serves as base
for the calculation. The ratio of synonymous codons in
mRNA is an important fact that influences the translation
speed and protein synthesis kinetics [78—81]. Besides,
the differences of synonymous codons, actually, serve as
additional code of controlling protein folding in vivo and,
hence, they are one more source of protein conformation
variability [82].

The reasons for SCUB remain the subject of discus-
sions. In particular, the hypotheses of random mutations
and directional selection were formulated [83]. The result

obtained within our research, namely, the correspondence
of the first principal component of interspecific distances
matrix to the geo-climatic gradient “south-west—north-
east” (Table 3), is the evidence in favor of the selective
formation mechanism of the observed SCUB. A significant
increase of the ACC codon frequency and a decrease of
the GCA codon frequency occur along the geo-climatic
gradient in the voles of genus Alexandromys, compared
to those of genus Microtus. The obtained SCUB may be
conjugated with the fast adaptive changes of the second-
ary protein structure conditioned by the impact of envi-
ronmental factors and that, within the present research,
is just an assumption.
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APPENDIX
GenBank accession numbers of sequences:
M. agrestis:  AF119271, AF159402, AY167149—

AY167213, FJ619746—FJ619786, GU563195—GUS63299,
JX284248—-JX284283, KF218851 —KF218952.

A. fortis:  AF163894, EU126809, EU870632,
HQ123607, HQ123608, JF906125, KJO81871—
KJ081954.

L. gregalis: AF163895, AY513803, KF839591,
KF839592.

N. juldaschi: AY513808, EF599112, EF599113.

A. maximowiczii: FJ986303, FJ986311, FJ986312,
FJ986319, KJ857275—KJ857280, KJ857287—KJ857291.

A. middendorffii: AF163898, FJ986314, FJ986315,
HM119493.

A. mongolicus:
FJ986310.

A. oeconomus: AB372193—AB372207, AF163902,
AY219981—AY220045, DQ452134—DQ452142.

M. paradoxus: KC953622, KC953624.

M. rossiaemeridionalis: AY513819—AY513823,
Ub4472—U54478, U54493, Ub4495.

FJ986304, FJ986305, FJ986309,
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