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Abstract. In ancient freshwater lakes, an abnormally large species diversity is observed. The mechanisms that ge-
nerated extremely high biodiversity in the ancient lakes have not been sufficiently studied and remain only partially
known. Sequences of environmental changes in highly complex ecosystems such as Lake Baikal, may induce sophis-
ticated combinations of microevolutionary processes. These processes are likely to result in unusual “patterns” of
genetic variability of species. The most unusual patterns include the ones when speciation is followed by incomplete
lineage sorting as well as mitochondrial or nuclear introgression. All these phenomena are diagnosed by compar-
ing the topologies of phylogenetic trees inferred from molecular markers of evolution located in mitochondria and
nuclei. Mitochondrial and nuclear introgression is a particularly interesting and complex case, which is the process of
incorporating the gene alleles of one species into the gene pool of a sister species due to interspecific hybridization
(introgressive hybridization). In many cases, existing methods for molecular phylogenetic analysis do not automati-
cally allow the observed patterns of polymorphism to be explained and, therefore, cannot provide hypotheses that
would explain the mechanisms which resulted to these patterns. Here we use adaptive dynamics models to study
neutral molecular evolution under various scenarios of interaction between sister species and the environment. We
propose and justify a set of criteria for detecting how two evolutionary trees may differ, with a special focus on com-
paring a tree inferred from nuclear DNA to one from mitochondrial DNA. The criteria react to branching pattern and
branch lengths, including relative distances from ancestral lineages. Simulations show that the criteria allow fast and
automated detection of various types of introgression, secondary breaches of reproductive barriers, and incomplete
lineage sorting.
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AHHOTauuMA. B gpeBHNX NPeCcHOBOAHbIX 03epax HabMoaaeTcss aHOManbHO 60bLIOV BUAOBOWN COCTaB OPraHM3MOB.
MexaHu3mbl, KoTopble 06ycIoBUNU GopMUpoBaHmMe 61MOpPasHO0bPasnA B LPEBHMX 03epax, eLle HEAOCTaTOYHO 13-
YeHbl. MMKPO3BOJTIOLMOHHbIE MPOLIECCHI, NPUBOAALLME B KOHEYHOM MTOre K BUAOOOPA30BaHMIo, BKIKOYaIOT B Ce6A B
KauyecTBe 3/1eMeHTapHbIX MPOLIECCOB M3MEHEHUS YNCIIEHHOCT 0COBEN, MUTPaLMIo U PEMPOAYKTVBHYIO N30ALKIO.
B npupopHbIX yCnoBursax, 0COGEHHO B TaKOM CIIOXHOW 3KOCKCTEME, Kak 3KocmcTeMa balikana, KoMOrHaLumM MUKpo-
3BOJIOLIMOHHBIX MPOLLECCOB MOTYT HOCWTb CaMblil MPUUYANMBBIA XapakTep U MOpoXAaTb HEOObIYHbIE «Y30Pbl» re-
HETUYECKOW N3MEHUMBOCTY BUAOB. K Hanbonee HeoOblYHbIM CielaM CNOXHbIX BUA006pa3oBaTesibHbIX NPOLECcoB
OTHOCATCA yHacnenosaHHbM I'IO]'IVIMOpd)VBM, a TakXKe MUTOXOHApwualnibHaA N AAepPHaA NMHTPOrpeccuun. T ABNeHunA
LMNarHOCTMPYIOTCA Ha OCHOBAHUW CPABHEHUS TOMOMOMI GUITOTEHETUYECKX JEPEBBEB, MOCTPOEHHbIX MO AAEPHBIM
1N MUTOXOHZPUAIbHBbIM MONEKYNIAPHBIM Mapkepam 3Bontoummn. OCO6eHHO UHTEPECHbIN 1 CIOXKHDBIN Clyyait — MUTO-
XOHAPWaNbHas 1 AaepHan MHTPOrpeccus, NpeacTaBnsAowan coboi Npouecc BKYEHNA annenein reHoB OAHOro
BMAA B reHOOH[ CECTPUMHCKOro BUAa Npv MeXBUAoBoW rmépuansaummn (MHTporpeccusHas rubpuansaumsa). Yacto
CyLlecTBylOLLVie MeTOfbl aHaIM3a reHeTMUYECKOro NoMMopdur3ma He NO3BONAIT aBTOMATUYECKN HAXOANTb 0ObACHe-
Hune Ha6J'IIO,q36MbIX KapTuH nonwmopd)vnsma N, cnefosaTtesibHO, Npeanaratb rmnoTesbl, KOTOPbIe 6bl pacKkpbln mexa-
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HV3Mbl, MOPOAUBLLME 3TN KapTUHBbI. B HacTosA el paboTe Mbl MCMOMb3yeM MOAENUN afanTUBHOW AUHAMWKU ANA U3y-
YeHNA HeNTPanbHOW MONEKYIAPHON 3BOOLUN MPY Pa3fINUHbIX CLLeHapUAX B3aUMOAENCTBUA MeXAY CECTPUHCKUMU
BMAAMU 1 OKpY»KatoLen cpepoit. Mbl npeanaraem Habop Kputepres A onpeaeneHns Toro, Kak MoryT pasnnyatbea
[1Ba 3BOJIIOLMOHHbIX filepeBa, MOCTPOEHHbIX C MCMOSIb30BaHMEM MOC/1ejoBaTeNIbHOCTEN AAEPHON N MUTOXOHAPUASb-
Hol HK. MogennpoBaHue NoKasbiBaET, YTO KPUTEPKM NO3BONIAIOT ObICTPO 1 aBTOMATMUECKU BbIABAATL PasfivyHble
TUMbI IHTPOTPeCccuy, BTOPUYHbIE HapyLLEeHVA PeNpPOAyKTUBHbIX 6apbepoB 1 HEMONTHOE PaCXOXAeHWe BULOB.

KntoueBble CI0Ba: MUTOXOHAPUANbHAA UHTPOrPeccus; HenonHasa CoOPTUPOBKa POAOCIOBHON; ApPeBHMEe 03epa; CUM-
naTpuyeckoe B1A00Opa3oBaHue; napanaTpuyeckoe BUA006pa3oBaHNe; pa3HOracua Mexay GrunoreHuAMM; 03epo

bankan.

Introduction

Significant advances in gathering the data on genetic polymor-
phisms of all kinds of organisms have shed light on important
features of the evolutionary process. For example, recent
technique, allow one to study previously cryptic features of
the mechanisms, generating and maintaining the diversity of
life. Among the most challenging foci of modern evolutionary
studies are the hyper-diverse and geographically constrained
ancient freshwater lakes (Lake Baikal in East Siberia, Lake
Tanganyika in East Africa etc). These lakes are inhabited by
rapidly evolving species assemblages generated by adaptive
radiation, mostly in sympatry, and ultimately responding to
the fast and powerful environmental challenges generated by
global changes (Brooks, 1950; Sherbakov, 1999; Salzburger
et al., 2014). Studies of speciation processes in ancient lakes
revealed numerous cases of presumably complicated evolu-
tionary histories and therefore many unexpected patterns of
genetic diversity. The most striking are the cases of dramatic
discordance between the patterns resulting the studies of
mitochondrial and nuclear DNA described in (Nevado et al.,
2009; Sturmbauer et al., 2010; Kéver et al., 2018).

Although these phenomena are well and long known to exist
in many species, their explanations involve the assumption
of large-scale range shifts (Toews, Brelsford, 2012; Schon,
Martens, 2012) and thus are hardly applicable to the situations
of sympatric or parapatric speciation responsible for the most
of'the species diversification in relatively small and closed eco-
systems. A systematic study of disagreements between mito-
chondrial and nuclear phylogenies requires a formal procedure
automating search for such cases, such as testing significance
of the disagreement and modelling of evolutionary scenarios
likely to cause generation of the discrepancies between nuclear
and cytoplasmic phylogenies. Here we describe fast simulta-
neous analysis of two tree topologies allowing one to detect
a discordance, test its significance and diagnose its type. We
test this approach on a set of trees resulting simulations of
evolutionary events and on the real-world data set on endemic
to Lake Baikal gastropods of genus Baicalia.

Materials and methods

Individual based modeling. Individual-based models
(Grimm, Railsback, 2005) simulating evolution of two sister
species of diploid organisms possessing both mitochondrial
and nuclear DNA markers were designed as described in
(Semovski et al., 2004). Differential responses of the sister
species to the same environmental challenges were modelled
by pre-setting independent curves of environmental niche
capacity for the two sympatrically occurring species. Model
also allows independent variation of gene flows between the
species thus mimicking asymmetric or symmetric breach of
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the reproductive barrier during defined periods of time. Each

simulation was succeeded by collection of certain amount

(usually 100 of each to make it comparable to an experimental

study) of marker sequences from the same “individuals”, saved

in separate files and maximum likelihood trees were inferred

with PhyML version 3.3.20180129 (Guindon et al., 2010),

using the model of molecular evolution set to JC because of

the simulation settings. Tree comparisons were performed
with custom Python scripts using ete2 library (Huerta-Cepas

et al., 2010).

Types of discordances between mitochondrial and nuc-
lear markers. Discordance between nuclear and mitochon-
drial trees should be declared when their branching patterns
differ significantly so that one of them looks distorted strongly
if compared to the other. We test following kinds of phylogeny
discordances of two sister groups of organisms may occur:

- splitting into two species;

- introgression is when on the one tree all groups form sepa-
rate clades, while on the other tree one group appears inside
the cluster formed by the other group. In other words, the
common for one group allele becomes fully substituted with
the allele originated from the other group;

« inherited polymorphism (incomplete lineage sorting)
is when due to resent breach of reproductive barrier both
groups acquire alleles from the other ones. Discriminating
between different types of branching order discordances.
In order to detect the cases of introgressions while compar-

ing data sets, we had developed the test, which was used then
to optimize the processing of fairly large amounts of data.
The test employs three values estimated from the phylogenies
(Fig. 1). The first value is the corrected mutational distance
between the common ancestors of the two species (nodes L
and Lp) and the most basal node C4 (common ancestor of the
two species). In the case of inherited polymorphism all three
points in fact are the same point and thus all three distances
are equal to zero. Therefore if all three distances insignifi-
cantly differ from zero one may assume incomplete sorting of
ancestral lineages. Obviously all three distances would have
significant lengths if unaccomplished divergence of the two
species took place. We can also find the distance between CA
and L (d) for two species and find their difference (D). With
inherited polymorphism and separation into two types, the
distances d,, and d,, will be approximately equal.

The second value useful for detecting of introgression is
the sum of all distances from all representatives of the same
species to the most recent common ancestral node of the tree
(Ey if the number of specimens of the two species analyzed is
very far from equal, the average distance £ by a species must
be used). In spite of any accomplishments this value should
be approximately equal if molecular clock hypothesis holds.
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The latter condition may be tested separately. The significantly
different from zero value of the difference between E; and
E;, determined for one molecular marker, i.e. mitochondrial
gene while remaining approximately equal for other marker(s)
points at full introgression (see Fig. 1).

The possibility of a dramatic violations of molecular clock
hypothesis as well as numerous other reasons make it ne-
cessary to support the hypothesis on the introgression inde-
pendently. Here we propose to use for that purpose the test
for monophyly of the clades in question. We employed the
simplest form of the test as it is implemented in ete2 and ete3
libraries for Python (http://etetoolkit.org/). Based on the topo-
logy of the tree it calculates the coefficient of monophyly, P.
It becomes 0 in case of a monophyletic clade and 1 in case
of polyphyly.

The values and designations involved in the analysis are:
P — inherited polymorphism; I — introgression; 2s — two spe-
cies; P — coefficient of polyphyleticity (0: monophyletic,
1: polyphyletic); CA — closest common ancestor; L — furthest
descendant of the common ancestor indexed by the species;
d — distance (along the tree) from C4 to L indexed by the
species.

It is important to note that the protocol (pipeline) described
here makes it easy to test directly the statistical significance of
the diagnosis. This may be done by applying it to the bootstrap
replicates of the original data set followed by odds ratio test
to estimate the support to the conclusion.

In the case of the full introgression all sequences of one
type appear as the ingroup(s) to the recipient type. The other
marker yields monophyletic clusters consisting of a single
type of sequences. The four cases above may be diagnosed
by measuring the distances between the common ancestors of
sequences as they appear on the tree and comparing them to
distances from the common ancestors to the common root in
combination with the monophyleticity test for the both sister
groups. Indeed, the inner branch between the common ances-
tors of two groups passes the node defined by the outgroup in
all cases except for complete introgression. In the latter case
the common ancestor of the recipient group is connected to
the outgroup via the common ancestor of the donor group. In
this case the donor group is always polyphyletic, while the
recipient may be both monophyletic or polyphyletic if the
introgression occurred more then, once or multiple donor’s
lineages were involved. Mutual introgression from the recent
bi-directional hybridization generates the latter pattern in both
directions. In this case each type of sequences appears in the
other cluster as an ingroup.

Introgression differs from incomplete lineage sorting be-
cause in former case common ancestors of the invader (do-
nated) lineages would be significantly younger then the com-
mon ancestor of the recipient. In contrast, incomplete sorting
of ancestral lineages results in the absence of separate clusters
for the two groups in case of one of the markers. The simplest
cause of the latter may be the insufficient rate of molecular
evolution of the marker affected.

In all cases the internal branching order must be robustly
supported, and the branches crucial for the diagnosis must have
significant lengths. Therefore testing the diagnosis significance
simply turns into testing the significance of the sum of branch
lengths between common ancestors of the groups (species)
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Fig. 1. Schematic representation of the distortions to the tree topology
resulting the inherited polymorphism (incomplete lineage sorting) and
full introgression as compared to the unspoiled separation of two sister
species.
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Fig. 2. The respective position of the most recent common ancestors
(MRCA) in trees inferred from nuclear and mitochondrial introgressions.
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Upperraw (a): trees inferred from nuclear markers, lower raw (b): trees inferred
from mitochondrial markers.

and the most ancestral node of the tree. There are several me-
thods of estimating the confidence limits of the branch length
(Felsenstein, Felenstein, 2004; Anisimova, Gascuel, 2006).

Additional feature helping to diagnose the distortions of tree
topology is the monophyleticity of the groups. In the case of
the lack of any discordance, the mutual correspondence must
hold between the groups and clades on the tree.

If the tree is rooted by outgroup (Fig. 2, scheme of a fully
resolved phylogeny of two groups showing designations
used in this paper) CA4A, and CAjy labelled with colored dots
designate the common ancestors of the respective groups, O
is their common ancestor as it is defined by the outgroup)
linked to the common ancestor of species A and B with their
common ancestors designated as it is shown on the same
figure, the relative position of the three nodes will distinguish
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Table 1. Diagnostic of the tree distortions (nuclear or mitochondrial)

Pattern Group A is monophyletic ~ Group B is monophyletic ~ CA, CA, CA, s CA,,
DIVISIonmtozspeCIes ............. + ............................................... +>|_>|_ ..................... O .................. 0 ...................
|ntrogre55|on ............................. S + ............................................... >|_ .................. >|_ .................. >0 .................. 0 ...................
InhentedeIymorphlsm .......... _ ............................................... _ ............................................... =|_ .................. =|_ ..................... 0 .................. 0 ...................

between full introgressions if taken together with the results
of testing the groups for monophyleticity. All possible out-
comes are summarized in Table 1 (L is the distance between
the common ancestor of a groups to the common ancestor of
the two groups).

Baicalia sequences. Sampling locations of Baicalia speci-
mens are specified in (Peretolchina et al., 2007). Genomic
DNA was extracted from muscle tissue using a modified
method described earlier (Sokolov, 2000). Gene fragments
of mitochondrial cytochrome ¢ oxidase subunit 1 (COI) were
amplified using primers L1490 (5'-GGTCAACAAATCATAA
AGATATTGG-3’) and H2198 (5-TAAACTTCAGGGTGAC
CAAAAAATCA-3") (Folmer et al., 1994); fragments of the in-
ternal transcribed spacer (ITS1) were amplified using primers
Kp-2F (5'-AAAAAGCTTCCGTAGGTGAACCTGCG-3")
and 5.8SR (5'-AGCTTGGTGCGTTCTTCATCGA-3") (Nazar,
Roy, 1978). An average of 1-3 pL of DNA extracted was
amplified in a 25 pL reaction using BioMaster HS-Taq PCR
Kit (Biolabmix, Russia) under the conditions recommended
by the manufacturer. The conditions for amplification, elec-
trophoresis and amplicon purification are those in T.E. Pe-
retolchina et al. (2007). GenBank accession numbers of
ITS1 sequences: FI598711, FJ598712, FI598715-FJ598723,
FJ598727-FJ598732, FI598735-FJ598741, FI598743—
FJ598745, FI598748-F1598760, FI598762-FJ598771,
FJ598832-FJ598848; of COI sequences: 292995 (Zubakov
etal., 1997), HQ113269-HQ113278, DQ436384-DQ436443,
GU22640-GU22649, KT885116, FJ749133.

Software availability. All custom software used in this
work is available from https://github.com/dysh/MRDR.

Results and discussion

We have used several example phylogenies resulted from
computer experiments where various scenarios were used
to generate different patterns of disagreements between ma-
ternally inherited mitochondrial and nuclear DNA of diploid

Table 2. Metrics of the ML trees inferred from simulated data

organisms. The simulations involved differential responses
of sister species to the changes of environmental capacity
accompanied by periods of reproductive isolation breaches.
Each simulation produced two sets of “DNA sequences”
(Semovski et al., 2004) used for tree inferences subsequently
compared to each other using the procedure described here.
All kinds of disagreements between the trees were obtained
in course of these simulations and successfully classified
using the distances between ancestral roots and tests for
motophyleticity (Table 2). An example of full mitochondrial
introgression is shown on Fig. 3 (circles designate common
ancestors. The trees are rooted with the starting sequence used
in the simulation).

Experimental data example: genus Baicalia. Gastropod
genus Baicalia belonging to the subfamily Baicaliinae ende-
mic to Lake Baikal consists of five species diverged from the
common ancestor relatively recently in confines of the lake
(Sherbakov, 1999). Species of this genus differ morphologi-
cally and ecologically. The most remarkable ecological dif-
ference between them is their substrate—dependent mating
behavior. Both nuclear and mitochondrial markers have been
used in phylogenetic inferences involving the species of Baica-
lia (Zubakov et al., 1997; Peretolchina et al., 2007; Sitnikova
et al., 2016). Dramatic discrepancies between phylogenies
inferred from several nuclear markers and mitochondrial
markers are reported to be typical for the whole group and for
Baicalia in particular (Peretolchina et al., 2007; Sitnikova et
al., 2016). Here we have reproduced phylogenetic inferences
using the data set consisting of two markers of different inheri-
tance mode belonging to three Baicalia species: B. carinata,
B. dybowskiana and B. turriformis from (Peretolchina et al.,
2007). Two separate phylogenies have been obtained for the
nuclear gene ITS1 and mitochondrial COI. Maximum likeli-
hood trees obtained differed from each other (Fig. 4).

The two species, B. dvbowskiana and B. turriformis, appear
as monophyletic separate clades in a phylogeny inferred from

Treefiles Group Ais Group Biis CA, CA, CA., CA., Type
monophyletic monophyletic
treezs . m ,troottre ............ + ................................ + ................................ 0 038290 ............ 0 0 40520 .............. 0 ............. 0 ........... D M Slom n tozspeaes ........

treezs . n . rOOttre ................ + ................................ + ................................ 0 082230 ............ 0 1 9520 ................ 0 ............. 0 .........

tree|NTm,t rooure ........... R + ................................ 0 026070 ............ 0 ............................ 0 .......... > 0 ........... | ntrogre SS,on .......................

treeINanOOttre .............. R + ................................ 0 050680 ............ 0 O 87960 ........... > 0 .......... >0 .........

tree”: . m Itrooure ............. e R 0 ......................... 0 ............................ 0 ............. 0 ........... | nher ItedeIymorphl 5 m

tree”) . n . rOOttre ................. e R 0 ......................... 0 ............................ 0 ............. 0 .........

SBOJTIOLUMOHHAA TEHETUKA U BUOOOBPA3OBAHME / EVOLUTIONARY GENETICS AND SPECIATION

423



A.A. Poroshina, D.Y. Sherbakov
T.E. Peretolchina

Diagnosis of the mechanisms of different types
of discordances between phylogenies trees

Outgroup

0.08

0.922

0.724

QOutgroup

0.02

Fig. 3. Phylogenetic trees inferred from simulated data sets.

a-thetreeinferred from“sequences”evolving as neutral nuclear marker; b - the tree based on“sequences”evolved according to the rules specific for mitochondrial

DNA. The aLRT supports are given in the nods of trees.

nuclear sequences. According to the tree inferred from the
sequences of mitochondrial origin both B. dybowskiana and
B. turriformis become in-groups to B. carinata. However, their
clusters are separated from each other. This example illustrates
that discrepancies between phylogenies may be relative and
complicated if traced in more than two groups: while there
are clear indications of full mitochondrial introgressions
from B. carinata to B. turriformis and to B. dybowskiana, if
the representatives of latter two species are subjected to phy-
logenetic inference in the absence of B. carinata there is no
discrepancy between the trees inferred from different markers.
Interestingly, the two introgressions were not simultaneous
and occurred with a large time gap.

424

Conclusion

We present here a simple and fast procedure allowing one
to distinguish automatically between contrasting patterns of
disagreement between trees inferred for the same groups of
organisms using different sets of data. In this communication
we concentrate on the comparison between trees inferred
from DNA sequences of mitochondrial and nuclear origin.
First, we define different kinds of disagreements between the
tree topologies (introgression, ancestral polymorphism) and
propose the set of criteria, which may be estimated from a
phylogeny. The approach is based on the estimating distances
between common ancestors of groups defined externally, for
example, by species identity of their members. Two trees are
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Fig. 4. Phylogenetic trees inferred from DNA sequences of a mitochondrial marker COI (a) and nuclear marker ITS1 (b) for three
sister species of gastropods belonging to genus Baicalia (B. carinata (blue), and B. dybowskiana (red)).

The trees are rooted by outgroups consisting of all paralogous sequences belonging to other Baicaliinae. The aLRT supports are given in

the nods of trees.

used as the input, the groups are tested if they are monophyletic
and then set of distances between clusters is measured. At this
point it is possible to test for the statistical significance of the
distortions and their diagnoses using any appropriate approach
such as various kinds of bootstrapping.

This procedure is required for any modeling efforts aiming
at the elucidation of ecological circumstances favoring dif-
ferent types of disagreements between trees inferred for the
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same organisms. It is interesting to note, that the same proce-
dure is potentially applicable to the cases when several sets of
loci of the same mode of inheritance give rise to dramatically
different trees due to selection or adaptation-guided acquisi-
tion from sister taxa. The discordance detection procedure
proposed here is fast and sufficient to browse transcriptomes
in search of sequence cliques evolving accordingly to each
other but differently from other large sets of sequences.
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