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Abstract. Many plant species have controversial taxonomical status, and clarification of that status is extremely important in
cases of rare taxa when the need for their conservation is discussed. One of them is Arocion lithuanicum — an endemic taxon,
treated either as separate species or synonym of A. armeria. The aim of the present study is to infer the taxonomic status of
A. lithuanicum, using molecular phylogenetic analysis as well as ITS1 and ITS2 secondary structures comparison of those two
taxa and their putative hybrid. The results of our phylogenetic analysis using Bayesian inference reveal that A. lithuanicum is
not closely related to A. armeria, but instead is sister to A. compactum. However, phylogenetic relationships on the tree, which
includes hybrids and taxa with SNPs, are not resolved well. In contrast, ITS1 secondary structure analysis allows us to distinguish
clearly A. lithuanicum from A. armeria. The artificial F1 hybrid between these species has SNPs in all sites that differentiate
parental forms and, by secondary structure, are located in the intermediate position between them. Thus, SNPs do not seem to
be useful in phylogenetic analysis in this case. At the same time, ITS1 and ITS2 secondary structure reconstruction with SNP
sites could be used as markers of hybridization events. Afocion lithuanicum is considered as separate species and could not be
treated as synonym or variety of A. armeria.

Keywords: Arocion lithuanicum, endemism, hybridization, single nucleotide polymorphism, phylogeny

Introduction Atocion lithuanicum is morphologically similar to
A. armeria (L.) Raf., the latter taxon was described
by Linnacus as Silene armeria L. from England and
France ("Anglia, Gallia") with its current native range
throughout Southern and Central Europe (from the
Pyrenees to the Balkans and northeastern Anatolia).
Atocion armeria is also widely cultivated (Europe,

Ukraine, this species is considered as a rare Sarmatian Siberia, India, Far East, North America, Brazil) and

endemic species and is therefore protected (Red data..., sometimes naturalized (Coode, Cullen, 19_67; Chater
2007; Andrienko et al., 2009). et al., 1993; Fedoronchuk, 1997). Both species have 2n

= 24 (Agapova et al., 1990; Chater et al., 1993). On the
basis of its morphology, A. lithuanicum reportedly differs
© V.O. MARTYNIUK, N.I. KARPENKO, AS. TARIEIEV, | from A. armeria by narrower stem leaves with abaxially
I.Yu. KOSTIKOV, 2018 . .

folded margins, slightly longer carpophores and capsules,
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Atocion lithuanicum (Zapal.) Tzvel. was originally
described by H. Zapalowicz (1911) from Lithuanian
and Volhynian Polissia as Silene lithuanica Zapat. Later
it was included in Afocion Adans. by Tzvelev (2001).
This species is distributed on poor sandy soils in Poland,
Lithuania, Ukraine, and Belarus. In Lithuania and




petals with a less distinguished notch, and smaller seeds
without papillae (Klokov, 1952; Fedoronchuk, 1997;
Martynyuk et al., 2015).

Due to the morphological similarities, identical
chromosome numbers and overlapping ranges of
A. lithuanicum and A. armeria, A. lithuanicum has been
variously treated taxonomically since the time of its
description. At first, A. lithuanicum was considered
as a separate endemic species, but still closely related
to A. armeria (Klokov, 1952; Fedoronchuk, 1997,
Mosyakin, Fedoronchuk, 1999; Andrienko et al.,
2009). Another point of view is the recognition of
that taxon as a variety of A. armeria [A. armeria (L.)
Raf. var. lithuanicum (Zapat.) Niketi¢ & Stevanovié¢
(= Silene armeria var. lithuanica (Zapal.) Graebner
& Graebner fil.] (Niketi¢ et al., 2007). According to
Chater et al. (1993) and other recent publications
(Frajman et al., 2009b, 2013), A. lithuanicum should be
regarded as a mere heterotypic synonym of A. armeria.

In order to solve similar taxonomical issues,
molecular genetic methods are widely used, in
particular, ITS2 (ribosomal DNA) secondary structure
analysis. Molecular data on A. lithuanicum have never
been published, while ITS1-5.8S—ITS2 sequences
of seven Atocion species, including three rDNA
sequences of A. armeria, are deposited in GenBank. It
is considered that in accordance with the change type of
ITS2 secondary structure (first of all, the presence and
number of compensatory and hemicompensatory base
changes — CBC and hCBC) the level of reproductive
isolation between taxa could be estimated (Coleman,
Mai, 1997; Coleman, 2000; Ruhl et al., 2009) and,
respectively, the taxonomic status of operational
taxonomic units (OTU) could be specified (Miiller
et al., 2007). Moreover, ITS1 secondary structure may
as well be used in such analysis, which has already
been shown by us on A. hypanicum (Klokov) Tzvelev
(Martynyuk et al., 2014).

One of the problems that arises both during
molecular phylogenetic trees reconstruction and
rDNA transcripts secondary structure modeling lays
in ambiguous sites in sequences of many plant species,
which can be interpreted sometimes as single nucleotide
polymorphisms (SNP) (Gupta et al., 2001) or can be
treated as a consequence of other circumstances i.e.
polymerase errors during PCR or sequencing, low
signal misinterpretation etc. (Clarke et al., 2001; Kunin
etal., 2011). In particular, 13 yDNA Afocion sequences
from GenBank out of 18 contain ambiguous positions
which can be probably treated as SNPs, as well as all
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rDNA sequences of A. armeria (Oxelman, Lidén, 1995;
Frajman et al., 2009b).

The presence of SNPs is usually considered as a
consequence of intragenomic polymorphism caused by
the presence of multiple ‘DNA copies in the genome
at which copies with different alleles have emerged as a
result of either the independent evolution (Bailey et al.,
2003; Drabkova et al., 2009) or hybridization between
different populations and even species (Castro et al.,
2013; Hodac€ et al., 2014). During the reconstruction
of molecular phylogenies, sites with SNP are usually
deleted, which decreases the resolution of phylogenetic
trees (Frajman et al., 2009a). Considering SNPs as
the consequence of hybridization events (but not an
independent evolution of different copies), comparative
analysis of ITS secondary structures of each allele would
allow inferring phylogenetic relationships for taxa which
have sequences with SNPs. In addition, such analysis
would possibly reveal parental forms of the supposedly
hybrid taxa. Thus, the solution of the SNP issue (a result
of the independent evolution or hybridization) could be
found after artificial hybridization experiments.

The aim of the present study is to test the hypothesis
ofthe separate species status of Afocion lithuanicum using
nuclear YfDNA sequences. In particular, we compared
the sequences of ITS1-5.8S-1TS2 of A. lithuanicum
with other species of Afocion. We also examined the
differences of ITS1 and ITS2 secondary structure
between the morphologically similar A. lithuanicum
and A. armeria as well as between A. lithuanicum and its
hybrids with A. armeria, including SNP analysis.

Materials and methods

The specimen of Atocion lithuanicum was collected on
the territory of Ukrainian Polissia (Hoshcha district,
Rivne Region) in a psamophytic plant community near
Krynychky village. Leaves of this sample were used
for DNA extraction. Later a few specimens from this
population were transferred to a greenhouse for further
hybridization tests with A. armeria.

Herbarium specimens and seeds of Atocion
armeria were collected in Kislovodsk (Stavropol Krai,
Russian Federation), where plants were cultivated
as ornamentals. Plants were grown from seeds in the
greenhouse. On the stage of seedlings, leaf fragments
were collected for DNA isolation, and during the
flowering stage hybridization with A. lithuanicum was
conducted.

Specimens of both species are in full compliance with
morphological descriptions provided in the literature
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(Zapatowicz, 1911; Klokov, 1952; Coode, Collen,
1967; Chater et al., 1993).

Crossing experiments. Hybridization was carried
out according to the scheme: QAfocion lithuanicum x
A. armeriad. Parental lines served as control. Plants of
A. lithuanicum were isolated from A. armeria. Flowers
of A. lithuanicum were emasculated while still in bud
to prevent self-pollination. The calyx was carefully
slitten and the immature anthers pulled out. On the
third day after emasculation, stigmas became receptive.
Pollination was conducted by rubbing mature anthers of
A. armeria on the stigmas of A. lithuanicum emasculated
flowers. Seeds from crosses were collected, sown and
the seedlings grown on. Leaves of hybrid plants were
used for DNA isolation.

DNA extraction, PCR, and sequencing. Total
genomic DNA was extracted from leaf fragments of
Atocion lithuanicum, A. armeria and QA. lithuanicum
X A. armeriad (two repetitions) using the modified
CTAB-method (Doyle, Doyle, 1990; Tarieiev et al.,
2011). PCR was performed using universal primers
ITS1-ITS4 and ITS4-1TSS5 according to White (1990).
Sequencing of amplified fragments was performed
using I'TS4 primer (for A. lithuanicum — both I'TS1 and
ITS4) at Macrogen Inc. (http://www.macrogen.com,
Netherlands). Sequences editing and SNP detection
were carried out using BioEdit (Hall, 1999).

Annotation of sequences. ITS2 annotation was
carried out by secondary structure modeling of 5.8S
rRNA terminal fragment and complementary starting
fragment of 26S rRNA (which forms helix B9 of
rRNA according to Caisova et al., 2013) according to
Gottschling's model (Gottschling, Plotner, 2004) using
Mfold (Zuker, 2003). ITS1 annotation was performed
according to A. compactum (Fisch. ex Hornem.) Tzvel.
annotation (NCBI accession code FJ384030), which
was elaborated by Frajman et al. (2009b).

Phylogenetic analysis. Phylogenetic analysis was
performed for the set of Afocion and related Viscaria
Bernh. ITS sequences (Table 1) (including Silene
paucifolia Ledeb. as the outgroup) were used for
reconstruction of phylogenic trees of two types. For the
first type sequences without or only with one SNP (that
were treated as two sequences with different alleles)
were used. The second phylogenetic reconstruction was
performed for the sequences with ambiguous positions
that can be treated as SNP sites. Before analysis, the
set was aligned using ClustalW (Thompson et al.,
1994) and converted to NEXUS format. The next stage
was searching for the optimal phylogenetic model by
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Modeltest 3.7 (Posada, Crandall, 1998), incorporated
in PAUP version 4.0al50. Phylogenetic trees were
reconstructed using MrBayes 3.2 (Ronquist et al.,
2012) with GTR+I+G phylogenetic model (Tavaré,
1986) and following settings recommended for the
particular settings: nucleotide model — 4by4, Nst — 6,
gamma distribution. Number of iterations — 20000,
samplefreq=100 printfreq=100 diagnfreq=1000. The
rest of settings were default and main part were done
using Markov chain Monte Carlo (MCMC) (Hastings,
1970; Yang, Rannala, 1997; Mau et al., 1999).

Modeling of ITS1 and ITS2 secondary structures.
ITS1 and ITS2 were reconstructed using mFold (Zuker,
2003), each helix was modeled separately. For ITS1, the
third helix was firstly found by universal for the vascular
plants conservative motif of Liu and Schardl (1994).
The first, second and the fourth helices were detected
in accordance to the criteria proposed for Boraginales
(i.e. the presence of A-rich regions as spacers between
helices) (Gottschling et al., 2001). ITS2 models were
obtained according to currently used criteria for its
folding (i.e. the presence of four helices with helix 3 as
the longest one, a pyrimidine-pyrimidine mismatch in
helix 2 and a NRTGGT motif on the 5 side of helix 3)
(Coleman, Mai, 1997; Coleman, 2007). ITS1 and ITS2
secondary structures comparison was conducted with
A. lithuanicum, A. armeria, and their hybrid.

Results

Sequence analyses. ITS1-5.8S-1TS2 rDNA
sequence of Atocion lithuanicum is unique and
does not have any sites with SNP. It is similar,
but not identical to A. lerchenfeldianum (Baumg.)
M. Popp (FJ384033, identity 98.2%), A. armeria
(FJ384026, 97.9%), and A. compactum (FJ384031,
97.9%).

The sequence of cultivated A. armeria is unique as
well. It is most similar (100% query cover) to sequences
A. armeria from Slovenia (FJ384027, 98.6% of identity)
and A. lerchenfeldianum (FJ384033, 98.29%). It differs
from other ntDNA sequences of A. armeria deposited in
NCBI in SNP absence.

Thus, both sequenced parental forms (A. lithuanicum
and A. armeria), used in hybridization experiment, do
not contain any SNP in ITSI and ITS2; thereby in
terms of classical genetics (King et al., 2007) they could
be named as True Breeding Organisms (TBO). The
sequence of A. lithuanicum differs from TBO A. armeria
in 13 sites (97.98% of similarity) (Table 2).
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http://www.ipni.org/ipni/idPlantNameSearch.do?id=20000187-1&back_page=%2Fipni%2FeditSimplePlantNameSearch.do%3Ffind_wholeName%3Datocion%2Bcompactum%26output_format%3Dnormal

Table 1. GenBank accession numbers and voucher data for specimens used for phylogenetic analysis

NCBI accession

Taxon number Origin
Atocion lithuanicum KY989962 KWU 59457, Ukraine, Rivne Regl(.)n, Hoshcha District, Krynychky village, on sands;
Martyniuk V.O. (current study)
KY989964 Hybrid origin (current stud
QA. lithuanicum x A. armeriad i - ‘g‘ ( Y)
KY989965 Hybrid origin (current study)
A. armeria KY989963 Russian Federation, Stavropol Krai, Kislovodsk, cultivated; Martyniuk V.O. (current study)
FJ1384027 LJU 136972, Slovenia, Brezno, cemetery; Frajman B., Turjak M. (Oxelman et al., 2013)
GB 30611, Sweden, cultivated in Gothenburg Botanical Garden; Oxelman B.
. X86880
A. armeria (Oxelman et al., 2013)
FI1384026 LJU 11281, Bulgaria, Sredna Stara Planina, village Chelopech, altitude 680—800 m;
Schoenswetter P., Frajman B. (Oxelman et al., 2013)
W 1992-01678, Turkey, Nevsehir, 3 km south of Urgup, elevation 1 150 m; Sorger F.
FJ384028
(Oxelman et al., 2013)
FJ384029 WU 004590, Turkey, Balekesir, Mt. Ida, the southern region above Edremit, near spring;
Rechinger K.H. (Oxelman et al., 2013)
A. compactum FJ384030 WU 004161, Georgia, Kartli, Western part of Trialeti Mts., ca. 4 km NW of Bakuriani,
altitude 1 500 m; Schonswetter P., Tribsch A. (Oxelman et al., 2013)
FJ384031 LJU, Macedonia, Strumica, along a road; Matevski V. (Oxelman et al., 2013)
UPS 330, cultivated in Uppsala University Botanical Garden; Rautenberg A.
FJ384032
(Oxelman et al., 2013)
A hvpanicum KJ616753 KW 081628, Ukraine, Mykolaiv Region, Domanivka district, vicinity Bogdanivka;
- P Shcherbakova O.E et al. (Martynyuk et al., 2014)
LJU, Serbia, Stara planina Mts., beneath Babin Zub hotel; Turjak M., Frajman B.
FJ384033
. (Oxelman et al., 2013)
A. lerchenfeldianum — - - -
C 24188, Greece, Florinis, Kaimaktsalan, elevation 1 800—1 850 m; Strid et al.
AJ409057
(Oxelman et al., 2000)
FJ384034 P 00552356, Lebanon, Dhour El Choueir; Frére L. (Oxelman et al., 2013)
. FJ384035 P 00552357, Lebanon, Dhour El Choueir; Frére L. (Oxelman et al., 2013)
A. reuterianum
WU 2527, Southern Lebanon, Chouf, subalpine zone, eastern slope to village Ain Zhalta
FJ384036
(Oxelman et al., 2013)
LJU 11396, Italy, Ligurian Alps, high Pesio valley, altitude 1 400—1 800 m; Schonswetter P.,
FJ384039 .
Frajman B. (Oxelman et al., 2013)
LJU 11439, Spain, Navarre, west of Candanchu, elevation 1 520—1 850 m; Schonswetter P.,
FJ384040 .
A. rupestre Frajman B. (Oxelman et al., 2013)
AY594310 TUB 011817, Switzerland (unpublished)
FI1384037 LJU, Austria, Carinthia, High Tauern, Mallnitz, on the way from Hausler Alm to Mt. Lonza,
altitude 1 980 m; Frajman B. (Oxelman et al., 2013)
F1384023 O 1384/04, Russia, Yakutia, east bank of the River Lena, Verkhoyansk Mts, Chekurovka
Silene paucifolia village; Solstad H., Elven R. (Oxelman et al., 2013)
KJ918490 Russia, Taimyr; Chinenko S.V. (Mikhaylova et al., 2016)
LJU, Kosovo, Sharr Mts., on the way from Struzje cottage to Black Peak; Silic C.
Viscaria asterias (Griseb.) FJ384050 Y J =
Frai (Oxelman et al., 2013)
rajman
! FJ384051 LJU, Macedonia, Bitola, Pelister; Frajman B. (Oxelman et al., 2013)
. FJ384046 0, Eastern Greenland, Angmagssalik Island, Blomsterdalen (Oxelman et al., 2013)
V. alpina (L.) G. Don - -
FJ384048 Canada, Quebec, 3.5 km north-east of the airport Whapmagoostui (Oxelman et al., 2013)

Table 2. Variable sites in sequences of Afocion lithuanicum, A. armeria (True Breeding Organisms), and hybrids between them

. ITS1 5.8S ITS2
Taxon Accession number
13 42 58 65 66 74 75 77 99 119 123 133 172
Atocion lithuanicum KY989962 T A C T G C C C G C C C C
A. armeria KY989963 C C T C A T G T T T T T T
A. lithuanicum KY989964 Y M Y Y R Y S Y K Y Y Y Y
X A.armeria KY989965 Y M Y Y R Y S Y K Y Y Y Y
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http://www.sileneae.info/specimen.php?nomid=3262#13534
https://www.google.com.ua/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwjRsbjG1IzaAhUDCywKHe6mDvYQFggxMAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FDhour_El_Choueir&usg=AOvVaw0A0_ZqcsnCCR9t89WkGzW5
https://www.google.com.ua/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwjRsbjG1IzaAhUDCywKHe6mDvYQFggxMAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FDhour_El_Choueir&usg=AOvVaw0A0_ZqcsnCCR9t89WkGzW5

Both sequences of A. lithuanicum %X A. armeria
are identical. It is clear from Fig. 1 that sequences of
hybrids have SNPs, which are a combination of parental
alleles in all 13 sites that differentiate parental TBO
A. lithuanicum from A. armeria. Interestingly, according
to the BLAST-search A. lithuanicum % A. armeria
hybrids are most similar to A. armeria sequences from
Bulgaria (FJ384026) and Slovenia (FJ384027), and
A. lerchenfeldianum from Serbia (FJ384033), which
contain from 1 up to 14 SNP sites.

Phylogenetic analysis. Afocion and Viscaria form
monophyletic groups with strong support and have
sister relationship between them (Figs 1, 2, 3).

Concerning Afocion (Fig. 2), A. rupestre is the basal
species, while the other taxa form two subclades. The
first one includes A. lithuanicum and A. compactum from
Turkey, Republic of Macedonia, and the Ukrainian
cultivar. The second subclade includes A. armeria and
samples of A. lerchenfeldianum from Greece and Serbia.
Atocion lithuanicum is sister to A. compactum, but with
low posterior probability.

As it is clear from a tree in Fig. 3, monophyletic
single-species clades are formed only by sequences that
do not have SNP or contain only small amount of them.
For instance, well-supported single-species clades are
formed by A. rupestre (0—6 SNPs), A. reuterianum (3—4
SNPs), and A. lerchenfeldianum (1 SNP). Taxa with a
higher number of SNPs (from 7 up to 14: FJ384026,
FJ384027, FJ384028), similarly to A. lithuanicum %
A. armeria hybrid, do not form proper clades.

Thus, addition of sequences with SNPs in the dataset
leads to the formation of the nodes that collapse in the
tree. However, SNPs may carry valuable information
on hybrid taxa and taxa of hybrid origin. In such cases,
analysis of ITS1 and I'TS2 secondary structures will help
to distinguish taxa, even hybrids.

ITS1 and ITS2 secondary structures. Differences
between Atocion lithuanicum and TBO of A. armeria
become more evident when comparing ITS1 and ITS2
transcript secondary structure.

The highest amount of changes (9) can be observed
in the first and second helices of ITS1, which are shown
in Fig. 4. The most important difference between
A. lithuanicum and A. armeria is CBC (helix 1), caused
by changes at sites 66/74 (G-C—A-U). Besides,
two changes at sites 65, 75 (helix 1) and 99 (helix 2)
cause structural changes in ITS1 of A. lithuanicum and
A. armeria TBO. Other four base changes (sites 58, 77,
119, 123) represent hCBC, additionally differentiating
these OTU. There are also two changes in single-
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stranded fragments (loops) at sites 13 and 42 that are
considered as less taxonomically ponderable.

ITS2 secondary structure models of TBO
A. lithuanicum and A. armeria are similar (according
to Fig. 5). The only change in the third helix that
differentiates these OTU (172.C—U) is located at the
3'-side of the subbasal loop and does not cause any
structural changes, CBC or hCBC.

Atocion lithuanicum and A. armeria also differ in
one substitution in 5.8S ¥DNA, which is considered as
highly conservative. It is hCBC (G-C in A. lithuanicum,
G-U in A. armeria) located at the 133rd site of helix F
(according to the terminology of Vaughn et al., 1984),
which represents the only variable region of the gene.

Atocion lithuanicum < A. armeria hybrids in ITSI1,
ITS2, and 5.8S sites, that differentiate parental species,
have SNP that are combinations of parental alleles. In
accordance, secondary structures of hybrids have both
variants and represent a kind of "intermediate" model
between A. lithuanicum and A. armeria.

Discussion

Accordingtotheresultsof BLAST-search, A. lithuanicum
is similar to three other Afocion sequences, i.e.
A. lerchenfeldianum (FJ384033), A. armeria (FJ1384026)
and A. compactum (FJ384031), but these results could not
specify the taxonomical status of the taxon investigated
in the present paper. However, phylogenetic analysis
of TBO has shown that A. lithuanicum is not closely
related to A. armeria, being sister to the A. compactum
clade. Probably A. lithuanicum was thought to be
close to A. armeria because of the overlapping ranges,
while ranges of A. lithuanicum and A. compactum are
geographically isolated. Nonetheless, phylogenetic
relationships of A. lithuanicum on reconstructions that
include SNP, are not clearly resolved: A. lithuanicum
seems to be a separate taxon, as well as artificial hybrids
(A. lithuanicum % A. armeria) and other sequences with
numerous ambiguous sites.

During the recent few years, the prediction of
ITS2 secondary structure and its comparative analysis
have become popular for various taxonomic studies
(Goertzen et al., 2003; Wiemers et al., 2009; Merget,
Wolf, 2010), especially in connection with the CBC
species concept introduced by Coleman (2000). This
concept claims that if two taxa differ by their CBC in
ITS2 secondary structure, they are sexually
incompatible, and therefore belong to different species
or even higher taxonomic ranks (Coleman, 2000, 2007;
Miiller et al., 2007; Ruhl et al., 2009). From this point

Ukr. Bot. J., 2018, 75(4)



ITS1: sites 58, 65, 66 5.8S: site 133 ITS2: site 172

GCGGCAGGTG TTTGGCTGAG ATT GCG AGCT

A. lithuanicum

Hybrid

TTTGGTTGAG ATTGTGAGCT

l '

A

|
/\ N
N \/\/MN A il

Fig. 1. Examples of chromatogram fragments that demonstrate the presence of SNP in hybrids Arocion lithuanicum * A. armeria
at sites that differentiate the parental forms (A. lithuanicum and A. armeria, True Breeding Organisms)

A.armeria
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100 A.compactum FJ384029 (TR) - TBO

0_55[A.compacrum FJ384031 (MK) - TBO
0.4 A.compactum FJ384032 (UA) - TBO

A. lithuanicum (UA) - TBO
A. lerchenfeldianum AJ409057 (GR) - al. ITS2-161:t
A. lerchenfeldianum AJ409057 (GR) - al. ITS2-161:¢
A. lerchenfeldianum FJ384033 (RS) - al. ITS2-158:t
A. lerchenfeldianum FJ384033 (RS) - al. ITS2-158:c

A. armeria (RU) - TBO
1.00’71\' rupestre FI384040 (ES) - al. 5.85-81:g

0.88,

1.00

1.00)

1.00]

A. rupestre FJ384040 (ES) - al. 5.88-81:a
EA‘ rupestre FJ384039 (IT) - TBO
A. rupestre AY594310 (SE) - TBO
1_00,7VA asterias FJ384050 (RS) - TBO
LV asterias FJ384051 (MC) - TBO
V. alpina FJ384048 (CA) - al. ITS2-93:t
V. alpina FJ384048 (CA) - al. ITS2-93:¢

V. alpina FJ384046 (GL) - TBO

0.95

’7& paucifolia FJ384023 (RU) - TBO
Ls. paucifolia KJ918490 (RU) - TBO

Fig. 2. Bayesian phylogenetic tree (obtained with GTR+I+G nucleotide substitution model) of Atocion and Viscaria 1TS1-
5.8S-1TS2 sequences (True Breeding Organisms and taxa with a low number of ambiguous sites). Numbers next to the taxa
correspond to accession identifiers in Table 1. The geographic origin of sequences is indicated with country/area codes (CA,
Canada; ES, Spain; GL, Greenland; GR, Greece; IT, Italy; MK, Macedonia; RS, Serbia; RU, Russia; SE, Sweden; TR,
Turkey; UA, Ukraine). Sequences with ambiguous sites are divided into two alleles (al.) with indication on the sequence (ITS2
or 5.85), site number, and one of the possible nucleotides. Numbers below branches indicate posterior probability obtained from
Bayesian analyses

0_85I:A. armeria FJ384027 (SI)
A. armeria (RU)
—A. lithuanicum (UA)
0ol A. reuterianum FJ384034 (LB)
4'EA. reuterianum FJ384035 (LB)
0.90 L.00| A. reuterianum FJ384036 (LB)
— A.hypanicum KJ616753 (UA)
—A. compactum FJ384028 (TR)
A. compactum FJ384029 (TR)
—A. compactum FJ384031 (MK)
0.98— A. compactum FJ384030 (GE)
A. compactum FJ384032 (UA)
L.00) A. lerchenfeldianum AJ409057 (GR)
ﬂlerchenfeldifmum FJ384033 (RS)
—A. armeria FJ384026 (BG)
(— @ A.lithuanicum x A.armeria &
L—©Q A.lithuanicum x A.armeria &
A. rupestre FJ384037 (AT)
LOOL— A rupestre F1384038 (SE)
A.rupestre FJ384039 (IT)
A. rupestre FJ384040 (ES)
A. rupestre AY594310 (SE)

1.00)

1.00

1.007— V. asterias FJ384050 (SR)

0.95 LV. asterias FI1384051 (MC)
L.oor— V. alpina FJ384048 (CA)
L—V. alpina FJ384046 (GL)

—S. pgaucjfolia FJ384023 (RU)
LS. paucifolia KJ918490 (RU)

Fig. 3. Bayesian phylogenetic tree (obtained with GTR+I+G nucleotide substitution model) of Atocion and Viscaria 1TS1-
5.8S-1TS2 sequences that includes sequences with ambiguous positions and SNP sites. Numbers next to the taxa correspond
to accession identifiers in Table 1. The geographic origin of sequences is indicated with country/area codes (AT, Austria, BG,
Bulgaria; CA, Canada; ES, Spain; GE, Georgia; GL, Greenland; GR, Greece; IT, Italy; LB, Lebanon; MK, Macedonia;
RS, Serbia; RU, Russia; SE, Sweden; SI, Slovenia; TR, Turkey; UA, Ukraine). Numbers below branches indicate posterior
probability obtained from Bayesian analyses
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of view, the analysis of ITS2 secondary structure of A.
lithuanicum in comparison with A. armeria may be useful
taxonomically. But it was found that A. lithuanicum and
A. armeria do not differ in their ITS2 secondary structure
by any CBC. As we have shown by our hybridization
experiment, they are capable of sexual crossing, which
corresponds to Coleman's concept. Whereas these
species differ only by one non-structural substitution,
ITS2 has failed to differentiate them.

Thus, the comparative analysis of ITS1 secondary
structures has been conducted, which, according to
literature data (Gottschling et al., 2001; Gottschling,
Plotner, 2004; Moysiyenko et al., 2014), increases
the number of characteristics and can be useful for
taxonomic studies. The results of comparative analysis
have shown that A. /ithuanicum and A. armeria differ in
one non-structural and two structural substitutions, four
hCBC, and even one CBC. Thereby ITS1 secondary
structure is a clearly better tool for the investigated taxa
than ITS2 and can distinguish them as two separate
species. In spite of A. lithuanicum and A. armeria having
CBC in ITSI, they are sexually compatible. This fact
leads to the conclusion that Coleman's concept is less
conservative and not suitable for ITSI.

Apart from that, in non-cloned sequences of YDNA
SNPs are usually interpreted as the consequence of
intragenomic polymorphism, which can be caused by
repetitiveness in the genome (Drabkova et al., 2009;
Bailey et al., 2003). One of the reasons of intragenomic
polymorphisms, which can be resulted in the SNP
presence, is interpopulational and interspecific
hybridization (Castro et al., 2013; Hodac et al., 2014).
Resulting from that hybridization, there are three
pathways of ribosomal DNA evolution (Hfibova et al.,
2011). According to the first evolutionary scenario,
the parental sequences remain conserved and do not
interact in hybrids, thus evolving independently; the
second pathway consists in recombination of parental
loci resulting in chimerical I'TS sequences; and the third
scenario is characterized by homogenization of yfDNA
because of a dominance of one parental sequence
(Hfibova et al., 2011). Thus, the first type of evolution
that occurs in different plant species, including
Silene (Popp, Oxelman, 2001) can be observed as the
appearance of polymorphic SNP sites. Therefore, in
some cases, SNPs could be markers of hybridization.
This statement is confirmed by the fact that the
hybrid of A. lithuanicum and A. armeria has SNPs
in all sites, which are different in parental sequences.

Ykp. 60T. xypH., 2018, 75(4)

Besides, sequences of A. armeria from Genbank
(FJ384036, FJ384027, X86880) are not identical
and contain a number of SNPs. The most similar to
A. armeria TBO is another cultivar of A. armeria, but
from Sweden (X86880), which differs only by one
SNP. Sequences from the native range (Slovenia and
Bulgaria) has much more SNPs — 9 and 14, respectively.
Probably these taxa are of the hybrid origin as the result
of hybridization with other Afocion species occurring in
the Balkans.

Moreover, A. lithuanicum differs from A. armeria
morphologically: it has exclusively erect stems furcated
in their upper parts, a rosette of thickened leaves at the
stem base, narrower leaves (2—15 vs. 10—30 mm) with
adaxially folded margins, longer carpophores (8§—10 vs.
6.5—8 mm) and capsules (6.5—8 vs. 8—10 mm), and
also petals with less distinguished notch (Zapatowicz,
1911; Klokov, 1952; Fedoronchuk, 1997). There are
also distinctions in ultrastructure of pollen grains: the
diameter of pores (3.04—5.22 um in A. lithuanicum vs.
2.62—4.15 ym in A. armeria), microechinate number of
the pore (11—20 (25) vs. 7—14) and the shape of spinules
on exine (acute or obtuse) (Martynyuk et al., 2015).
Distinctions in seed morphology are associated with the
seed size (350—570 X 450—630 um for A. lithuanicum
vs. 480—670 x 600—800 pum for A. armeria), dimensions
of exotesta cells in the distal row of the lateral surface
(69—160 x 13-28.6 vs. 95.6—202.7 x 7.8—40.5 pum),
the number of anticlinal wall teeth (15—24 vs 19-29)
and absent or scarce subtle papilla on exotesta periclinal
walls in A. lithuanicum as compared to clearly distinct
ones in A. armeria (Martynyuk et al., 2015).

Conclusions

According to our molecular phylogenetic analysis,
secondary structure models comparison, and also
morphological characteristics described in the
literature, A. lithuanicum is better treated as a separate
species, not a variety or synonym of A. armeria. Results
of our hybridization experiment suggest that parental
alleles are both inherited in F1 hybrid, therefore SNP
in ITS1-5.8S-1TS2 secondary structures could be used
as markers of hybridization events.
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Mapruniok B.O.!, Kapnenko H.1.2, TapeeB A.C.3,
Kocrikos I.1O.! Biaminu Atocion lithuanicum Bin A. armeria
Ta ixuboro riopuny (Sileneae, Caryophyllaceae) 3a ITS1—
ITS2-nocninoBHOCTMH Ta BTOPUHHUMH CTPYKTYPaMH iXHiX
TPAHCKPUNTIB. YKp. OOT. XypH., 2018, 75(4): 322—334.

'Kadenpa Giosorii pociann, HaBuanbHO-HayKOBHit
ueHTp "lHcTuTyT Gionorii Ta MeagumHK", KUiBChKMIA
HalioHaJabHUI YHiBepcuTeT iMeHi Tapaca LlleBueHka
ByJI. Bomonnmupceka, 64, Kuis 01004, Ykpaina

2HaykoBo-jociinHa jaboparopist "bioximii", HaBuaibHO-
HayKoBUii IeHTp "[HcTUTYyT Giosorii Ta MeaUIIMHK",
KwuiBcbKuii HalioHaIbHUI YHiBepcuTeT iMeHi Tapaca
LlleBuyenka

ByJ1. Bomonumupceka, 64, Kuis 01004, Ykpaina

3YkpaiHcbKe 60TaHiuHE TOBAPUCTBO
Bya1. TepenieHkiBcbKa, 2, Kuis 01004, Ykpaina

bararo BuUIiB pOCIMH MalOTh CMipHUIT TAKCOHOMIYHUIA cTa-
TyC, YTOUHEHHSI SIKOTO € OCOOJIMBO BaXJIUBUM y BUIIAIKY
PiAKICHUX TaKCOHIB, KOJIM JMCKYTYETbCSI IMUTAHHS HEOO0-
XiTHOCTi iXHbOro 30epexeHHs. OOHUM i3 TakKuX BUIIB €
Atocion lithuanicum — eHIeMIYHUI TAKCOH, SIKWI1 PO3TJIsiaa-
I0Th SIK CaMOCTiliHUIi B a0 CUHOHIM A. armeria. MeTa Ha-
LIOTO TOCIIXKEHHS MOoJisirajla B YTOUHEHHI TAKCOHOMIYHOTO
cratycy A. lithuanicum 3 BUKOPUCTAHHSIM MOJIEKYJISIPHO-(i-
JIOTEHETUYHOIO aHaJli3y Ta MOPiBHSAHHI MOJe/Ieil BTOPUMHHUX
crpykryp ITS1- ta ITS2-nocninoBHOCTE LIMX TaKCOHIB, a
TaKOX iXHbOTO ribpumy. Pesynbratu (ioreHeTHIHOTO aHai-
3y 3 BUKOpUCTaHHsIM balieciBCbKOro Imiaxoay rmokasaiu, 110
A. lithuanicum BinganeHuit Bin A. armeria Ta € CECTPUHCHKUM
1o A. compactum. I1pu boMy (iTOreHeTUYHI B3aEMO3B'SI3KU
Ha iHIIIOMY IEHAPUTI, 110 BKJIIOYAE TiOpUAM Ta TAKCOHU 3
SNP, e no kiHLg He 3'sicoBaHi. HaToMicTh aHalti3 BTOpUH-
HuX cTpykTyp ITSI-TIoCmimoBHOCTEl MO3BOJUB YiTKO PO3-
MexyBatu A. lithuanicum ta A. armeria. 1llITydHO cTBOpEeHi
riopuau F1 uux Bunis matote SNP y Bcix caiitax, 1o po3pis-
HSIOTh OATBKIiBCHKi (POpMM, i Ha PEKOHCTPYKILISIX MOJeIei
BTOPUHHUX CTPYKTYP 3aiiMalOTh IMPOMIXKHE MOJIOKEHHS MixX
HUMU. Y nofioHux Bunaakax SNP He MOXYTb OyTU BUKOPU -
cTaHi y ¢ioreHeTUUHOMY aHasli3i. B Toif ke yac, y pekoH-
cTpykuisix BropuHHUX cTpykTyp ITS1 ta ITS2 SNP MoXyTh
OyTH BUKOPHUCTaHI SIK MapKepu riopuausauiiHux nofii. 3a
pe3ybTaTaMu IPOBeNeHUX NOCTiKeHb A. lithuanicum € ca-
MOCTIiHUM BUIIOM i HE MOXe PO3IISIAATUCS SIK CUHOHIM YU
pisHOBUN A. armeria.

KamouoBi ciioBa: Afocion lithuanicum, enaemisM,
ribpuausailisi, ONHOHYKJIEOTUAHUI MToiMOpdi3Mm,
dinorenisa
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MapteiHiok B.A." Kapnenko H.M.2, TapeeB A.C.3,
Koctukos U.10.! Otmuns Atocion lithuanicum ot A. armeria
u ux rudpuna (Sileneae, Caryophyllaceae) no ITS1-1TS2-
MOCJIEI0BATEILHOCTSM U BTOPUYHBIM CTPYKTYPaM HX
TPAHCKPUNTOB. YKP. OOT. XKypH., 2018, 75(4): 322—334

'Kadenpa 6uonornu pacteHuit, YaeOGHO-HaydHbI
eHTp "UHCTUTYT GMoorny u MmeauiuHbl", KneBckuit
HALIMOHAJIbHBIN yHuBepcuTeT uMeHu Tapaca IlleBueHko
yi. Bmagumupckas, 64, Kues 01004, Yxkpauna

? HayuHo-ucclienoBaresbckas jaboparopus "bruoxumun”,
YueOHOo-HayuHbIl 1IeHTp "M HCcTUTYT OMOI0TN 1
MeauuurHbl", KueBckuii HallMOHaIbHbI YHUBEPCUTET
umenu Tapaca LlleBueHko

yi. Bragumupckas, 64, Kues 01004, Ykpauna

SYKpanHCKoe OOTaHNYECKOE OOILIECTBO
yi. Tepemenkosckas, 2, Kues 01004, YkpanHa

MHorue BUABl PACTEHUII UMEIOT CIIOPHBIM TaKCOHOMUYE-
CKUIA cTaTyc, yTOYHEHNE KOTOPOTO SIBIISICTCSI OCOOEHHO BaXK-
HBIM B Cllyyae pelKHUX TaKCOHOB, KOTJa AUCKYTUPYETCs BO-
MPOC 0 HEOOXOMTUMOCTH X coxpaHeHUsT. OMH U3 TaAKUX BU-
noB — Atocion lithuanicum — SHIEMUYIHBIN TAKCOH, KOTOPBIi
paccMaTpuBalOT KaK CaMOCTOSITEJIbHBIN BUA WM K€ CUHO-
HUM A. armeria. llenb Haliero ucciieoBaHUsl 3aKjII0Yaiach
B YTOUHEHUM TaKCOHOMUYECKOTro cTaryca A. lithuanicum c
HCTIOJIb30BAaHUEM MOJIEKYJISIPHO-(DUIOTeHETUYECKOTO aHa-
JIU3a U B CPaBHEHUM Mojeseil BTopuuHbix cTpyKTyp ITSI-
u ITS2-mocnenoBaTebHOCTEN 3THX TaKCOHOB, a TaKXke
ux rudpuna. PesynbraThl (DUMIOTEHETUYECKOro aHajau3a ¢
ucriob3oBaHueM baiiecoBckoro moaxoma TOKa3aiu, 4TO
A. lithuanicum otnajaeHHBIN OT A. armeria U ABISIETCS Ce-
CTPUHCKUM K A. compactum. I1pu 3ToM dunoreHeTnyeckue
OTHOILIIEHNS Ha JIPYTOM JCHIPUTE, BKIIOYAOIIEM ITMOPUIBI U
TakcoHbI ¢ SNP, e1ie 10 KoHIIa He BBISICHEHBI. BMecTe ¢ TeM,
aHaau3 BTOPUYHBIX cTpYKTYp ITSI-mocnemoBarenbHOCTEM
MO3BOJIWJI YETKO pasrpaHuuuTh A. lithuanicum n A. armeria.
HckycctBeHHO co3naHHble TuOpuabl F1 9Tux BUIOB UMEIOT
SNP Bo Bcex caiitax, pa3MyarolInX pOAUTEIbCKUE (DOPMBI,
1 Ha pEKOHCTPYKIIUSIX MOJIeJiell BTOPUYHBIX CTPYKTYP 3aHU-
MaroT IIPOMEXYTOUHOE TOJIOXKEeHNE MexXIy HUMU. B momo6-
HbIX ciydasix SNP He MoryT ucnosib3oBathesi B (hUIOreHe -
TUYECKOM aHau3e. B To ke Bpemsi, B peKOHCTPYKIIMSIX BTO-
puuHbIX cTpyKTyp ITS1 1 ITS2 SNP MoryT ucroiab3oBaTbes
KaK MapKepbl TMOpUIAM3alMOHHBIX coObITuii. [lo MTOram
MPOBEJCHHbIX UcclenoBaHull A. lithuanicum sBisieTcsl ca-
MOCTOSITEJIBHBIM BUIOM M HE MOXET pacCMaTpUBaThCsS KakK
CUHOHUM WJIY Pa3HOBUIHOCTD A. armeria.

Koouessle cioBa: Afocion lithuanicum, 3HAEMUA3M,
ruopuan3aLMs, OMHOHYKJICOTUIHbBINM MOIUMOPGHU3M,
dunoreHust

Ukr. Bot. J., 2018, 75(4)



