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% The study represents the results of research of intragenic polymorphism in transcribed spacer ITS1 of the 35S rRNA genes
in representatives of subgenus Xanthosparganium genus Sparganium which were obtained by means of locus-specific next
generation sequencing on the platiorm Illumina MiSeq. It was shown that ribotype variations in studied samples generally
correspond to the division of this genus into three sections — Erecta (subgenus Sparganium), Natantia and Minima (subge-
nus Xanthosparganium). High level of intragenic polymorphism was revealed in S. hyperboreum, with ribotypes distributed
among several groups. Genome of this species includes ribotypes which are typical for other species in subgenus Xanthospar-
ganium. For two investigated S. glomeratum samples, there were no ribotypes similar to such ribotypes in other species of
Natantia section. S. glomeratum has got ribotypes identical with S. hyperboreum of Minima section. This feature may be the
evidence of ancient intersectional hybridization of these two species. Characteristics of rDNA in S. glomeratum are in favor
of putting this species into Minima section. It was suggested that speciation processes within the genus could be based not
only on hybridization but also went on in allopatric way. The fist statement is supported by the presence of similar and identical
ribotypes in S. emersum, S. x longifolium, S. gramineum and S. hyperboreum, the second — as it was mentioned by other
researchers, is due to close relationship between North American and Eurasian taxa.
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% B pabote H3/0:KeHbl pe3yJ/ibTaThl CPABHMTEJIBHOIO MCCJ/e0BAaHUs BHYTPUI€HOMHOIO MOJNMMOP(MH3Ma TPAHCKPUOUPYEeMOro
creficepa ITS1 rena 35S pPHK y npencrasuteneit nogpona Xanthosparganium popa Sparganium, noJiydeHHble METOIOM JIO-
KyC-CHeLU(pHUIHOr0 CEKBEHHPOBAHHUS CleyloLero mokoenns Ha mardopme Hllumina MiSeq. [Tokasano, uto Bapuaunn puooTH-
T0B U3yueHHbIX 00PA3LIOB, B L1e/10M, COOTBETCTBYIOT J€/I€HUIO poja Ha TpU cekunn — Erecta (noppon Sparganium), Natantia
1 Minima (nonpon Xanthosparganium). Belcoknii ypoBeHb BHYTPUI€HOMHOTO nojiuMouaMa BeisiBjieH y S. hyperboreum, pu-
GOTHUIILI KOTOPOro OblIM paclpesiesiebl 110 HeCKOIbKUM I'pyIaM. B reHome 5Toro Buia IpUCyTCTBYIOT PUOOTHIIbI, XapaKTepHble
1J1s1 ApYTHX BUOB nofposa Xanthosparganium. Y 1ByX U3yueHHbIX 00pa3LoB S. glomeralum HamMu He 0OHapy»KeHO PUOOTHIIOB,
CXOJHBIX C TAKOBBIMH Y JAPYrHX BUIOB cekuun Natantia. S. glomeratum nmeeT onuHaKoBble pUOOTUIIBL ¢ S. hyperboreum 13
cekuuu Minima. Takast 0COGEHHOCTb MOXKET SIBJISTbCS PH3HAKOM JAPEBHEH MEXKCEKLHOHHOI TMOPHAN3ALIMH STHX JIBYX BHJIOB.
Oco6ennocru pAHK S. glomeratum rosopsiT B 10Jb3y TOro, 4To BUJ MOXKET ObITb OTHeceH K cexuun Minima. Bbickazano
MHEeHHe, 4TO BU1000pasoBaTesibHble IPOLECChl B paMKax pojia MOIJIH [IPOUCXOAUTD He TOJIbKO Ha OCHOBe T’MOPHIM3ALMM, HO U aul-
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JonatpuueckuM nyrem. [TepBoe noareepxaaeTcs HasMuueM OJM3KUX U OJIMHAKOBBIX pUGOTHIIOB Y S. emersum, S. x longifolium,
S. gramineum w S. hyperboreum; BTOpoe, KaK paHee yKa3blBaJOCh JPYTUMH HCCJIENOBATE/SIMH, KPOETCsi B OJIH3KOH CBSI3H

CEBEPOAMEPUKAHCKHUX U €BPOaSHaTCKUX TAKCOHOB.

% Kimouesble caoBa: Typhaceae; e:KerosloBHUK; eHOCHCTEMATHKA; MOJIEKYJsIpHast (DMJIOTeHUs; MeKBHIOBasi TMOPHIN3ALIHS;

BH1000pa3oBaHHKe.

INTRODUCTION

The phenomena of interspecific and intergeneric hybrid-
ization have recently been considered as an effective way of
occupying new ecological niches and formation of species
of vascular plants [1—4]. Among 37,000 species of flora
in Europe, North America, and parts of Australia, belong-
ing to 3,212 genera of 282 families of vascular plants, the
species, which morphology suggests as their hybrid origin,
were registered in 40% of families and 16% of genera,
with an average frequency of nine species of hybridogenic
origin per 100 species of non-hybrid origin [5]. In par-
ticular, among aquatic and coastal plants, hybrids were
recorded in the genera Potamogeton L. [6—9], Nuphar
Smith [10], Nymphaea L. [11, 12], Carex L. [13—15],
Ranunculus L. [16, 17], and Typha L. [18, 19]. From this
point of view, the genus Sparganium L. (bur-reed), which
belongs to the sister family of Typhaceae for Pophae, is of
great interest as the object of study [20—24].

The Sparganium genome is one of the smallest ge-
nomes among vascular plants: 1C = 490 million bps. [25].
It should be noted that, unlike gramineous plants, in
which the number of chromosomes in the genome has
changed repeatedly [26, 27] as a result of recent acts of
polyploidization and secondary diploidization, the number
of chromosomes in different species of bur-reed is stable,
2n =30 [28, 29]. It follows that the average size of the
chromosome in bur-reeds is 32 million bps, which is four
times lower than in humans, for example.

The Sparganium karyotype comprises two pairs of
nucleolus organizer chromosomes [30]. A relatively high
number of chromosomes in the karyotype (x = 15) sug-
gests that all the representatives of the genus are po-
liploids, probably allotatraploids [31]. The available data
suggest the distribution of interspecific hybridization in
the bur-reed, which contributes to the creation of new
genotypes and phenotypes. Because of this, the plants
occupy certain ecological niches in different types of wa-
ter reservoirs in a wide range of natural climatic zones.
Thus, Y. Ito et al. [23] revealed the existence of a num-
ber of combinations of hybrids, namely, S. angustifo-
lium x S. emersum (S. engleranum Asch. et Graebn.),
S. hyperboreum x S. natans, S. acaule x S. fluctuans,
and S. fallax x S. japonicum, by comparing the topol-
ogy of molecular phylogenetic trees constructed on the
basis of variations in the sequences of chloroplast DNA
and the phytochrome C nuclear gene (phyC). Appar-
ently, that the bur-reed hybrids are homoploid hybrids
that preserve the ploidy level of the parent species.

As a rule, this type of hybridization, which is accompa-
nied by the incorporation of a certain part of the genes of
one parent species into the genome of another, is called
introgressive hybridization [32].

We conducted a comparative analysis of intragenom-
ic polymorphism in the subgenus Xanthosparganium
Holmb. of the Sparganium genus. We also searched for
traces of hybridization processes in related species of the
genus using locus-specific sequencing of the transcribed
spacer (ITS1) of 35S rRNA genes repeatedly that are
multiplicated in the genome and encode the sequences
185, 5.8S, and 26S rRNA of the large and small ribo-
some subunits. In plants, these sequences are transcribed
as a single transcription unit; the molecular weight of the
transcript is approximately 35S (45S in animals) [33].
In each nucleolus organizer, there may be several thou-
sands of 355 rRNA genes [34, 35]. The study of homo-
ploid hybrids and allopolyploids revealed that the 35S
rRNA genes obtained from their ancestors can be pre-
served in their genome for many generations. Their se-
quencing enables us to identify recent events of interspe-
cific hybridization in the species [36, 37], which was the
aim of our work.

MATERIALS AND METHODS

Because of the likely hybrid origin of the species, we
investigated the intragenomic polymorphism of the ITS1
spacer of the 35S rRNA gene using locus-specific se-
quencing on the Illumina MiSeq sequencer. The ITSI
region was selected as a marker due to the fact that, in
some cases, TDNA isogenization does not occur com-
pletely, resulting in hybrids retaining parental sequences
in their genome (for example [38]). A successful study of
hybrid origin, using pyrosequencing of the ITS1 region,
has previously been conducted on orchids [39].

Genomic DNA was isolated, as described in [40],
and the DNA samples were transferred to the Common
Use Center of the All-Russia Research Institute for Ag-
ricultural Microbiology for library preparation and se-
quencing.

Next-generation sequencing (NGS) primary data were
processed using standard tools, such as FastQC [41],
Trimmomatic [42], and Fastq-join [43]. For further data
filtering, we used consensus haplotype filtering, calcula-
tion of the corresponding haplotype frequencies, sorting
by decreasing haplotype frequencies (equal haplotypes are
presented in the subsequent analysis as a single copy, but
with the indication of a repetition frequency), the exclu-
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sion of single and rare haplotypes from the analysis, ref-
erence-free alignment, and filtering of contaminants using
the GenBank database (BLAST): https://www.ncbi.nlm.
nih.gov/genbank/.

The NGS data on intragenomic pools of ITSI se-
quences were obtained for the following herbarium speci-
mens of Sparganium:

S. emersum Rehm. (sample no. 55: Russia, Tver

Oblast, Andreapolsky District, Parshinskoe Lake, in

the outskirts of the village of Parshino and the vil-

lage of Bologovo, 14.VIII.2016, collected by E. A. Be-

lyakov and E.V. Garin, in the collection of E.A. Be-
lyakov; sample no. 56: the Republic of Belarus, Minsk

Oblast, Myadelsky District, the Stracha River, “Go-

lubye Ozyora” Nature Reserve, 23.VI.2016, collected

by E.A. Belyakov, E.V. Garin, and A.G. Lapirov, in the
collection of E.A. Belyakov; sample no. 59: Russia,

Nizhny Novgorod Oblast, Arzamassky District, near

the village of Staraya Pustyn, in the channel between

the Dolgoye and Parovoe lakes, 14.VII1.2014, collected
by E.A. Belyakov, in the collection of E.A. Belyakov);

S. gramineum Georgi (sample no. 61: Tyumen Oblast,

Surgut District, 10 km from the village of Ugut, Ekipo-

mykhlor (Kinyaminskoe) Lake, shallow water ofishore,

28.VI1.2000, collected by A.S. Baikalova, LE);

S. glomeratum (Laest. ex Beurl.) Neuman (sample

no. 52: Russia, Yaroslavl Oblast, Poshekhonsky Dis-

trict, in the outskirts of the village of Golodyayka,
in a forest ditch, 10.IX.2016, collected by E.A. Be-
lyakov, in the collection of E.A. Belyakov; sample
no. 58: Russia, Vologda Oblast, Cherepovets District,

Darwin Nature Reserve, in the outskirts of the village

of Muravyovo, a stream, tributary of the River Chim-

sory, O1.VIII.1997, collected by A.A. Bobrov, IBIW);

S. hyperboreum Laest. (sample no. 51: Russia, Tyu-

men Oblast, Tazovsky District, in the outskirts of the

village of Tazovsky, in a waterlogged roadside degrada-
tion, 01.VIIL.2015, collected by S.A. Nikolaenko, in the
collection of E.A. Belyakov; sample no. 53: the same,
plant sprouted from seeds; sample no. 57: Russia, the

Republic of Komi, Izhemsky District, 76 km from the

village of Izhma, crossover of B. Izhma, 2.5 km below,

02.VII1.1979, collected by Z.G. Ulle, in the collection
of E.A. Belyakov);

S. microcarpum (Neum.) Domin (sample no. 60: the

Republic of Belarus, Minsk Oblast, Myadelsky Dis-

trict, the Stracha River, “Golubye Ozyora” Nature

Reserve, 23.VI.2016, collected by E.A. Belyakov,

E.V. Garin, and A.G. Lapirov, in the collection of

E.A. Belyakov); and

One hybrid S. x longifolium Turcz. ex Ledeb. (sample

no. 62: Russia, Yaroslavl Oblast, Rostov District, shal-

low water of Lake Chashnitskoye, in the outskirts of
the village of Chashnitsy, 16.VII1.2016, collected by

E.A. Belyakov, in the collection of E.A. Belyakov).

In total, we obtained data for five species and one hy-
brid. In addition, some ITS1 sequences were taken from the
GenBank database for comparative analysis [41], namely,
S. emersum (KF265393), S. glomeratum (KF265386),
S. gramineum (KF265381), S. fluctuans (KF265378),
S. fallax (KF265376), S. subglobosum (KF265397,
KF265387), S. hyperboreum (KF265396), S. natans
(KF265385), and S. stoloniferum (KF265395) [22].

RESULTS

Our results revealed that the ribotypes of the studied
samples were distributed into 10 groups (see Fig. 1).
Group | (SAE) included KF265393, which was declared
to GenBank as S. emersum. However, the ribotype of this
sample differs from that of our sample of S. emersum, ob-
tained from the Republic of Belarus, by eight nucleotide
substitutions. This difference is in accordance with the
opinion of Y. Ito et al. [23], that KF265393 was sequenced
from a sample that should have been identified as S. acau-
le [23]. Group 2 (SGH) mainly comprised S. glomera-
tum and, to a lesser extent, S. hyperboreum ribotypes.
The two samples of S. glomeratum had common ribo-
types only with the samples of S. hyperboreum. Group 3
(SLQ) included the ribotypes of S. x longifolium and its
parent species, S. gramineum (KF265381). Group 4
(SFS) was represented by S. fluctuans (KF265378 in the
GenBank database). Group 5 (SNA), the largest group,
included S. emersum, S. glomeratum, S. gramineum,
and S. x longifolium ribotypes belonging to the Natan-
tia section. Two groups of ribotypes were represented in
the Genbank sequenses only. Group 6 (SFX) was rep-
resented by S. fallax ribotype (KF265376), and group 7
(SSM) included S. subglobosum ribotype (KF265397 and
KF265387). Group 8 (SNH) consisted of both S. natans
(KF265385) and S. hyperboreum (KF265396) ribotypes,
together with the ribotypes obtained by us from S. hy-
perboreum samples taken from Tyumen Oblast and the
Republic of Komi. Group 10 (SHM) included the ribo-
types characteristic of S. Ayperboreum only. It should be
noted that groups 8 and 10 were distinguished by char-
acteristic informative nucleotide substitutions for 20 mis-
matched positions. Group 9 (SMH) included ribotypes
of representatives of the Erecta section (S. stoloniferum
(KF265395) and S. microcarpum from the Republic of
Belarus). The presence of rare S. hyperboreum ribotypes
was also noted here.

According to a comparative analysis of the intrage-
nomic polymorphism of the ITS1 region, S. hyperboreum
retained traces of hybridization processes with S. glom-
eratum in its genome. The presence of identical ribotypes
in S. glomeratum and S. hyperboreum may indicate that
these two species are close and are included only in rare
cases of introgressive hybridization. In contrast, S. emer-
sum, S. x longifolium, S. gramineum, and S. hyperbo-
reum have many similar, and some identical, ribotypes.
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S. microcarpum is the most remote of all the studied
samples. The same group includes a sample of S. stolon-
iferum from GenBank. Both species are part of the subge-
nus Sparganium. 1t is noted that this group also included
single S. hyperboreum ribotypes (sample no. E51 from
Tyumen Oblast).

DISCUSSION

Under unstable climatic conditions of the Oligocene
and subsequent geological epochs, the degree of the
bur-reeds’ resistance to cooling and significant tem-
perature fluctuations increased, which contributed to
the expansion of the range of individual species. In this
case, the overlapping taxon ranges and various critical
situations, such as periodic climatic changes and an-
thropogenic transformation of biotopes, can cause the
spontaneous hybridization of species [44—56]. These
are hybrid plants that occupy an intermediate position
by their characteristics (e. g., by the nature and struc-
ture of endocarps [47—48]). They are possibly heterotic
in the first generations, highly polymorphic in genome
and phenotype, therefore they had a chance to adapt to
new environmental conditions.

As our study demonstrated, the presence of close and
identical ribotypes in the group of S. emersum, S. x lon-
gifolium, S. gramineum, and S. hyperboreum indicates
the presence of hybridization within the Natantia sec-
tion of the Xanthosparganium subgenus. The conclu-
sion regarding the hybrid origin of S. x longifolium is
also consistent with the special aspects of its morphol-
ogy, as it combines the characters of S. emersum and
S. gramineum [49]. Hybridization between these spe-
cies and the case of return hybrids are quite possible,
since the ranges of species partially overlap. In this case,
apparently, selective differentiation leads to the replace-
ment of natural (parental) species through genetic as-
similation [50]. In addition, hybridization between two
highly specialized species can contribute to secondary
despecialization, increasing the ecological flexibility of
the hybrid. An example of this is the fact that S. x lon-
gifolium eventually displaces the parent species of bur-
reed from the reservoir, gradually occupying their habi-
tat [49].

Our haplotype distribution pattern is consistent with
the division of Sparganium into two subgenera, Spar-
ganium and Xanthosparganium. Representatives of the
Natantia (S. emersum, S. x longifolium, and S. gra-
mineum) and Minima (S. hyperboreum and S. natans)
sections are well supported within the Xanthosparganium
subgenus. However, the presence of common ribotypes in
the studied samples of S. hyperboreum and S. glomera-
tum suggests the transfer of the latter from the Natantia
section to the Minima section. Previously, S. glomeratum
belonging to the Natantia section was primarily due to
the usual similarities (size characteristics, leaves with a

pronounced fin, etc.) between this plant and S. emersum.
Note that the lectotype of the Natantia section is S. an-
gustifolium Michx. [53]. Meanwhile, S. glomeratum has
an intermediate position along the length of the column
(at the fruitlet) between the two abovementioned sections
(e. g., in S. glomeratum, the length of the column is
1.3+ 0.2 mm; in S. emersum, it is 3.4 + 0.6 mm; and
in S. hyperboreum, it is 0.3 + 0.1 mm), and upper pes-
tillate inflorescences approximate to each other, which is
often observed in representatives of the Minima section.
Therefore, the transfer of S. glomeratum to the Minima
section can be confirmed by both its molecular and mor-
phological characteristics.

The presence of haplotypes common to all studied
species of the subgenus Xanthosparganium may indicate
the prevalence of hybridization in the subgenus. It should
be noted that significant intragenomic polymorphism was
found in S. hyperboreum, which had common haplotypes
with the three other species of the Natantia section. The
largest numbers of common haplotypes were recorded in
S. hyperboreum and S. glomeratum. S. glomeratum it-
self had common haplotypes only with S. Ayperboreum.
This presentation can be explained by the introgressive
hybridization between these two species. In addition,
S. hyperboreum itself may be a species of hybrid origin;
the result of the hybridization of species from different sec-
tions, Natantia and Minima.

Speciation within the genus could occur not only on
the basis of hybridization but also allopathically. In this
regard, confirmation of the close relationship between the
North American and Eurasian pairs of species, for exam-
ple, S. fluctuans—S. gramineum, plays an important role
at the molecular level [22, 23]. There are other pairs of
species that are of interest to modern researchers (e. g.,
S. americanum—S. japonicum [54]), the relatedness of
which have not yet been sufficiently studied using molecu-
lar data [22]. The previously expressed point of view on the
formation of taxa allopathically [22, 23] is also confirmed
by the fact that, in the Eocene—Oligocene era, there was
a union of the continental fragments, which led to a re-
duction in the number of ecological provinces; namely,
Hindustan separated from Alrica and joined Asia; in the
Cretaceous—Paleogene era (52—60—65 megayears ago),
Laurasia split and North America separated from Green-
land, and Greenland from Europe, the remnants of Gond-
wana split, and the separation of Antarctica and Australia
occurred [55]. It should be noted that confirmation of the
close relationship between North American and Eurasian
taxa indicates the monophyletic nature of the genus Spar-
ganium [22, 56].

CONCLUSIONS

According to the NGS data, a comparative analysis
of the intragenomic polymorphism of the ITSI1 spacer
revealed that the distribution of close haplotypes in the
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studied samples corresponds to the division of the genus
Sparganium into two subgenera (Sparganium and Xan-
thosparganium).

Within the Xanthosparganium subgenus, the Minima
section is well supported. As for the Natantia section, the
two studied samples of S. glomeratum did not exhibit the
same haplotypes as the other studied species samples in
this section; however, there were identical haplotypes with
the two studied S. hyperboreum samples from the Min-
ima section. Therefore, S. glomeratum can be relegated
to the Minima section.

The presence of a large number of hybrid taxa, includ-
ing intersectional ones, allows us to consider the genus
Sparganium as an introgressive interspecies complex
promising for molecular phylogenetic studies.
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