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Sparganium is an emergent aquatic macrophyte widely spread in temperate and subtropical zones.
Taxa of this genus feature high phenotypic plasticity and can produce interspecific hybrids. By means
of high-throughput sequencing of the internal transcribed spacer (ITS1) of 35S rDNA, the status of
15 Eurasian Sparganium species and subspecies was clarified and the role of hybridization events

in the recent evolution of the genus was investigated. It has been shown that a number of species
such as S. angustifolium, S. fallax and S. subglobosum have homogenized rDNA represented by one
major ribotype. The rDNA of other taxa is represented by two or more major ribotypes. Species with
high rDNA heterogeneity are apparently of hybrid origin. Based on the differences in rDNA patterns,
intraspecific diversity was identified in S. probatovae and S. emersum. Thus, we have concluded that
Sparganium has extensive interspecific hybridization at the subgenus level, and there may also be
occasional hybridization between species from different subgenera.

Sparganium L. (Typhaceae) are aquatic plants widely spread in temperate and subtropical zones of the Northern
and Southern Hemispheres"?. Sparganium species represent an important part of freshwater vegetation. They
serve as edificator plants and influence the geomorphology of river courses™*.

The genus Sparganium is divided into two subgenera, Sparganium (or Melanosparganium) and Xanthosparga-
nium Holmb.", and three sections®. The subgenus Sparganium includes the section Erecta Aschers. et. Graebner,
and the subgenus Xanthosparganium includes sections Natantia Aschers. et. Graebner and Minima Aschers. et.
Graebner>**.

The number of species and subspecies within the genus Sparganium and their taxonomic rank is the subject
of longstanding scientific discussions">”~. Researchers estimate the number of Sparganium species as between
15 and 20*°. Similar to a number of other aquatic genera, some Sparganium species and subspecies lack clear
morphological differences’>”-1. For this reason, some researchers consider the morphotype/group of certain
natural populations in the rank of species, while others assign them to the rank of subspecies or forms only.
For example, the taxa S. emersum Rehm. (Eurasia and western North America), S. acaule (Beeby ex Macoun)
Rydb. (eastern North America) and S. rothertii Tzvelev (Eurasia) can be considered as individual species'>'® or
subspecies of the polymorphic species S. emersum s.1."'*. Another example is the taxa S. neglectum Beeby and
S. microcarpum (Neum.) Domin; they can be treated as a different species® or subspecies of S. erectum L.

Intermediate morphological forms are very common in Sparganium. It appears that reproductive isolation
between species in the genus is not complete and allows interspecific hybridization"**>"Y7. Sparganium hybrids
can be sterile, partially fertile, or fertile'”-'°. The existence of seven hybrid taxa in the genus Sparganium>*1217-20
has now been proved by molecular analysis methods. However, the importance and distribution of interspecific
hybridization in the speciation of Sparganium have been poorly studied so far.
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A valuable tool for detecting plant hybrids in nature is the study of intragenomic rDNA polymorphism?!?2.

rDNA fragments are the most commonly used molecular markers in plant phylogeny?»** thanks to their unique
properties. 35S rDNA contains both coding conserved fragments (18S, 5,8S, and 26S rRNA genes) and noncod-
ing highly variable fragments (internal transcribed spacers ITS1 and ITS2). Plants contain from 200 to 22,000
35S rDNA cistrons per haploid genome? arranged as long tandem repeats on one or more chromosomes?.

First-generation interspecific hybrids always have both parents’ rDNA in the genome?’~*°. In the next genera-
tions, some species retain rDNA*-*, while others undergo rDNA homogenization, resulting in the loss of most of
the rDNA of one of the parents and only a minor number of 35S rDNA loci remaining in the genome, which can
be detected via sequencing cloned PCR products**?533-3> or by using next-generation-sequencing (NGS)!¢1-36-41,
Analysis of the intraindividual polymorphism of 35S rDNA fragments has been successfully used to study hybrids
in various groups of plants**~**. ITS1 and ITS2 fragments are most variable at the intraindividual level*>. We
chose the ITS1 fragment of the 35S rDNA*® locus as a marker, because it was shown that homogenization was
usually lower in ITS1 than in ITS2, suggesting that concerted evolution operates less efficiently on the former*.

The main objective of this study was to investigate the role of hybridization events in the recent evolution
of Sparganium. We applied the NGS method to analyze the intragenomic polymorphism of the 35S rRNA gene
ITS1 region. Fifteen Sparganium taxa were studied, including both morphologically well-identified species and
subspecies, some of likely hybrid origin, as well as plant specimens that exhibited morphological traits intermedi-
ate between the two species (i.e., probable hybrids). We set out to address the following questions: (1) Does the
molecular analysis prove the hybrid origin of morphologically intermediate forms identified on the basis of the
morphological analysis? (2) Can well-identified species have characters of hybrid origin in their genomes? (3)
Is the hypothesis of hybrid origin of S. probatovae Tzvelev and S. rothertii put forward by Tsvelev!® validated?
(4) Is hybridization between species from different sections and species from different subgenera possible in
the genus Sparganium?

Results

Identification and phylogenetic analysis of the major ribotypes. To assess the intragenomic
diversity of Sparganium species rDNA, we analyzed ITS1 polymorphism in 37 samples belonging to 15 species
and subspecies using Illumina high-throughput sequencing. Four species and subspecies from section Erecta,
two species from section Minima, and nine species from section Natantia were studied. The USERCH*, and
UNOISE* algorithms were employed to process Illumina high-throughput sequencing data to identify the
unique variants of the ITSI sequences flanked by 18S rDNA and 5.8S rDNA as well as to calculate their com-
parative frequency (number of read pairs uniquely mapped to one variant). Obtained denoised sequences are
called ZOTUs (zero-radius OTUs)*, or ribotypes****°. ZOTUs with a read count of 10 or more were used in the
further analysis. In our study, we divided ribotypes into major ones, which accounted for at least 2% of the reads
in the sample, and minor ones. A total of 64 major ribotypes and about 150 minor ribotypes were identified.
Data on the occurrence and abundance of each ribotype in the studied plants are presented in Supplementary
Table S1, with each major ribotype given a unique name. Some major ribotypes differed from each other by
1-2 SNPs; we designated these variants by letters, combining them into families (e.g., Negle-3A & Negle-3B).
The table of SNPs and indels (Supplementary Table S2) shows each family of these variants as a single line. The
data for each family are summarized in the graphs (Fig. 2, 3, 4). Some sequences have large indels; for example,
Roth-1 and Long-3 have a 70 bp deletion, Negle-4 has a 13-nucleotide deletion, and the sequences Hyper-1 and
Hyper-2 contain 3-nucleotide CCC insertions (Supplementary Table S2).

Major ribotypes along with NCBI Sanger sequences of species of Sparganium and Typha genera were used
to perform phylogenetic analysis (Fig. 1). In the phylogenetic tree, most of the major ribotypes of each section
(Supplementary Table S1 and S2) are clustered together, forming three clades. ITS1 sequences of the subgenus
Sparganium appear to be placed closer to the genus Typha, thus occupying a basal position in the genus Sparga-
nium. The longest branch separates two subgenera, Sparganium and Xanthosparganium, and has high bootstrap
value. In the subgenus Xanthosparganium, the major ribotypes of section Minima also form one clade with a
high bootstrap value. The major ribotypes of section Natantia are clustered together but it is difficult to obtain
accurate phylogenetic relationships between them due to low bootstrap support.

It is worth noting that some species have species-specific ribotypes that are related to the ribotypes of other
sections. For example, "Natan-3" ribotype found in S. natans (section Minima) cluster with ribotypes of section
Natantia, and "Prob-1" ribotype found in S. probatovae (section Natantia) clusters with ribotypes of section
Minima.

Number of major ribotypes across species. The number of major ribotypes detected in the genomes
of different species varies (Fig. 2, 3, 4). The species studied can be divided into three groups containing one, two,
and more than two major ribotypes. Thus, S. angustifolium Michx., S. fallax Graebn., and S. subglobosum Morong
in section Natantia of the subgenus Xanthosparganium (Fig. 2), have one major ribotype. Samples of S. glomera-
tum Laest. ex Beurl.) Beurl. have both one and two major ribotypes. Chinese samples of S. emersum (No. 4 and
No. 5), S. gramineum Georgi, and S. probatovae No. 20 show two major ribotypes (Fig. 2). Samples of S. x longifo-
lium Turcz. ex Ledeb., European S. emersum (No. 6), S. probatovae No. 21 and S. rothertii, have from three to five
major ribotypes (Fig. 2). Samples of both species of S. hyperboreum Laest. ex Beurl. and S. natans L. in section
Minima of the subgenus Xanthosparganium contain from two to six major ribotypes (Fig. 3). In section Erecta
of the subgenus Sparganium, samples of S. erectum subsp. erectum L. have from five to seven major ribotypes, S.
erectum subsp. microcarpum (Neuman) Domin from one to three, S. erectum subsp. neglectum (Beeby) Schinz
& Thell. from two to seven, and S. stoloniferum subsp. choui (D. Yu) K. Sun contains three ribotypes (Fig. 4).
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Figure 1. Phylogenetic tree of Sparganium major ribotypes built by maximum likelihood method. Bootstrap
values: green: 80-100, light-green: 60-80, yellow: 4060, orange: 25-40.

Heterogeneity in ribotype composition. Many ribotypes are not species-specific and occur concur-
rently in a few species. For example, S. glomeratum from section Natantia has three ribotypes belonging to
section Minima. Samples of S. x longifolium contain most of the ribotypes of S. emersum No. 6 and one minor
ribotype of S. gramineum. S. rothertii has both S. emersum ribotypes No. 4 and No. 5, and S. emersum No. 6. Sam-
ples of S. probatovae have phylogenetically diverse ribotypes belonging to all three sections of the genus Sparga-
nium (Fig. 2). Therefore, S. probatovae No. 20 contains ribotypes found in S. emersum / S. rothertii, the "Prob-1"
ribotype of section Minima, which was not observed in other species, a minor number of S. hyperboreum / S.
natans ribotypes from section Minima, and a minor number of rDNA of S. erectum subsp. erectum from section
Erecta. S. probatovae No. 21 has the ribotypes of S. gramineum, S. emersum | S. rothertii and S. erectum s.l.

The species S. emersum and S. probatovae of section Natantia show considerable intraspecific differences
between the samples in terms of rDNA composition. Therefore, sample S. emersum No. 6 from Yaroslavl Oblast,
a region in the European part of Russia and samples S. emersum No. 4 and 5 from Inner Mongolia, China, do
not have a common ribotype. Samples S. probatovae No. 20 from the Magadan Oblast and S. probatovae No. 21
from the Tyumen Oblast contain a total of six major ribotypes, with only two of them being common (Fig. 2).

Species of section Minima differ greatly from each other in rDNA composition and have only two common
ribotypes (Fig. 3). Both species include rDNA ribotypes of section Natantia in their genome, probably originat-
ing from S. emersum, with S. hyperboreum also having ribotypes of S. glomeratum. Besides, S. hyperboreum No.
22 shows a minor quantity of S. erectum s.l. rDNA from section Erecta.

The subspecies of S. erectum differ in the set and abundance of ribotypes, with the most notable differences
observed in S. erectum subsp. neglectum, which has only one ribotype in minor quantities shared with the other
subspecies (Fig. 4). Furthermore S. erectum subsp. microcarpum has a more homogenized rDNA compared to
other subspecies. It is worth noting that some samples of S. erectum contain rDNA variants of section Natantia.
For example, S. erectum subsp. erectum has minor quantities of S. emersum rDNA, with S. erectum subsp. neglec-
tum containing minor quantities of S. glomeratum rDNA. S. stoloniferum subsp. choui, in addition to species-
specific ribotypes, carries ribotypes common to S. eretum subsp. erectum and S. erectum subsp. microcarpum.
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Figure 2. Stacked bar plots showing the relative abundance of the major ribotypes across the species of
subgenus Xanthosparganium section Natantia. Minor ribotypes in a sample are collectively termed "Minors".
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Figure 3. Stacked bar plots showing the relative abundance of the major ribotypes across the species of
subgenus Xanthosparganium section Minima. Minor ribotypes in a sample are collectively termed "Minors".
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Discussion

Organization and evolution of 35S rDNA in plants. Ribosomal 35S rRNA genes in plant genomes
exist in a few thousands of copies that are reiterated tandemly at one or more loci which are visible as secondary
constrictions or nuclear organizers (NORs) when transcriptionally active?. A noteworthy property of 35S rRNA
genes is that the sequences of internal (ITS) and external (ETS) transcribed spacers are highly variable between
species yet relatively homogeneous within the species genome and often species-specific*”*%. This makes the
comparative study of ITS and ETS sequences in different species a fruitful approach in the molecular phylogeny
and DNA barcoding”*. It is not well understood how the difference between the repeated 35S rRNA genes
of sister species arises in the course of species divergence. This phenomenon is best consistent with the "birth-
and-death" model of evolution of tandem repeats according to which one of the multiple copies of the rDNA
locus with its typical set of SNPs is multiplied, while the other rDNA variants of this locus disappear*®**>!. The
mechanisms for the rapid loss of many rDNA copies and the compensatory amplification of one of the copies are
unknown. They are assumed to be in some way correlated with the emergence and repair of DNA double-strand
breaks®>%, rolling replication of one of the chromosomal rDNA copies® and/or extrachromosomal circular
rDNA molecules™.

A logical consequence of rDNA homogenization in the plant genome is that only one type of rDNA sequences
is detected in the genomes of many species by Sanger genomic sequencing, as observed in Zingeria trichopoda
(Boiss.) P.A. Smirn.*, diploid and polyploid Avena L.%, some species of Gossypium L.*%, and Brassica L.*°. Gen-
erally, the phenomenon of nucleolar dominance is observed in hybrids and allopolyploids*”*. Here, the rDNA
sequences of the repressed genome rapidly accumulate SNPs and deletions and are gradually lost®*36-38:40.61,
However, a great many hybrids and species of hybrid origin show greater or lesser intragenomic heterogeneity of
ITS?223132 There are a few reasons for the heterogeneity. The first is the retention of part of the rDNA ancestral
species in hybrids*-32. The second reason could be pseudogenization of transcriptionally inert rDNA loci with
their slow homogenization; it has been shown that in transcriptionally inert rDNA copies the accumulation rate
of SNPs and deletions is 10 times higher than in rDNA of transcribed loci****¢62, Homogenization of sequences
within a single NOR proceeds faster than in different NORs, where it also occurs at varying rates®>¢%.

Sparganium species with homogenized rDNA. We assumed that Sparganium species with a single
major ribotype and low intragenomic polymorphism, such as S. angustifolium, S. fallax and S. subglobosum,
might have diverged earlier than other representatives of section Natantia. This assumption is consistent with
the earlier phylogenetic study based on cpDNA and Sanger rDNA sequences®. These species differ greatly from
each other in the morphology of the generative sphere. The population system of the species typically consists of
geographically or ecologically isolated or semi-isolated populations. It should be emphasized that populations
of aquatic plants are considered to be more reproductively isolated in geographical and ecological terms as com-
pared to those of terrestrial plants'>*>%. It is very likely that even if they are of hybrid origin, the process of rDNA
homogenization in these plants is complete. It is worth mentioning that most minor variants of S. fallax prove
to be phylogenetically close to the major one, except for a small number of distant variants that may testify to
ancient hybridizations. Note that only one pair of Ag-NORs loci®” was revealed in the S. fallax genome. Unfortu-
nately, this is the only species of the genus Sparganium with a known number of active NORs. Other species may
have from one to two secondary constrictions, as we see in Typha species that are closely related to Sparganium®®.
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rDNA composition and hybridization in different sections of the genus Sparganium.  Section
Natantia. The environmental or ecological isolation in the genus Sparganium is often due to the trophic status
of water bodies where a particular species occurs. For example, S. gramineum inhabits oligotrophic and oligo-
mesotrophic water bodies"®, while S. angustifolium tends to dystrophic and oligotrophic ones®*”*”!. Although
the ranges of these species overlap, they generally do not share the same water body. S. emersum usually favors
mesotrophic and eutrophic waters, though it can be found in the same water body as S. angustifolium and S.
gramineum®>®. The latter indicates a wide ecological amplitude of this species. Adjacent habitats of certain
species lead to the formation of potential hybrid zones. These zones often produce hybrids in their pheno-
type combining characters of parental species (S. x engleratum Graebn. (S. angustifolium x S. emersum)*>'2 and
S. x longifolium (S. emersum X S. gramineum))!&171°,

The S. emersum samples No. 4 and No. 5 collected in China differed from the European S. emersum sample
No. 6 by narrower leaves (with a poorly developed keel) and closely spaced male and widely spaced (often extra-
axillary) female capitate inflorescences. The same characters are diagnostic for S. rothertii". It should be noted
that identification of the samples from China was handicapped by the fact that the plants had no above-water
leaves (only those floating on the water surface).

Considering the morphological differences between S. emersum European and Baikal-Far East-China popula-
tions, Tsvelev'? suggested dividing S. cf. emersum into different species, S. emersum and S. rothertii**. S. rothertii
was identified by Tsvelev from S. emersum!? on the basis of the morphological traits of leaves, anthers, styles,
and fruits, as well as geographic criteria. However, S. rothertii is currently not a widely recognized species, and
Chinese and Japanese researchers treat S. rothertii as S. emersum’”,

Since the set of rDNA variants of the European S. emersum sample differs fundamentally from the Chinese
samples, the latter can be regarded as a different or new cryptic species. Moreover, S. rothertii can be considered
as a separate species since its IDNA composition is considerably different from S. emersum, containing ribotypes
of both Chinese and European samples. It is worth mentioning that the ribotypes of the European S. emersum
sample are also found in S. hyperborem and S. natans (section Minima), as well as in S. erectum subsp. erectum
(section Erecta).

Another species with high intragenomic and intraspecific rDNA polymorphism is S. probatovae. This species
was described by Tsvelev'?. Earlier, collectors referred it to S. hyperboreum Laest., S. minimum Hill (=S. natans),
S. simplex Huds (=S. emersum), or S. friesii Beurl. (=S. gramineum)”. According to Tsvelev’s"® hypothesis, S.
probatovae may have formed as a result of hybridization between S. emersum and S. hyperboreum. The hybrid
origin of S. probatovae is proved by the absence of ripe fruits in the available herbarium specimens'>’*”>. Other
arguments in favor of the hybrid origin of the samples identified as S. probatovae are, as follows: 1) scattered
habitats of the collected samples within the overlapping ranges of the supposed parental species’”® and 2) devia-
tion of the morphological characters towards a particular parental species”.

Six highly diverse ribotypes were found in two studied samples of this species that had similar morphologi-
cal characters (sample No. 20 from the Magadan Oblast and sample No. 21 from the Tyumen Oblast). At the
same time only two of the ribotypes are shared by the two samples. Therefore, these samples apparently have
different origins.

S. probatovae sample No. 20 contains the ribotypes of S. rothertii, S. hyperboreum, S. natans, one unique
ribotype ("Prob-1") assigned to section Minima on the basis of phylogenetic analysis, and one ribotype found
in S. erectum subsp. erectum. Thus, this sample may also have evolved through a number of several rounds of
hybridization that probably involved S. rothertii, one of the species of section Minima, as well as S. erectum
subsp. erectum.

S. probatovae sample No. 21 contains the ribotypes of S. gramineum, S. rothertii, one unique ribotype ("Prob-
2") and one ribotype dominating in S. erectum s.1. from section Erecta of Sparganium subgenus. Based on the data,
we can assume that S. probatovae sample No. 21 emerged as a result of several rounds of hybridization involving
S. gramineum, S. rothertii and S. erectum s.1.

Thus, the found rDNA diversity suggests a hybrid origin of S. probatovae samples, which is consistent with
the morphological and geographical data.

Based on the set of ITS1 variants, S. glomeratum, containing ribotypes of S. hyperboreum, is presumably an
intersectional hybrid. Morphological characters also indicate a possible hybrid origin of this species. S. glom-
eratum has an intermediate position (in terms of style length of the fruit) between section Natantia and section
Minima (for example, S. glomeratum has a style length of 1.3+0.2 mm, S. fallax—2.3+0.05 mm, S. hyper-
boreum—0.3 £0.1 mm) and features closely spaced upper pistillate inflorescences often observed in section
Minima representatives.

It was previously shown that S. xlongifolium combines the characters of the parental species, S. emersum and S.
gramineum'”"". The hybridogenic nature of this species has now been proven by molecular methods'”. According
to our data, S. xlongifolium contains at least four ribotypes of S. emersum No. 6, including two major ones. At
the same time, the rDNA of S. gramineum is contained in only one sample of S. xlongifolium in minor amounts.
This may indicate that S. xlongifolium is an ancient hybrid, and the rDNA of the S. gramineum was repressed and
later lost. Yu et al.'” showed that hybridization between S. emersum and S. gramineum is asymmetrical, and S.
gramineum mainly acts as maternal species. Thus, we can assume that paternal rDNA is predominantly present
in the samples studied.

Compared to its ancestors, S. xlongifolium has a greater ecological amplitude of occurrence, i.e., in the con-
text of adaptation it is superior to the assumed parental species (based on our data). This allows it to occupy
new habitats and sometimes even displace "parental” species from their native ones'. It is our observation that
S. xlongifolium is generally sterile and propagates vegetatively. However, the presence of a small number of fertile
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populations of this hybrid!®! appears to testify to the potential formation of backcrosses, with some of them
being fertile.

Section Minima. Both species of section Minima show clear differences from each other in the set of ribotypes
and are highly heterogeneous. Of all the ribotypes identified in this section, only two are common to both spe-
cies. Thus, our data do not evidence hybridization within the section. We found the remarkable differences in
the set of ribotypes between S. hyperboreum and S. natans as unforeseen, since earlier specimens with intermedi-
ate morphological characters occurred in nature in the areas where the ranges of S. hyperboreum (circumpolar
hypoarctic species) and S. natans (circumpolar boreal species) overlapped'®?*7577. We believed that the mor-
phologically intermediate specimens might have resulted from introgressive hybridization"'*7®. Based on a very
different set of rDNA in S. hyperboreum and S. natans, we developed a new hypothesis that plants of section
Minima featuring a "mosaic" of species-specific traits may not be introgressive hybrids but rather a manifestation
of Vavilov’s law of homologous series in hereditary variability’®”°.

It appears from the presence of ribotypes common to section Natantia that S. hyperboreum and S. natans
are of hybrid origin, which involved species of this section. Some of the ribotypes are shared with S. emersum
and S. glomeratum. S. natans has also two ribotypes phylogenetically related to the section Natantia, though not
found in other species. They may have come from a species that was not included in our sampling. Furthermore
S. hyperboreum, has a minor ribotype predominant in section Erecta, suggesting possible hybridization with
representatives of subgenus Sparganium.

As follows from the above, reproductive barriers between some species of the subgenus Xanthosparganium
are weakened, and when the ranges overlap, transfer of genetic material occurs.

Section Erecta. We studied S. stoloniferum subsp. choui and three subspecies of S. erectum from section Erecta
of the subgenus Sparganium. These taxa cannot be differentiated by morphological criteria in vegetative and
flowering state and may be distinguished only by ripe fruits"°.

rDNA of the representatives of this section is not well homogenized. S. erectum subsp. microcarpum is the only
exception, showing one to three major ribotypes across specimens. S. erectum subsp. neglectum differs greatly
from the other two subspecies of S. erectum in the set of ribotypes, and share only one common ribotype. S.
erectum subsp. erecturn and S. erectum subsp. microcarpum are closer to S. stoloniferum, having several common
ribotypes. Note that S. erectum subsp. erectum and S. erectum subsp. neglectum each have one minor ribotype
from the section Natantia. The former probably inherited it from S. emersum and the latter from S. glomeratum.
Minor quantities of rDNA of section Natantia in S. erectum s.l. may indicate ancient hybridization between the
subgenera.

It is rather difficult to make any specific assumptions about possible hybrids and their parents from the set
of ribotypes within this section. However, it should be noted that the presence of verified hybrid combinations
(S. erectum subsp. erectumx S. erectum subsp. microcarpum and S. erectum subsp. microcarpumx S. erectum
subsp. neglectum)® may testify to possible hybridization of S. erectum subsp. microcarpum with other subspe-
cies. Additionally, the presence of morphologically similar fruits in S. stoloniferum specimens from the Rostov,
Volgograd, and Astrakhan oblasts (in our observations) may be evidence for the possible hybrid combination
of S. stoloniferumx S. erectum subsp. erectum in the Astrakhan oblast.

Pi$ové and Fer® concluded that the barriers of reproductive isolation between subspecies of S. erectum. have
not yet been finally determined. However, according to our observations, all these subspecies often occupy
different ecological niches in water reservoirs. For example, in the European part of Russia, S. erectum subsp.
microcarpum is predominantly a cold-water (European-Eastern Siberian plurizonal) species occurring in small
rivers, whereas S. erectum subsp. erectum (European-Siberian boreo-meridional species) preferably inhabits well-
heated still and slowly flowing waters (water storage basins, ponds, etc.). S. erectum subsp. neglectum is a more
southern (European-Pereasian-North African sub-oceanic) species found both in plain areas of cool southern
rivers and streams and in well-heated marshy reservoirs. Differentiation of ecological niches leads to ecological
isolation of these subspecies and can be an important factor of further speciation.

The existence of already proved hybrids’, as well as the presence of common ribotypes in the subspecies S.
erectum and S. stoloniferum may testify to a more or less regular gene flow between these taxa. In our opinion,
the differences in the set of ITS1 variants, different genome sizes and verified hybrid combinations, as well as
ecological and geographic patterns of distribution, may serve as an argument for attributing S. erectum subspe-
cies to the status of individual species.

Hybridization within and between subgenera. ~Some species contain in their genomes rDNA of several sections
at once. In particular, within the subgenus Xanthosparganium, S. glomeratum and S. probatovae No. 20 from the
section Natantia have ribotypes of section Minima. Whereas S. hyperboreum and S. natans have ribotypes of S.
emersum from the section Natantia.

Two Sparganium subgenera also have common ribotypes. Thus, S. probatovae and S. hyperboreum from the
subgenus Xanthosparganium contain minor amounts of S. erectum s.1. ribotypes from the subgenus Sparganium.
On the other hand, some specimens of S. erectum s.l. contain minor amounts of rDNA of S. emersum and S.
glomeratum from subgenus Sparganium.

Note that while some researchers doubted the possibility of the formation of hybrids between representatives
of both subgenera (e.g., S. emersum x S. erectum s.1.)1°%, others did not deny it®!"#!,
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Figure 5. The Map showing location (black dots with numbers) of the Sparganium specimens analyzed in this
study. Specimens are numbered as in Supplementary S3. (The basis of the maps were taken from d-maps.com
(http://data.danetsoft.com/d-maps.com/) Europe (A) (https://d-maps.com/carte.php?num_car=2233&lang=en)
and Asia (B) (https://d-maps.com/carte.php?num_car=55&lang=en), the image is changed using Free Software
for Digital Photo Editing Paint.NET 4.3.11 https://paintnet.ru/download/).

Conclusion

A comparative analysis of the intragenomic polymorphism of the 18S rDNA-ITS1-5.8S rDNA region in 15 Spar-
ganium species and subspecies has showed that the taxa vary in the number and composition of ITSI variants.
Specimens of S. probatovae contain different sets of diverse ribotypes, therefore they can be considered as hybrids
of different origin. The Chinese specimens of S. emersum have a principally different set of ribotypes compared to
that of European and can be considered as a distinct or new cryptic species. S. rothertii differs from all S. emersum
specimens, having ribotypes of both populations and so can be treated as a separate species. Furthermore we
suggest that subspecies of S. erectum can be treated as separate species as well.

Species such as S. angustifolium, S. fallax and S. subglobosum have a homogenized rDNA bearing one major
ribotype. Species with two major ribotypes include S. gramineum and Chinese specimens of S. emersum. Most
taxa, however, contain three or more major ribotypes. Taxa with two or more major ribotypes are probably of
hybrid origin. Their reproductive barriers may be weakened, particularly when the ranges of the taxa overlap.
In most cases, hybridization is observed between the taxa at the subgeneric level. The fact that each subgenus
contains a minor amount of rDNA from another subgenus implies the possibility of rare hybridization events
between them.

Methods

Nomenclature and sampling. We have studied a total of 37 specimens belonging to 15 species and sub-
species of Sparganium collected in Eurasia (Supplementary Table S3, Fig. 5). Six specimens of two species were
selected from the section Minima: S. hyperboreum Laest. ex Beurl.,, S. natans L. 21 specimens of 9 species were
sampled from the section Natantia: S. angustifolium Michx., S. emersum Rehm., S. fallax Graebn., S. glomera-
tum (Laest. ex Beurl.) Beurl, S. gramineum Georgi, S. probatovae Tzvelev, S. rothertii Tzvelev, S. subglobosum
Morong, S. x longifolium Turcz. ex Ledeb. 10 specimens of 4 species and subspecies were sampled from the sec-
tion Erecta: S. erectum L. subsp. erectum, S. erectum subsp. microcarpum (Neuman) Domin, S. erectum subsp.
neglectum (Beeby) K. Richt.), S. stoloniferum subsp. choui (D. Yu) K. Sun. Previously S. stoloniferum was treated
as a subspecies S. erectum subsp. stoloniferum (Graebn.) H. Hara due to its fruit morphological features''. But
we accept the S. stoloniferum subsp. choui as subspecies of S. stoloniferum based on the recent molecular data®.
The herbarium specimens are stored in the Herbarium of Biological Faculty of the Moscow State University
(MW), Herbarium of the Institute of Biology of Inland Waters RAS (IBIW), Skvortsov Herbarium of the Main
Botanical Garden, Russian Academy of Sciences (MHA) and the personal collection of E.A. Belyakov (PCB).
Information on collection locations, collectors, and other collection details of the samples studied is given in the
Supplementary S3.

DNA isolation, NGS sequencing and data analysis. DNA from herbarium specimens was extracted
using the CTAB-method®. All specimens were divided into three parts and each part was processed inde-
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pendently (See Supplementary S4). ITSI library preparation and pair-end sequencing on the Illumina MiSeq
were performed at the Core Centre of “Genomic Technologies, Proteomics and Cell Biology” of the All-Russia
Research Institute for Agricultural Microbiology (St. Petersburg, Russia) in turn for each of the three parts. The
obtained reads were processed using the USEARCH 11.0 software* according to the recommended protocol. In
brief, all samples were pooled, pair-end reads were merged, trimmed and quality filtered according to the maxi-
mum expected error threshold of 1.0. Then reads were dereplicated and denoised by the UNOISE3 algorithm*¢
accompanied by the removal of chimeric sequences. Obtained ZOTUs with a size of at least 10 were blasted
against GenBank Sparganium records to filter out off-target sequences and used to construct the ZOTU table.
FASTA file containing the ZOTU sequences that were used to construct the ZOTU table is given in Supplemen-
tary S5. Table cells that had less than 15 read counts were nulled and the percentage of each ribotype in the total
number of reads per specimen was calculated for all specimens. Ribotypes were divided into minor and major
with a threshold value of 2%. Supplementary S6 contains FASTA file with the major ribotypes.

Thirty-two NCBI Sanger sequences of the genera Typa and Sparganium were added to the dataset (Supple-
mentary S7). Sequence alignment was obtained by using MUSCLE® and then checked manually in MegaX®.
The maximum likelihood phylogenetic tree was built in IQ-TREE v.1.6.1% under the best-fitted model with 1000
bootstrap replicates and visualized in iTOLY.

Experimental research and field studies on plants, including the collection of plant material, comply with
relevant institutional, national, and international guidelines and legislation.

Data availability
Raw data are available at the NCBI Sequence Read Archive (SRA) under the BioProject PRINA828568 BioSample
accession numbers SAMN27672178—-SAMN27672214.

Received: 31 May 2022; Accepted: 25 November 2022
Published online: 14 December 2022

References

1. Cook, C. D. K. & Nicholls, M. S. A monographic study of the genus Sparganium. Part 1: Subgenus Xanthosparganium. Bot. Helv.
96, 213-267 (1986).

2. Sulman, J. D,, Drew, B. T., Drummond, C., Hayasaka, E. & Sytsma, K. J. Systematics, biogeography, and character evolution of
Sparganium (Typhaceae): Diversification of a widespread, aquatic lineage. Am. J. Bot. 100, 2023-2039. https://doi.org/10.3732/
ajb.1300048 (2013).

3. O’Hare, J. M. et al. Influence of an ecosystem engineer, the emergent macrophyte Sparganium erectum, on seed trapping in lowland
rivers and consequences for landform colonisation. Freshw. Biol. 57, 104-115. https://doi.org/10.1111/j.1365-2427.2011.02701.x
(2012).

4. Liffen, T, Gurnell, A. M., O’'Hare, M. T, Pollen-Bankhead, N. & Simon, A. Associations between the morphology and biomechani-
cal properties of Sparganium erectum: Implications for survival and ecosystem engineering. Aquat. Bot. 105, 18-24. https://doi.
org/10.1016/j.aquabot.2012.11.001 (2013).

5. Yuzepchuk, S. V. Sem. XVI. Sparganiaceae Engl. [Fam. XVI. Sparganiaceae Engl.] in Flora SSSR. Tom I. [Flora of the USSR. Vol. I.]
(ed. Komarov, V. L.) 219-229 (USSR Academy of Sciences, 1934).

6. Ascherson, P. & Graebner, P. Synopsis der Mitteleuropdischen Flora. Erster band: Embryophyta zoidiogama. Embryophyta
siphonogama (Gymnospermae. Angiospermae [Monocotyledones (Pandanales. Helobiae)]). (Verlag von Wilhelm Engelmann,
1896-1898).

7. Casper, S. J. & Krauch, H. -D. Pteridophyta und Anthophyta. 1. Teil: Lycopodiaceae bis Orchidaceae in Siifwasserflora von Mit-
teleuropa. (Gustav Fischer Verlag, 1980).

8. Fuhrmann, K. Die Bestimmung des Schmalblittrigen Igelkolbens (Sparganium angustifolium) in den Heidegebieten Mitteleuropas.
Flor. Rdbr. 47, 39-61 (2013).

9. PiSova, S. & Fér, T. Intraspecific differentiation of Sparganium erectum in the Czech Republic: Molecular, genome size and mor-
phometric analysis. Preslia 92, 137-165. https://doi.org/10.23855/preslia.2020.137 (2020).

10. Rothert, W. A. Ubersicht der Sparganien des Russischen Reiches (zugleich Europa’s). Trudy Botanicheskogo sada Yurevskogo
universiteta [Proceedings of the Botanical Garden of the Yuriev University] 11, 11-32 (1910).

11. Cook, C. D. K. & Nicholls, M. S. A monographic study of the genus Sparganium. Part 2: Subgenus Sparganium. Bot. Helv. 97, 1-44
(1987).

12. Ito, Y., Tanaka, N., Kim, C., Kaul, R. B. & Albach, D. C. Phylogeny of Sparganium (Typhaceae) revisited: non-monophyletic nature
of S. emersum sensu lato and resurrection of S. acaule. Plant Syst. Evol. 302, 129-135. https://doi.org/10.1007/s00606-015-1245-7
(2016).

13. Tzvelev, N. N. Notulae de florae URSS plants hydrophilis nonnulis. Novit. Syst. Plant. Vasc. 21, 232-242 (1984).

14. Bobrov, A. A. & Mochalova, O. A. Notes on aquatic vascular plants of Yakutia on the basis of Yakutian Herbarium materials. Novit.
Syst. Plant. Vasc. 45, 122-144 (2014).

15. Abbott, R. J., Hegarty, M. ], Hiscock, S. J. & Brennan, A. C. Homoploid hybrid speciation in action. Taxon 59, 1375-1386 (2010).

16. Belyakov, E. A., Machs, E. M., Mikhailova, Yu. V. & Rodionov, A. V. The study of hybridization processes within genus Sparganium
L. subgenus Xanthosparganium Holmb based ondata of next generation sequencing (NGS). Ecol. Genet. 17, 27-35. https://doi.org/
10.17816/ecogen17427-35 (2019).

17. Yu, Y. et al. Molecular confrmation of the hybrid origin of Sparganium longifolium (Typhaceae). Sci. Rep. 12, 7279. https://doi.org/
10.1038/s41598-022-11222-8 (2022).

18. Bobrov, A. A., Mochalova, O. A. & Chemeris, E. V. Notes on aquatic and semkiaquatic plants of Kamchatka. Bot. Zhurn. 99,
1025-1043 (2014).

19. Belyakov, E. A., Shcherbakov, A. V., Lapirov, A. G. & Shilov, M. P. Morphology and ecological characteristics of
Sparganiumxlongifolium (Typhaceae) in the Central part of European Russia. Biosyst. Divers. 25, 154-161. https://doi.org/10.
15421/011723 (2017).

20. Bobrov, A. A., Volkova, P. A, Ivanova, M. O. & Tikhomirov, N. P. Additions to the list of aquatic vascular plants of Sakhalin Island.
Bot. Zhurn. 106, 902-907. https://doi.org/10.31857/50006813621090039 (2021).

21. Matyasek, R. et al. Next generation sequencing analysis reveals a relationship between rDNA unit diversity and locus number in
Nicotiana diploids. BMC Genom. 13, 1-12. https://doi.org/10.1186/1471-2164-13-722 (2012).

Scientific Reports |

(2022) 12:21610 | https://doi.org/10.1038/s41598-022-25954-0 nature portfolio


https://doi.org/10.3732/ajb.1300048
https://doi.org/10.3732/ajb.1300048
https://doi.org/10.1111/j.1365-2427.2011.02701.x
https://doi.org/10.1016/j.aquabot.2012.11.001
https://doi.org/10.1016/j.aquabot.2012.11.001
https://doi.org/10.23855/preslia.2020.137
https://doi.org/10.1007/s00606-015-1245-7
https://doi.org/10.17816/ecogen17427-35
https://doi.org/10.17816/ecogen17427-35
https://doi.org/10.1038/s41598-022-11222-8
https://doi.org/10.1038/s41598-022-11222-8
https://doi.org/10.15421/011723
https://doi.org/10.15421/011723
https://doi.org/10.31857/S0006813621090039
https://doi.org/10.1186/1471-2164-13-722

www.nature.com/scientificreports/

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Mahelka, V., Kopecky, D. & Baum, B. R. Contrasting patterns of evolution of 45S and 5S rDNA families uncover new aspects in the
genome constitution of the agronomically important grass Thinopyrum intermedium (Triticeae). Mol. Biol. Evol. 30, 2065-2086.
https://doi.org/10.1093/molbev/mst106 (2013).

Baldwin, B. G. et al. The its region of nuclear ribosomal DNA: A valuable source of evidence on angiosperm phylogeny. Ann.
Missouri Bot. Gard. 82, 247-277. https://doi.org/10.2307/2399880 (1995).

Patwardhan, A., Ray, S. & Roy, A. Molecular markers in phylogenetic studies: A review. . Phylogenet. Evol. Biol. 2, 131. https://doi.
0rg/10.4172/2329-9002.1000131 (2014).

Rogers, S. O. & Bendich, A. J. Ribosomal RNA genes in plants: variability in copy number and in the intergenic spacer. Plant Mol.
Biol. 9, 509-520. https://doi.org/10.1007/BF00015882 (1987).

Garcia, S., Kovatik, A., Leitch, A. R. & Garnatje, T. Cytogenetic features of rRNA genes across land plants: Analysis of the Plant
rDNA database. Plant J. 89, 1020-1030. https://doi.org/10.1111/tpj.13442 (2017).

Saghai-Maroof, M. A, Soliman, K. M., Jorgensen, R. A. & Allard, R. Ribosomal DNA spacer-length polymorphisms in barley:
mendelian inheritance, chromosomal location, and population dynamics. Proc. Natl. Acad. Sci. U.S.A. 81, 8014-8018. https://doi.
0rg/10.1073/pnas.81.24.8014 (1984).

Ksigzczyk, T. et al. Immediate unidirectional epigenetic reprogramming of NORs occurs independently of rDNA rearrangements
in synthetic and natural forms of a polyploid species Brassica napus. Chromosoma 120, 557-571. https://doi.org/10.1007/s00412-
011-0331-z (2011).

Punina, E. O., Machs, E. M., Krapivskaya, E. E. & Rodionov, A. V. Polymorphic sites in transcribed spacers of 35S rRNA genes as
an indicator of origin of the Paeonia cultivars. Russ. J. Genet. 53, 202-212. https://doi.org/10.1134/S1022795417010112 (2017).
Schanzer, I. A. et al. Is Rosaxarchipelagica (Rosaceae, Rosoideae) really a spontaneous intersectional hybrid between R. rugosa
and R. maximowicziana? Molecular data confirmation and evidence of paternal leakage. Phytotaxa 428, 93-103. https://doi.org/
10.11646/phytotaxa.428.2.3 (2020).

O’Kane, S. L. Jr., Schaal, B. A. & Al-Shehbaz, I. A. The origins of Arabidopsis suecica (Brassicaceae) as indicated by nuclear rDNA
sequences. Syst. Bot. https://doi.org/10.2307/2419615 (1996).

Zhang, D. & Sang, T. Physical mapping of ribosomal RNA genes in peonies (Paeonia, Paeoniaceae) by fluorescent in situ hybridiza-
tion: implications for phylogeny and concerted evolution. Am. J. Bot. 86, 735-740. https://doi.org/10.2307/2656583 (1999).
Harpke, D. & Peterson, A. Non-concerted ITS evolution in Mammillaria (Cactaceae). Mol. Phylogenet. Evol. 41, 579-593. https://
doi.org/10.1016/j.ympev.2006.05.036 (2006).

Kovarik, A. et al. Rapid concerted evolution of nuclear ribosomal DNA in two Tragopogon allopolyploids of recent and recurrent
origin. Genetics 169, 931-944. https://doi.org/10.1534/genetics.104.032839 (2005).

Kotseruba, V. et al. The evolution of the hexaploid grass Zingeria kochii (Mez) Tzvel. (2n = 12) was accompanied by complex
hybridization and uniparental loss of ribosomal DNA. Mol. Phylogenet. Evol. 56, 146-155. https://doi.org/10.1016/j.ympev.2010.
01.003 (2010).

Borowska-Zuchowska, N. et al. The fate of 35S rRNA genes in the allotetraploid grass Brachypodium hybridum. Plant ]. 103,
1810-1825. https://doi.org/10.1111/tp.14869 (2020).

Huska, D. et al. Persistence, dispersal and genetic evolution of recently formed Spartina homoploid hybrids and allopolyploids in
Southern England. Biol. Invasions 18, 2137-2151. https://doi.org/10.1007/s10530-015-0956-6 (2016).

Rodionov, A. V. et al. Phenomenon of multiple mutations in the 35S rRNA genes of the C subgenome of polyploid Avena L. Russ.
J. Genet. 56, 674-683. https://doi.org/10.1134/51022795420060095 (2020).

Rodionov, A. V. et al. Intragenomic polymorphism of the ITS 1 region of 35S rRNA gene in the group of grasses with two-chro-
mosome species: Different genome composition in closely related Zingeria species. Plants 9, 1647. https://doi.org/10.3390/plant
59121647 (2020).

Zhang, M. et al. Concerted and birth-and-death evolution of 26S ribosomal DNA in Camellia L. Ann. Bot. 127, 63-73. https://doi.
org/10.1093/aob/mcaal69 (2021).

Grigoryan, MYu. et al. Next generation DNA sequencing reveals allopolyploid origin of decaploid Isoétes lacustris (Isoétaceae).
Aquat. Bot. 170, 103326. https://doi.org/10.1016/j.aquabot.2020.103326 (2021).

Rosato, M., Kovarik, A., Garilleti, R. & Rossello, J. A. Conserved organisation of 45S rDNA sites and rDNA gene copy number
among major clades of early land plants. PLoS ONE 11, e0162544. https://doi.org/10.1371/journal.pone.0162544 (2016).

Wang, X. C. et al. ITS 1: A DNA barcode better than ITS 2 in eukaryotes? Mol. Ecol. Resour. 15, 573-586. https://doi.org/10.1111/
1755-0998.12325 (2015).

Osuna-Mascaro, C., de Casas, R. R, Berbel, M., Gomez, ]. M. & Perfectti, F. Lack of ITS sequence homogenization in congeneric
plant species with different ploidy levels. bioRxiv. https://doi.org/10.1101/2022.05.29.493735 (2022).

Edgar, R. C. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 26, 2460-2461. https://doi.org/10.1093/
bioinformatics/btq461 (2010).

Edgar, R. C. UNOISE2: Improved error-correction for Illumina 16S and ITS amplicon reads. bioRxiv. https://doi.org/10.1101/
081257 (2016).

Feliner, G. N. & Rosselld, J. A. Better the devil you know? Guidelines for insightful utilization of nrDNA ITS in species-level
evolutionary studies in plants. Mol. Phylogenet. Evol. 44, 911-919. https://doi.org/10.1016/j.ympev.2007.01.013 (2007).
Hollingsworth, P. M., Graham, S. W. & Little, D. P. Choosing and using a plant DNA barcode. PLoS ONE 6, e19254. https://doi.
org/10.1371/journal.pone.0019254 (2011).

Omelchenko, D. O. et al. Assessment of ITS1, ITS2, 5'-ETS, and trnL-F DNA barcodes for metabarcoding of Poaceae pollen.
Diversity 14, 191. https://doi.org/10.3390/d14030191 (2022).

Nei, M. & Rooney, A. P. Concerted and birth-and-death evolution of multigene families. Annu. Rev. Genet. 39, 121-152. https://
doi.org/10.1146/annurev.genet.39.073003.112240 (2005).

Ganley, A. R. & Kobayashi, T. Highly efficient concerted evolution in the ribosomal DNA repeats: total rDNA repeat variation
revealed by whole-genome shotgun sequence data. Genome Res. 17, 184-191. https://doi.org/10.1101/gr.5457707 (2007).
Eickbush, T. H. & Eickbush, D. G. Finely orchestrated movements: evolution of the ribosomal RNA genes. Genetics 175, 477-485.
https://doi.org/10.1534/genetics.107.071399 (2007).

Nelson, J. O., Watase, G. J., Warsinger-Pepe, N. & Yamashita, Y. M. Mechanisms of rDNA copy number maintenace. Trends Genet.
5, 734-742. https://doi.org/10.1016/j.tig.2019.07.006 (2019).

Hastings, P. J. & Rosenberg, S. M. In pursuit of a molecular mechanism for adaptive gene amplification. DNA Repair 1, 111-123.
https://doi.org/10.1016/s1568-7864(01)00011-8 (2002).

Peng, H., Mirouze, M. & Bucher, E. Extrachromosomal circular DNA: A neglected nucleic acid molecule in plants. Curr. Opin.
Plant Biol. 69, 102263. https://doi.org/10.1016/j.pbi.2022.102263 (2022).

Kotseruba, V., Gernand, D., Meister, A. & Houben, A. Uniparental loss of ribosomal DNA in the allotetraploid grass Zingeria
trichopoda (2n = 8). Genome 46, 156-163. https://doi.org/10.1139/g02-104 (2003).

Grebenstein, B., Roser, M., Sauer, W. & Hemleben, V. Molecular phylogenetic relationships in Aveneae (Poaceae) species and other
grasses as inferred from ITS1 and ITS2 rDNA sequences. Plant Syst. Evol. 213, 233-250. https://doi.org/10.1007/BF00985203
(1998).

Wendel, J. E, Schnabel, A. & Seelanan, T. Bidirectional interlocus concerted evolution following allopolyploid speciation in cotton
(Gossypium). Proc. Nati. Acad. Sci. U.S.A. 92, 280-284. https://doi.org/10.1073/pnas.92.1.280 (1995).

Scientific Reports |

(2022) 12:21610 | https://doi.org/10.1038/s41598-022-25954-0 nature portfolio


https://doi.org/10.1093/molbev/mst106
https://doi.org/10.2307/2399880
https://doi.org/10.4172/2329-9002.1000131
https://doi.org/10.4172/2329-9002.1000131
https://doi.org/10.1007/BF00015882
https://doi.org/10.1111/tpj.13442
https://doi.org/10.1073/pnas.81.24.8014
https://doi.org/10.1073/pnas.81.24.8014
https://doi.org/10.1007/s00412-011-0331-z
https://doi.org/10.1007/s00412-011-0331-z
https://doi.org/10.1134/S1022795417010112
https://doi.org/10.11646/phytotaxa.428.2.3
https://doi.org/10.11646/phytotaxa.428.2.3
https://doi.org/10.2307/2419615
https://doi.org/10.2307/2656583
https://doi.org/10.1016/j.ympev.2006.05.036
https://doi.org/10.1016/j.ympev.2006.05.036
https://doi.org/10.1534/genetics.104.032839
https://doi.org/10.1016/j.ympev.2010.01.003
https://doi.org/10.1016/j.ympev.2010.01.003
https://doi.org/10.1111/tpj.14869
https://doi.org/10.1007/s10530-015-0956-6
https://doi.org/10.1134/S1022795420060095
https://doi.org/10.3390/plants9121647
https://doi.org/10.3390/plants9121647
https://doi.org/10.1093/aob/mcaa169
https://doi.org/10.1093/aob/mcaa169
https://doi.org/10.1016/j.aquabot.2020.103326
https://doi.org/10.1371/journal.pone.0162544
https://doi.org/10.1111/1755-0998.12325
https://doi.org/10.1111/1755-0998.12325
https://doi.org/10.1101/2022.05.29.493735
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1101/081257
https://doi.org/10.1101/081257
https://doi.org/10.1016/j.ympev.2007.01.013
https://doi.org/10.1371/journal.pone.0019254
https://doi.org/10.1371/journal.pone.0019254
https://doi.org/10.3390/d14030191
https://doi.org/10.1146/annurev.genet.39.073003.112240
https://doi.org/10.1146/annurev.genet.39.073003.112240
https://doi.org/10.1101/gr.5457707
https://doi.org/10.1534/genetics.107.071399
https://doi.org/10.1016/j.tig.2019.07.006
https://doi.org/10.1016/s1568-7864(01)00011-8
https://doi.org/10.1016/j.pbi.2022.102263
https://doi.org/10.1139/g02-104
https://doi.org/10.1007/BF00985203
https://doi.org/10.1073/pnas.92.1.280

www.nature.com/scientificreports/

59. Koch, M., Al-Shehbaz, I. A. & Mummenhoff, K. Molecular systematics, evolution, and population biology in the mustard family
(Brassicaceae). Ann. Missouri Bot. Gard. 90, 151-171. https://doi.org/10.2307/3298580 (2003).

60. Preuss, S. & Pikaard, C. S. rRNA gene silencing and nucleolar dominance: Insights into a chromosome-scale epigenetic on/off
switch. Biochim. Biophys. Acta 1769, 383-392. https://doi.org/10.1016/j.bbaexp.2007.02.005 (2007).

61. Lim, K. Y. et al. Gene conversion of ribosomal DNA in Nicotiana tabacum is associated with undermethylated, decondensed and
probably active gene units. Chromosoma 109, 161-172. https://doi.org/10.1007/s004120050424 (2000).

62. Dadejova, M. et al. Transcription activity of rRNA genes correlates with a tendency towards intergenomic homogenization in
Nicotiana allotetraploids. New Phytol. 174, 658-668. https://doi.org/10.1111/j.1469-8137.2007.02034.x (2007).

63. Pedrosa-Harand, A. et al. Extensive ribosomal DNA amplification during Andean common bean (Phaseolus vulgaris L.) evolution.
Theor Appl. Genet. 112, 924-933. https://doi.org/10.1007/s00122-005-0196-8 (2006).

64. Volkov, R. A., Komarova, N. Y. & Hemleben, V. Ribosomal DNA in plant hybrids: inheritance, rearrangement, expression. Syst.
Biodivers. 5, 261-276. https://doi.org/10.1017/S1477200007002447 (2007).

65. Wu, Z., Yu, D, Li, X. & Xu, X. Influence of geography and environment on patterns of genetic differentiation in a widespread
submerged macrophyte, Eurasian watermilfoil (Myriophyllum spicatum L., Haloragaceae). Ecol. Evol. 6, 460-468. https://doi.org/
10.1002/ece3.1882 (2016).

66. Kong, F, Wu, Z., Wang, H., Chen, J. & Xu, X. Population genetic structure of the whorl-leaf watermilfoil Myriophyllum verticillatum
shaped by topography and geographic distance. Hydrobiologia 838, 55-64. https://doi.org/10.1007/s10750-019-03977-5 (2019).

67. Kim, C. S., Kim, S. Y. & Meon, M. O. A new record for the Korean flora: Sparganium fallax Graebn. (Sparganiaceae). Korean J. PL
Taxon. 40, 169-173. https://doi.org/10.11110/kjpt.2010.40.3.169 (2010).

68. Mallick, R. & Sharma, A. K. Chromosome studies in Indian Pandanales. Cytologia 31, 402-410. https://doi.org/10.1508/CYTOL
OGIA.31.402 (1966).

69. Belyakov, E. A. & Lapirov, A. G. Morphological and Ecological Cenotic Features of the Relict Species Sparganium gramineum
Georgi (Typhaceae) in Waterbodies of European Russia. Inland Water Biol. 11, 417-424. https://doi.org/10.1134/S19950829180400
3X (2018).

70. Miéemets, H. Commented list of rare and protected vascular plants of inland water bodies of Estonia. Nat. Conserv. Res. 1, 85-89.
https://doi.org/10.24189/ncr.2016.032 (2016).

71. Riera,J. L., Ballesteros, E., Pulido, C., Chappuis, E. & Gacia, E. Recovery of submersed vegetation in a high mountain oligotrophic
soft-water lake over two decades after impoundment. Hydrobiologia 794, 139-151. https://doi.org/10.1007/s10750-017-3087-5
(2017).

72. Sun, K. & Simpson, D. A. Typhaceae in Flora of China. Vol. 23 (Acoraceae through Cyperaceae) (ed. Libing, Z.) 158-161 (Science
Press, Missouri Botanical Garden Press, 2010).

73. Jisaburo, O. Fam. 33. Sparganiaceae in Flora of Japan (ed. Meyer, E. G., Walker, E. H.) 118-120 (Smithsonian institution, 1965).

74. Grebenjuk, A. V. Sparganium probatovae (Sparganiaceae), a new taxonto the Eastern European Flora. Bot. Zhurn. 98, 98-103
(2013).

75. Bobrov, A. A. & Mochalova, O. A. Aquatic Vascular Plants of the Kolyma River valley: diversity, distribution, habitat conditions.
Bot. Zhurn. 102, 1347-1378 (2017).

76. Harms, V. L. Taxsonomic studies of North American Sparganium. 1. S. hyperboreum and S. minimum. Can. J. Bot. 51, 1629-1641.
https://doi.org/10.1139/b73-208 (1973).

77. Volkova, P. A. et al. Annotated list of aquatic vascular plants of the southern Kuril Islands. Bot. Zhurn. 105, 1064-1074. https://
doi.org/10.31857/S0006813620110095 (2020).

78. Vavilov, N. I. The law of homologous series in variation. J. Genet. 12, 47-89 (1922).

79. Rodionov, A. V., Shneyer, V. S., Punina, E. O., Nosov, N. N. & Gnutikov, A. A. The law of homologous series in variation for sys-
tematics. Russ. J. Genet. 56, 1277-1287. https://doi.org/10.1134/S1022795420110071 (2020).

80. Les, D. H. & Philbrick, C. T. Studies of hybridization and chromosome number variation in aquatic angiosperms: evolutionary
implications. Aquat. Bot. 44, 181-228. https://doi.org/10.1016/0304-3770(93)90071-4 (1993).

81. Loew, E. Familie Sparganiaceae. In: Lebensgeschichte der Bliitenpflanzen Mitteleuropas: spezielle Okologie der Bliitenpflanzen Dout-
schlands, Osterreichs und der Schweiz. Band I, Abteilung 1: Allgemeines, Gymnospermae, Typhaceae, Sparganiaceae, Potamogeton-
aceae, Najadaceae, Juncaginaceae, Alismaceae, Butomaceae, Hydrocharitaceae 374-394 (Verlagsbuchhandlung Eugen Ulmer, 1908).

82. Huang, L., Zhang, Q. & Xu, X. Characterization of the completechloroplast genome of an aquatic plant, Sparganium stoloniferum
subsp. choui (Typhaceae). Mitochondrial DNA Part B 6, 3078-3079. https://doi.org/10.1080/23802359.2021.1981166 (2021).

83. Doyle, J. J. & Doyle, J. L. A rapid DNA isolation procedure for small quantities of fresh leaf tissue. Phytochem. Bull. 19, 11-15
(1987).

84. Edgar, R. C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucl. Acids Res. 32, 1792-1797.
https://doi.org/10.1093/nar/gkh340 (2004).

85. Kumar, S., Stecher, G., Li, M., Knyaz, C. & Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing
platforms. Mol. Biol. Evol. 35, 1547-1549. https://doi.org/10.1093/molbev/msy096 (2018).

86. Nguyen, L.-T., Schmidt, H. A., von Haeseler, A. & Minh, B. Q. IQ-TREE: A fast and effective stochastic algorithm for estimating
maximum likelihood phylogenies. Mol. Biol. Evol. 32, 268-274. https://doi.org/10.1093/molbev/msu300 (2015).

87. Letunic, I. & Bork, P. Interactive Tree Of Life (iTOL) v5: An online tool for phylogenetic tree display and annotation. Nucl. Acids
Res. 49, W293-W296. https://doi.org/10.1093/nar/gkab301 (2021).

Acknowledgements

The work was supported by the Russian Foundation for Basic Research (No. 22-24-01117, 60256916 of SPbSU)
as well as the State Task (No. AAAA-A18-118040290161-3 (BIN RAS) and 121051100099-5 (IBIW RAS)). We
are grateful to our colleagues Drs. H. Yu and V. S. Vishnyakov for their help with collecting samples. We also
express our gratitude to Drs. V. S. Shneyer and A. G. Lapirov for reading the manuscript and giving valuable
comments. The authors are grateful to all the researchers at the Center for Shared Use “Genomic Technologies,
Proteomics and Cell Biology” of the All-Russian Research Institute of Agricultural Microbiology for the Next-
Generation Sequencing.

Author contributions

E.A.B. and A.V.R. designed the research; E.A.B. field collection and selection of specimens for analysis; PM.Z.,
Y.V.M. and E.M.M. carried out the experiments and performed the data analysis; E.A.B., A.V.R. and PM.Z.
original draft preparation; E.A.B., A.VR., PM.Z., YV.M. and E.M.M. review and editing the manuscript; A.V.R.
and E.A.B. funding acquisition; E.A.B., A.V.R., PM.Z., Y.V.M. and E.M.M. read and approved final version of
the manuscript.

Scientific Reports |

(2022) 12:21610 | https://doi.org/10.1038/s41598-022-25954-0 nature portfolio


https://doi.org/10.2307/3298580
https://doi.org/10.1016/j.bbaexp.2007.02.005
https://doi.org/10.1007/s004120050424
https://doi.org/10.1111/j.1469-8137.2007.02034.x
https://doi.org/10.1007/s00122-005-0196-8
https://doi.org/10.1017/S1477200007002447
https://doi.org/10.1002/ece3.1882
https://doi.org/10.1002/ece3.1882
https://doi.org/10.1007/s10750-019-03977-5
https://doi.org/10.11110/kjpt.2010.40.3.169
https://doi.org/10.1508/CYTOLOGIA.31.402
https://doi.org/10.1508/CYTOLOGIA.31.402
https://doi.org/10.1134/S199508291804003X
https://doi.org/10.1134/S199508291804003X
https://doi.org/10.24189/ncr.2016.032
https://doi.org/10.1007/s10750-017-3087-5
https://doi.org/10.1139/b73-208
https://doi.org/10.31857/S0006813620110095
https://doi.org/10.31857/S0006813620110095
https://doi.org/10.1134/S1022795420110071
https://doi.org/10.1016/0304-3770(93)90071-4
https://doi.org/10.1080/23802359.2021.1981166
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/nar/gkab301

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-25954-0.

Correspondence and requests for materials should be addressed to E.A.B. or Y. V.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:21610 | https://doi.org/10.1038/s41598-022-25954-0 nature portfolio


https://doi.org/10.1038/s41598-022-25954-0
https://doi.org/10.1038/s41598-022-25954-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Hybridization and diversity of aquatic macrophyte Sparganium L. (Typhaceae) as revealed by high-throughput nrDNA sequencing
	Results
	Identification and phylogenetic analysis of the major ribotypes. 
	Number of major ribotypes across species. 
	Heterogeneity in ribotype composition. 

	Discussion
	Organization and evolution of 35S rDNA in plants. 
	Sparganium species with homogenized rDNA. 
	rDNA composition and hybridization in different sections of the genus Sparganium. 
	Section Natantia. 
	Section Minima. 
	Section Erecta. 
	Hybridization within and between subgenera. 


	Conclusion
	Methods
	Nomenclature and sampling. 
	DNA isolation, NGS sequencing and data analysis. 

	References
	Acknowledgements


