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Abstract
The taxonomic status of Bolboschoenoplectus mariqueter (Tang & F. T. Wang)
Tatanov remains unresolved. To clarify the taxonomic position of B. mariqueter
and investigate its relationship with related species, this study amplified and
sequenced DNA barcode sequences from one nuclear gene (ITS) and five chloro-
plast genes (matK, ndhF, rbcL, trnL, and trnL-trnF) for 21 batches of sam-
ples representing four species of B. mariqueter and its close relatives. Species
identification efficiency of individual sequences and sequence combinations was
evaluated using similarity search algorithms, and phylogenetic analysis was con-
ducted by constructing trees based on Bayesian inference methods. The results
demonstrated: (1) The ITS + matK sequence combination yielded the high-
est species identification success rate at 71.4%, enabling effective interspecific
discrimination and identification of B. mariqueter and its related species; (2)
Phylogenetic trees constructed from the ITS + matK sequence combination
showed robust clustering of samples from the same species, with B. mariqueter
grouping with species of the genus Bolboschoenus (Asch.) Palla, clearly distinct
from species of the genus Schoenoplectus (Rchb.) Palla, and B. mariqueter form-
ing a monophyletic clade with Bolboschoenus maritimus (Linnaeus) Palla. In
summary, the ITS + matK sequence combination represents the optimal DNA
barcode for species identification of B. mariqueter and its relatives. The findings
do not support the classification of B. mariqueter as a natural hybrid; rather,
it should be assigned to the genus Bolboschoenus, and B. mariqueter should
be recognized as a synonym of B. maritimus. This study provides molecular
evidence for the taxonomic research of B. mariqueter and its related species.

Full Text
Abstract
The taxonomic status of × Bolboschoenoplectus mariqueter (Tang & F.T.Wang)
Tatanov remains controversial. To clarify its taxonomic position and explore its
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relationships with closely related species, we amplified and sequenced DNA bar-
code sequences from one nuclear gene (ITS) and five chloroplast genes (matK,
ndhF, rbcL, trnL, and trnL-trnF) across 21 samples representing four species,
including × Bolboschoenoplectus mariqueter and its relatives. We then evalu-
ated the identification efficiency of individual and combined sequences using
similarity search algorithms, and finally conducted phylogenetic analysis us-
ing Bayesian inference. The results showed: (1) The ITS + matK sequence
combination achieved the highest species identification success rate of 71.4%,
enabling interspecific differentiation and identification of × Bolboschoenoplec-
tus mariqueter and its close relatives; (2) The phylogenetic tree based on ITS
+ matK sequences revealed good clustering of samples within species, with ×
Bolboschoenoplectus mariqueter grouping with all Bolboschoenus (Asch.) Palla
species, clearly separate from Schoenoplectus (Rchb.) Palla species, and form-
ing a monophyletic clade with Bolboschoenus maritimus (Linnaeus) Palla. In
conclusion, the ITS + matK sequence combination represents the optimal bar-
code for identifying × Bolboschoenoplectus mariqueter and its relatives. Our
findings do not support the hypothesis that × Bolboschoenoplectus mariqueter
is a natural hybrid; rather, it should be classified within Bolboschoenus, likely
as a synonym of B. maritimus. This study provides molecular evidence for the
taxonomic research of × Bolboschoenoplectus mariqueter and its closely related
species.

Keywords: × Bolboschoenoplectus mariqueter, related species, DNA barcod-
ing, species identification, genetic relationship

Introduction
× Bolboschoenoplectus mariqueter (Tang & F. T. Wang) Tatanov belongs to the
family Cyperaceae and is primarily distributed in the tidal flats of the Yangtze
River estuary and Hangzhou Bay. It was once reported as a pioneer species
endemic to China’s coastal wetlands (Tang & Wang, 1965) and provides multi-
ple ecological functions, including maintaining biodiversity, wave attenuation,
bank stabilization, sediment promotion, and habitat provision for migratory wa-
terbirds (Zhu et al., 2007; Chen & Sun, 2011). However, its taxonomic status
and phylogenetic position remain unresolved.

Initially described as a natural hybrid between Scirpus triqueter L. and S. plan-
iculmis Fr. Schmidt (Tang & Wang, 1965), the species was named Scirpus ×
mariqueter Tang et F. T. Wang. As systematic studies of Scirpus L. s.l. pro-
gressed, the broad genus was divided into several genera, with the putative
parental species reassigned to different genera: Schoenoplectus (Rchb.) Palla
(S. triqueter) and Bolboschoenus (Asch.) Palla (S. planiculmis). Consequently,
the species names were updated to Schoenoplectus triqueter (L.) Palla and Bol-
boschoenus planiculmis (F. Schmidt) T. V. Egorova. Tatanov (2007) recognized
× Bolboschoenoplectus mariqueter as an intergeneric hybrid and established the
hybrid genus × Bolboschoenoplectus Tatanov, resulting in the current name
(Dai et al., 2010). In contrast, Koyama (1980) treated Scirpus × mariqueter as
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a synonym of Bolboschoenus planiculmis, considering it merely a single-spikelet
variant of that species.

With advances in sequencing technology, molecular markers have been devel-
oped to analyze the genetic structure and phylogenetic relationships of × Bol-
boschoenoplectus mariqueter and its relatives. Yang et al. (2009, 2013) used
AFLP markers and interspecific hybridization experiments to examine relation-
ships with potential parents B. planiculmis and S. triqueter, concluding that
× B. mariqueter is not of hybrid origin and is more closely related to B. plan-
iculmis, though without clearly defining species boundaries. Other studies us-
ing AFLP and microsatellite markers revealed genetic structural similarities be-
tween B. planiculmis and B. maritimus (Linnaeus) Palla, with numerous hybrid
offspring in overlapping regions that could not be definitively classified (Zhou
et al., 2009; Píšová et al., 2017). Research has shown that achene cross-section
shape and pericarp thickness are important diagnostic characters for interspe-
cific differentiation in Bolboschoenus (Hroudová et al., 2007; Píšová et al., 2017).
Song et al. (2019) compared nutlet morphology and pericarp microstructure,
finding that × B. mariqueter differed significantly from B. planiculmis but re-
sembled B. maritimus, suggesting it should be synonymized under B. maritimus
subsp. paludosus (A. Nelson) T. Koyama. Overall, the taxonomic status of ×
B. mariqueter and its relationship with close relatives requires further investi-
gation.

In 2003, Hebert first proposed DNA barcoding technology, which uses a stan-
dardized, easily amplified short DNA fragment with sufficient variation for rapid
species identification (Hebert et al., 2003a, 2003b). Over the past two decades,
DNA barcoding has become one of the fastest-developing fields in life sciences,
demonstrating broad application prospects in plant species identification and
molecular systematics (Costion et al., 2011; Li et al., 2015; Hu et al., 2022).
The technology has been widely applied to study identification, phylogenetic
relationships, and evolutionary history of Cyperaceae, yielding significant re-
sults (Yen & Olmstead, 2000; Starr et al., 2009; Clerc-Blain et al., 2010; Glon
et al., 2017; Léveillé-Bourret et al., 2020). However, molecular phylogenetic
studies based on gene fragments for × B. mariqueter and its relatives remain
limited. Accurate species identification is fundamental to biodiversity conser-
vation (Vane-Wright et al., 1991), and achieving scientific identification of ×
B. mariqueter holds significant theoretical and practical value for phylogenetic
reconstruction and taxonomic research in Bolboschoenus.

This study employed six candidate sequences (ITS, matK, ndhF, rbcL, trnL,
and trnL-trnF) to investigate DNA barcoding of × B. mariqueter and three
related species across 21 samples. By comparing sequence characteristics, intra-
and interspecific variation rates, and identification success rates, we evaluated
the species resolution capabilities of different candidate sequences and their
combinations to identify the optimal DNA barcode for × B. mariqueter and its
relatives. Additionally, we conducted phylogenetic analysis using tree-building
methods to further explore relationships between × B. mariqueter and its close
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relatives, providing a scientific basis for taxonomic research.

Materials and Methods
1.1 Experimental Materials

We selected 21 samples of × Bolboschoenoplectus mariqueter and three related
species: Bolboschoenus planiculmis (F. Schmidt) T. V. Egorova, B. maritimus
(Linnaeus) Palla, and B. yagara (Ohwi) Y. C. Yang & M. Zhan (Table 1 ).
Detailed morphological characteristics and geographic distributions are provided
in Tables 2 and 3 .

1.2 DNA Extraction, PCR Amplification, and Sequencing

Total genomic DNA was extracted using a plant genomic DNA kit (Tiangen
Biotech Co., LTD). Primer information and PCR amplification protocols are
listed in Table 4 . PCR reactions were performed in 100 �L volumes containing:
69.5 �L sterile ddH2O, 10 �L TaqBuffer, 8 �L dNTPs, 4 �L each of forward and
reverse primers, 4 �L DNA template, and 0.5 �L EX Taq polymerase. Amplified
products were checked on 1% agarose gels, and samples with clear bands were
sent to BGI for bidirectional sequencing.

1.3 Data Processing

Bidirectional chromatograms were edited and assembled using SeqMan soft-
ware (DNASTAR LaserGene package, DNASTAR Inc., Madison, WI, USA),
with low-quality sequences at both ends removed. Multiple sequence alignments
were performed using MEGA7.0, and sequence characteristics and variable sites
were analyzed using DnaSP 6.0. Intra- and interspecific genetic distances were
calculated based on the Kimura 2-parameter (K2P) model to evaluate varia-
tion patterns. Identification success rates were assessed using BLAST (Basic
Local Alignment Search Tool). Query sequences were batch-analyzed against
GenBank using NCBI-BLAST. Identification was considered successful when
the top hit (Identity > 95% and E-value < 1$×10^{-5}$) matched the query
species with no other species included. For combined fragments, identification
was deemed successful if any single fragment correctly identified the species (Liu
et al., 2015). Identification efficiency was calculated as: (number of successfully
identified individuals) / (total number of individuals). Phylogenetic trees were
constructed using Bayesian inference for genetic clustering analysis.

Results
2.1 Sequence Characteristics of Candidate DNA Barcodes

Statistical analysis of the six candidate DNA barcode sequences revealed that
rbcL was the longest at 1,374 bp, while trnL-trnF was the shortest at 597 bp
(Table 5 ). ITS showed the highest GC content, whereas trnL had the lowest.
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The number of variable sites ranked as: ITS > ndhF > matK > rbcL > trnL
> trnL-trnF. The nuclear ITS gene exhibited substantially more variable sites
than the five chloroplast genes.

2.2 Intra- and Interspecific Genetic Variation

An ideal DNA barcode should show significantly lower intraspecific than inter-
specific variation (Ning et al., 2008). Our K2P distance analysis (Table 6 )
revealed that intraspecific variation was 0 for all six barcodes. Except for ITS,
the other five chloroplast barcodes showed varying degrees of overlap between
intra- and interspecific variation. Interspecific variation ranked as: ITS > ndhF
> matK > trnL > rbcL > trnL-trnF.

2.3 Identification Efficiency Evaluation

BLAST analysis showed that no single barcode achieved 100% identification
success (Table 7 ). matK performed best at 52.4%, followed by ndhF and
rbcL (both 28.6%), ITS (23.8%), while trnL-trnF and trnL showed zero resolu-
tion. Among combined barcodes, ITS + matK achieved the highest efficiency
(71.4%), followed by matK + ndhF and matK + rbcL (both 61.9%). Other
combinations (ITS + ndhF, ITS + rbcL, ITS + trnL-trnF, ITS + trnL) showed
lower efficiencies of 52.4%, 52.4%, 23.8%, and 23.8%, respectively.

2.4 Phylogenetic Analysis

To investigate relationships among × B. mariqueter and its relatives, we con-
structed a phylogenetic tree based on ITS + matK sequences. Outgroup se-
quences downloaded from GenBank are listed in Table 8 . We performed an
Incongruence Length Difference (ILD) test in PAUP*4.0b10 (Dolphin et al.,
2000) to assess data congruence between nuclear and chloroplast sequences.
The P-value of 1.0 indicated no significant conflict (P > 0.05) between ITS and
matK datasets, justifying combined analysis. Bayesian inference was used for
multigene tree construction, as it offers greater flexibility and reliability (Heled
& Drummond, 2009). The combined ITS + matK matrix comprised 1,839 bp
with 39 variable sites. The phylogenetic tree (Figure 1 [Figure 1: see original
paper]) showed well-supported clades, mostly monophyletic. Outgroup species
from two genera formed the basal lineage. Schoenoplectus (Rchb.) Palla species
formed a distinct clade, clearly separated from Bolboschoenus (Asch.) Palla
species with posterior probability of 1. The Bolboschoenus clade, comprising ×
B. mariqueter and its relatives, divided into three main branches: the largest
branch included all × B. mariqueter and B. maritimus samples; the second
branch contained six B. planiculmis samples; and the third branch comprised
all B. yagara individuals, all with high support values. In the ITS + matK
tree, × B. mariqueter clustered with B. maritimus, forming a sister clade to
B. planiculmis. One B. maritimus individual grouped with × B. mariqueter,
albeit with low support. Bolboschoenus yagara formed a separate clade, most
distantly related to × B. mariqueter.
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Discussion and Conclusion
Due to the complex evolutionary history of plants, no single plastid region equiv-
alent to the animal COI gene has been identified as a universal barcode. Select-
ing efficient and universal DNA barcode candidates from chloroplast and nuclear
genomes remains a major challenge for botanists (Li et al., 2015). This study
evaluated six candidate sequences (one nuclear: ITS; five chloroplast: matK,
ndhF, rbcL, trnL, and trnL-trnF) for species identification capability and phy-
logenetic relationships among × B. mariqueter and three related species.

3.1 Identification Efficiency of Different DNA Barcodes in × B. mari-
queter and Relatives

The ITS region of nuclear ribosomal DNA is widely used in Cyperaceae phylo-
genetic studies due to its highly conserved flanking regions, high copy number,
rapid concerted evolution, and ease of amplification, sequencing, and alignment
(Baldwin et al., 1995). Our ITS sequences, amplified with universal primers
ITS4/ITS5, included ITS1, 5.8S rDNA, and ITS2, totaling 706 bp. This dif-
fers from reports of 636 bp in Schoenoplectus and Schoenoplectiella (Shiels et
al., 2014) and 712 bp in Scirpus (Jung & Choi, 2010). The variation rate in
our study (4.96%) was substantially lower than the 47.3% reported for Scir-
pus and 32.4% for Schoenoplectus/Schoenoplectiella, likely due to differences
in sample sizes, indicating that ITS sequence length and variation differ among
Cyperaceae genera.

The matK gene is one of the most rapidly evolving protein-coding regions in
the chloroplast genome (Chase et al., 2007), though primer universality remains
debated, often requiring multiple primer pairs across taxonomic groups (Fazekas
et al., 2008). We used two universal primer sets to obtain a 1,188 bp matK
fragment, consistent with Gilmour et al. (2013). While matK showed 52.4%
identification efficiency in our study, Clerc-Blain et al. (2010) reported 95%
resolution for Carex and Kobresia in the Canadian Arctic Archipelago, possibly
due to fewer congeneric species and insufficient sampling of close relatives in
that region (Fazekas et al., 2008).

The ndhF gene, located in the chloroplast small single-copy region, shows con-
served 5� ends but more variable 3� ends, evolving at twice the rate of rbcL (Kim
& Jansent, 1995). Our 1,038 bp ndhF sequences matched previous reports but
showed far fewer variable sites than in Schoenoplectus and Schoenoplectiella
(Gilmour et al., 2013), with only 28.6% identification efficiency.

The relatively conserved rbcL gene, widely used in plant phylogenetics due to
its strong universality, showed low variation (0.15%) in our study, far below
levels reported for Korean Scirpus (Jung & Choi, 2010), making it ineffective for
distinguishing × B. mariqueter from its relatives. Starr et al. (2009) previously
noted low success rates (18%) for rbcL amplification in Carex using specific
primers.
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The chloroplast tRNA gene trnL (UAA) intron, with catalytic function and
secondary structure (Kuhsel et al., 1990), shows low variation, while the trnL-
trnF spacer, under weaker selective pressure, evolves faster and suits lower-level
phylogenetic studies (Taberlet et al., 1991). However, both sequences were
highly conserved in our study group, with minimal or zero interspecific variation,
making them unsuitable as candidate barcodes.

Starr et al. (2009) evaluated five barcodes (matK, rbcL, rpoC1, rpoB, trnH-
psbA) in three Carex sections, finding single-barcode resolution never exceeded
60%. Similarly, our best single-barcode efficiency was 52.4% (matK), identify-
ing only 11 of 21 individuals, confirming that single barcodes cannot effectively
differentiate these species. Combined chloroplast barcodes improved resolution:
matK + rbcL and matK + ndhF both reached 61.9%, demonstrating that mul-
tilocus analysis provides more informative sites and enhances accuracy (Fazekas
et al., 2008).

Angiosperms have complex genetic backgrounds, with relatively conserved,
slowly evolving chloroplast genes providing limited information. Nuclear
markers like ITS may more closely track speciation with faster divergence rates
(Wang et al., 2011), prompting recommendations to combine chloroplast and
nuclear barcodes for closely related species (Liu, 2015). Our ITS + matK
combination achieved the highest efficiency (71.4%), enabling reliable identi-
fication of × B. mariqueter and its relatives. Considering cost-effectiveness,
universality, and resolution, we recommend ITS + matK as the optimal
barcode for this species complex.

3.2 Taxonomic Status of × Bolboschoenoplectus mariqueter

Initially considered a hybrid origin (Tang & Wang, 1965; Tatanov, 2007), × B.
mariqueter’s morphological features (Table 2 )—including “tubers present; 2–3
leaflike involucral bracts, erect or scattered”—differ from Schoenoplectus, and
its achene surface reticulation contrasts with the smooth type in Schoenoplectus,
supporting its placement in Bolboschoenus (Dai et al., 2010). Our ITS + matK
phylogeny robustly placed × B. mariqueter with other Bolboschoenus species,
separate from Schoenoplectus (posterior probability = 1), rejecting its status
as an intergeneric hybrid and supporting its classification in Bolboschoenus,
consistent with Yang (2010).

Furthermore, × B. mariqueter formed a monophyletic group with B. maritimus,
providing molecular evidence that they may represent the same species. How-
ever, one B. maritimus individual grouped with × B. mariqueter with low sup-
port (PP = 0.09), suggesting this node may be questionable, though reciprocal
monophyly cannot be excluded. Morphological and geographic analyses (Ta-
bles 2 and 3 ) revealed near-identical morphology, with only minor differences
in glume length and perianth bristle length. Both species share identical habi-
tats (coastal marshes, inland lake/river banks) and similar floristic composition
in their distributions (Wu et al., 2010), though specific localities differ, particu-
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larly the lack of international distribution records for × B. mariqueter—likely
resulting from long-standing taxonomic confusion.

In summary, our results reject the hybrid origin hypothesis from S. triqueter ×
B. planiculmis (Yang et al., 2009) and Koyama’s (1980) synonymization under
B. planiculmis. Instead, we support the conclusion that × B. mariqueter should
be synonymized under B. maritimus (Song et al., 2019).

Conclusion
This DNA barcoding study of × Bolboschoenoplectus mariqueter and its rel-
atives identified ITS + matK as the most effective barcode combination and,
through integration of molecular, morphological, and phytogeographic evidence,
clarified that × B. mariqueter should be classified within Bolboschoenus as a
synonym of B. maritimus. This establishes a theoretical foundation for future
taxonomic research. However, with only six barcode candidates examined, fur-
ther DNA barcoding studies of Bolboschoenus are warranted.
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