
DNA barcoding of Naididae (Annelida,

Oligochaeta), based on cytochrome C oxidase

gene and ITS2 region in China

Tingting Zhou , Wei Jiang , Hongzhu Wang , Yongde Cui

‡ State Key Laboratory of Freshwater Ecology and Biotechnology, Institute of Hydrobiology, Chinese Academy of Sciences,

Wuhan, China

§ University of Chinese Academy of Sciences, Beijing, China

Corresponding author: Yongde Cui (ydcui@ihb.ac.cn)

Academic editor: Wagner Magalhães

Abstract

Exploring the effectiveness of DNA barcoding in species identification is a prerequisite for

biodiversity  conservation  and  environmental  monitoring.  Aquatic  oligochaetes  could

serve as excellent  indicators  in  aquatic  monitoring  programmes.  However,  few  studies

have  examined  the  effectiveness  of  DNA  barcoding  in  these  specific  organisms.  The

mitochondrial cytochrome C oxidase (COI) gene of 83 specimens belonging to 40 species

of 18 genera were sequenced in this study. The results showed that there was a barcode

gap between species of Naididae and the intraspecific genetic distances of each species

were  smaller  than  interspecific  genetic  distances.  The  classification  results  of  ABGD

(Automatic  Barcode  Gap  Discovery)  were  consistent  with  those  of  morphological

identification,  except  for  Tubifex  tubifex and  Lumbriculus  variegatus.  All  species  were

successfully distinguished in the phylogenetic tree, based on the ITS2 region, which was

coincident with the morphological result. Our results provided evidence that DNA barcoding

can be used as an effective and convenient tool for species identification of the family

Naididae and even for other aquatic oligochaetes.
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Introduction

The  family  Naididae,  as  the  most  diverse  family  within  the  class  Oligochaeta,

includes more than 1,100 valid species (Timm 2017). The Naididae is widely distributed in

surface freshwater, groundwater and oceans around the world (Martin et al. 2007). There
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are nine known subfamilies of Naididae worldwide, amongst which four subfamilies are

common in China, including Naidinae, Tubificinae, Rhyacodrilinae and Pristininae (Wang

and Cui 2008). The Naididae include species showing different degrees of tolerance to

pollution, which explains why they are used as bioindicators and not only tolerant species.

Aquatic oligochaete communities are used for assessing environmental  conditions (e.g.

sediment and water quality) and establishing ecological diagnostics. The identification of

aquatic oligochaetes, based on DNA barcoding, will greatly facilitate the development of

biological monitoring (Lafont et al. 2010, Lafont et al. 2012, Vivien et al. 2020a). Recently,

high-throughput  and  metabarcoding  techniques  are  assisting  in  the  development  of

oligochaete indices (Vivien et al. 2019, Vivien et al. 2020b).

Rapid  and  unambiguous  identification  of  species  is  an  essential  prerequisite  for

environmental  monitoring  and  biodiversity  (Xiao  et  al.  2004,  Cheng et  al.  2011).  Both

experienced taxonomists with solid professional knowledge and a relatively intact biological

specimen are necessary for traditional morphological identification. However, experts who

engage in taxonomic research continue to decline. The main identification characteristics,

based on genitalia, constitute a major obstacle to the identification of immature species.

For example, the species, Limnodrilus hoffmeisteri Claparède, 1862 and L. claparedianus

Ratzel, 1868 can be identified only when the specimens are in a mature state (Yasuda and

Okino  1988).  In  addition,  traditional  methods  are  still  limited  due  to  high  cost  and  an

immense amount  of  time.  With  the  rapid  development  of  molecular  biology,  molecular

research of species identification comes into being.

DNA-based  identification  methods  can  not  only  quickly  and  accurately  identify

morphologically damaged specimens (Carvalho et al.  2015), but also effectively identify

species at various developmental stages (Casiraghi et al. 2010). Thereinto, the cytochrome

C oxidase subunit I (COI) of mitochondrial gene is an ideal gene target to be used as DNA

barcode for  species identification due to  maternal  inheritance with  moderate sequence

conservatism and variability (Hebert et al. 2003a, Hebert et al. 2003b, Remigio 2003). DNA

barcoding through a short  and standardised fragment  of  the COI gene to  identify  and

classify species has been demonstrated in multiple taxa (Ball et al. 2005, Costa et al. 2007,

Zhou et al. 2007, Foottit et al. 2008, Amer 2021, Kheirallah 2021, Rewicz et al. 2021). The

technique allows identification of animal groups at the species level, as well as helps in the

discovery of cryptic species (Ardura et al. 2010, Lin et al. 2020). For example, Achurra et

al.  (2011) revealed  the  cryptic  diversity  of  Troglodrilus  galarzai on  the  basis  of  DNA

barcoding.  However,  DNA  barcoding,  based  on  the  COI  gene alone,  could  be

overestimating the number of species in the species delimitation of some groups of aquatic

oligochaetes (Dasmahapatra et al. 2010, Achurra and Erséus 2013, Martinsson et al. 2013

). Hence, the COI gene may be not suitable for phylogenetic analysis as a single molecular

marker (Zhou et al.  2010). Besides, internal transcribed spacer 2 (ITS2) of the nuclear

gene was often used to serve as a complementary strategy to COI in phylogenetic analysis

(Envall et al. 2012). The effectiveness of this integrative method (COI and ITS2) has been

demonstrated in the identification of various taxa of oligochaete, such as Rhynchelmis (

Zhou  et  al.  2010),  Stylodrilus  heringianus ( Achurra  and  Erséus  2013),  Rhyacodrilus
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falciformis (Martinsson et al. 2013), Grania (De Wit and Erséus 2010), Enchytraeus albidus

(Erséus et al. 2019), Aporrectodea longa (Martinsson et al. 2015) and so on.

Recent advances in developed countries have  established a national barcode database of

aquatic  oligochaete  (Vivien  et  al.  2017),  which  was  evidenced  as  a  useful  tool  in

conserving biodiversity and environmental monitoring (Vivien et al.  2015). However, this

knowledge is still lacking in China, despite embodied within many endemic oligochaetes (

Cui and Wang 2012a, Cui and Wang 2012b, Peng et al. 2014, Cui et al. 2015, Peng et al.

2017).  Considering  that  differences  in  regional  species  pool  between  different  climate

zone, we should not directly extrapolate the genetic information. In this case, establishing a

regional database of aquatic oligochaete is necessary for future monitoring.

In  this  study,  we  sequenced  the  COI sequences  of  83  specimens  under  40  species

belonging to 18 genera to study the barcoding of Naididae. A total of 75 sequences of the

ITS2 region,  including 28 GenBank sequences and 47 new sequences,  were used as

additional evidence. We aim to explore the accuracy of DNA barcoding technology for the

species identification and to construct a bio-identification system for Naididae.

Material and Methods

Specimen collection

The specimens were collected between 2017 and 2020 in China (Suppl. material 1). The

worms were preserved in 95% ethanol in the field. Back in the laboratory, specimens were

identified,  based on morphological  characteristics,  such as  external  morphology of  the

worm, chaetal features, penis sheath and so on. Then the worms were divided into two

parts. The anterior part was stained with borax carmine and mounted in Canada balsam on

a  microscope  slide  as  morphological  evidence.  The  rest  of  the  same  specimen was

preserved in 95% ethanol for future molecular studies. The vouchers are deposited in the

Institute of Hydrobiology (IHB), Chinese Academy of Sciences (CAS), Wuhan, China.

DNA extraction and PCR amplification

Total  genomic  DNA was  extracted  using  the  TIANGEN blood  tissue  kit,  following  the

manufacturer’s  protocol  strictly  (TIANGEN Blood and Tissue Handbook).  Approximately

658  bp  were  amplified  of  the  COI  gene  using  universal  primers,  LCO1490-

GGTCAACAAATCATAAAGATATTGG  and  HCO2198-

TAAACTTCAGGGTGACCAAAAAATCA (Folmer et al. 1994, Bely and Wray 2004). The 25

μl PCR reaction mixes included 12.5 µl of Q5 Polymerase, 2.5 µl of 10 µmol/l of primer pair

mix, 2 µl of DNA template and 8 µl ddH2O. The PCR procedures comprised an initial pre-

denaturation step at 98°C for 30 sec, followed by 35 cycles of denaturation at 98°C for 10

sec,  annealing at  45°C for  45 sec and elongation at  72°C for  45 sec,  with an ultimate

elongation  at  72°C for  3  min.  The  recently  designed  specific  primers  of  ITS2  (606F-

GTCGATGAAGAGCGCAGCCA  and  1082R-TTAGTTTCTTTTCCTCCGCTT)  for  aquatic
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oligochaete were chosen (Liu and Erséus 2017). The annealing temperature of ITS2 region

was 55°C and the other conditions were the same as that of COI gene. A total of 5 µl PCR

products were detected by 1% agarose gel electrophoresis and the remaining products

were sent to I-congene Ltd. (Wuhan, China) for direct Sanger sequencing. Bidirectional

sequencing was performed to improve sequence accuracy.

Genetic analyses

Raw sequences were calibrated in BioEdit  and assembled in SeqMan (DNASTAR).  All

sequences were aligned by ClustalW using MEGA5. The newly-acquired COI sequences

in our study were compared to Genbank (NCBI) sequences using BLAST.

Sequence composition analyses 

All of COI sequences were imported into MEGA5 for multi-sequence alignment and base

composition, conserved sites, variable sites, parsimony informative sites and transitions/

transversions were calculated, respectively.

Genetic distance analyses 

The  uncorrected  pairwise  genetic  distances  between  sequences  were  obtained  with

MEGA5 (Tamura  et  al.  2011),  including  various  taxonomic  levels,  species,  genus  and

subfamily.

Automatic barcode gap discovery (ABGD) analyses 

The genetic distance matrix of all Naididae specimens was calculated using the Kimura

two parameter (K2P) model (Kimura 1980). The analysis of the division of taxa was carried

out on the ABGD website (https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html). The prior

intra-specific divergence (P) was between 0.001 and 0.1 and the minimum relative gap

width (X) was 1.0, with the remaining parameters leaving default.

Phylogenetic analyses

The Bayesian trees were generated using the software Phylosuite1.2.1 (Zhang et al. 2019)

to  provide  a  graphic  showing  the  genetic  divergence  between  species.  The  optimal

substitution model was selected, based on the BIC standard (Kalyaanamoorthy et al. 2017

), with GTR+F+I+G4 for both the gene and ITS2 region. Bayesian Inference phylogenies

were inferred using MrBayes 3.2.6 (Ronquist et al. 2012) under the GTR+I+G+F model (2

parallel runs), in which the initial 25% of sampled data were discarded as burn-in. Bayesian

analysis  included  2  million  generations  and  the  posterior  probability  indicated  the

confidence of each clade of the phylogenetic tree. The Neighbour Joining (Saitou and Nei

1987) tree of the COI gene was established, based on the K2P model (Kimura 1980) with

1000 bootstrap replications in MEGA5 (Tamura et al. 2011). All positions containing gaps

and missing data were completely deleted. The phylogenetic tree was submitted to iTOL
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website (https://itol.embl.de/itol.cgi) for online editing, then the tree graph was exported to

be modified in Adobe Illustrator.

Results

Sequence composition analyses

A total  of  40 species belonging to 18 genera were analysed, giving altogether 83 COI

sequences. Ten of them were acquired for the first  time, including Tubifex laxus Peng,

Wang & Cui, 2017; T. conicus He, Wang & Cui, 2012; Isochaetides palmatus He, Cui &

Wang, 2012; Dero dorsalis Ferronière, 1899; Haemonais waldvogeli Bretscher, 1900; Nais

simplex Piguet,  1906;  N. inflata Liang,  1963;  N. badia Peng,  Wang  &  Cui,  2014;

N. longidentata Cui, He, Peng & Wang, 2015 and Rhyacodrilus sinicus (Chen 1940).

The aligned length for COI gene used in the study was 658 bp and the sequences were

AT-biased (60.8%). There were 337 conserved sites and 321 variable sites, of which 319

were parsimony informative. The value of transitions/transversions was 1.35.

A total of 75 ITS sequences were obtained in this study, of which 47 were successfully

amplified and the remaining 28 were from GenBank. Compared with the COI gene, the

ITS2 region is often difficult to sequence.

COI variation analyses

The average genetic  distances  between species  range from 7.6% to  26.5%.  Amongst

them, N. longidentata and N. communis had the smallest inter-specific distances, while

Limnodrilus grandisetosus and Lumbriculus variegatus had the largest.

The  mean  intra-specific  genetic  distance  was  0.0-3.9%  and  Aulophorus  furcatus was

maximum. The  phylogenetic  tree  of  COI  sequences,  based  on  the  neighbour-joining

method (NJ) was established to visualise the genetic distances (Fig. 1). The intra-specific

and inter-specific genetic distances of various species of Naididae are shown in Suppl.

material 2.

Overall, our results showed that there was more variation amongst species than

intraspecific differences.

ABGD analyses

The partition results, based on the ABGD method, included recursive partition and initial

partition and the latter was relatively stable. The COI sequences were grouped into 40 taxa

(Fig. 2). Compared with the morphological results, we found that T. tubifex were sorted into

three groups and Lumbriculus variegatus were also divided into three groups, as well as
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the remaining 77 specimens being separated into 34 groups, which were consistent with

the morphological results.

Phylogenetic analyses

The phylogenetic analysis of family Naididae, based on the ITS2 region was constructed

by Bayesian Inference (Fig.  3).  Each species was well  separated from each other.  All

Naididae  sequences  clustered  together  in  the  tree,  based  on  the  ITS2  region.  The

Naididae  was  monophyletic,  which  mainly  consisted  of  three  parts:  Tubificinae,

Rhyacodrilinae  and  Naidinae.  Within  the  subfamily  Tubificinae,  the  genera  Aulodrilus, 

Limnodrilus, Ilyodrilus and Potamothrix were monophyletic and well supported (BI 1.00).

There  were  two  genera  in  the  subfamily  Rhyacodrilinae,  namely,  Bothrioneurum and

Rhyacodrilus.  However,  these  two  taxa  did  not  branch  together  and  the  genus

Rhyacodrilus branched  with  the  other  Naidinae  species.  Hence,  the  subfamilies

Rhyacodrilinae  and  Naidinae  appeared  as  polyphyletic.  The  genus  Nais was  non-

monophyletic, founded in two clades (BI 0.97). One clade comprised N. badia, N. elinguis, 

Stylaria fossularis and Slavina appendiculata and the other consisted of N. simplex,  N.

longidentata, N. communis, N. inflata, N. pardalis, N. bretcheri and Uncinais uncinata. The

genus Tubifex was not monophyletic.

Discussion

The core principle of DNA barcoding is that inter-specific genetic distance is greater than

intra-species differences (Hebert et al.  2003a). The genetic distance increases with the

distance of the relationship. In this study, there was more variation amongst species of the

same  subfamily  than  amongst  congeneric  species.  The  genetic  divergence  amongst

species of the same genus was greater than that of conspecific individuals. Overall, the

distance between species was greater than the intra-species distance and the distance

within  species  was  generally  less  than  2%.  Our  result  demonstrated  the  existence  of

cryptic species in T. tubifex. Sturmbauer et al. (1999) and Beauchamp et al. (2001) studied

the molecular phylogeny of T. tubifex in northern Europe and North America, respectively

and found that the maximum genetic distance of the mitochondrial 16S gene was greater

than 10%. The 16S gene is more conserved than the COI gene and this value revealed a

large difference within T. tubifex, which proved the existence of cryptic species. Genetic

variation of the COI gene from Europe and North America was researched in L. variegatus

by Gustafsson et al. (2009). Lumbriculus variegatus was found to comprise two distinct

clades  (I  and  II)  and  the  COI  genetic  distance  was  up  to  17.7%  between  I  and  II.

Gustafsson et al. considered that two clades were separate species. There was also a rich

intra-specific  diversity  in  Aulodrilus  pluriseta.  The  ITS2  genetic  distance  of  the  two

specimens (CW0184: China, CE281: Estonia) of A. pluriseta is 17.0%. This value was far

beyond the threshold of intraspecific difference, indicating the existence of cryptic species

in A. pluriseta. The genetic distance between A. pluriseta and A. japonicus was 17.8%,

which  showed  that  they  were  not  the  same  species  and  the  same  was  true  for
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morphological characteristics. There are one to several lateral teeth on bifid chaeta in A.

japonicus, whereas they are absent in A. pluriseta (Finogenova and Arkhipova 1994).

Sequences can be divided quickly and effectively by the ABGD method according to the

principle of "DNA barcode gap" (Puillandre et al. 2011). The result of initial partition is more

stable than recursive partition, which has been confirmed by related studies (Puillandre et

al.  2011,  Ratnasingham and Hebert  2013).  In  this  study,  all  taxa were divided into 40

groups using the ABGD method, which was consistent with the results of morphology (40

species). The existence of cryptic species of T. tubifex and L. variegatus is well-known. In

addition, the COI gene, with higher evolutionary rate, is generally not enough to assess

species boundaries alone (Achurra and Erséus 2013). Hence, the ITS2 region was also

used to increase reliability in our study. The ABGD delimitation model provided a consistent

result with morphological observations basically.

The  phylogeny  revealed  that  Naidinae  and  Tubificinae  were  monophyletic,  whereas

Rhyacodrilinae  was  not.  This  was  supported  by  recent  research  (Erséus  et  al.  2020).

Findings revealed a tropical freshwater origin of Naidinae, the phylogenetic relationships

using combined markers by Bayesian Inference supported that Nais was paraphyletic and

Uncinais was included in it (Erséus et al. 2017). Nais badia, endemic to Tibet, was sister to

the  clade  consisting  of  Stylaria  fossularis and  Slavina  appendicula.  We suspect this is

because of pigments in the anterior segments of N. badia and S. fossularis. The genus

Tubifex was not recovered herein as monophyletic. Many works have revealed that there

are cryptic species within T. tubifex (Sturmbauer et al.  1999). In the ITS2 tree, Tubifex

conicus and T. laxus were clustered together with Isochaetides palmatus, but not with T.

tubifex.  Therefore,  the  taxonomic  status  of  T.  conicus and  T.  laxus still  need  to  be

determined in the future. Tubifex tubifex and T. blanchardi are sister species. Chapman

and Brinkhurst (1987) suggested that the hair chaetae of T. tubifex would be induced by

the environment to disappear and become T. blanchardi, which were actually the same

species. Crottini et al. (2008) suggested the variation of T. blanchardi and T. tubifex in the

Lambro River, based on the 16S gene and pointed out that T. blanchardi and T. tubifex

were  two  independent  lineages. Marotta  et  al.  (2009) re-described  the  morphological

characteristics of T. blanchardi and found the differences of morphology with T. tubifex,

thus finally confirming that T. blanchardi and T. tubifex are two separate species.

Conclusions

The study represents the first DNA barcoding study of the aquatic oligochaete in China,

including endemic  species  and  common  species.  Our  findings  detected  that  DNA

barcoding,  based  on  the  COI  gene  is  practicable  and  effective  in  identifying  aquatic

oligochaetes; however, combining ITS2 would provide more information. The ITS2 region

can be used to help build a barcode database (for delimitation of species),  but not for

biomonitoring.  The  taxonomic  status  of  some  species  needs  to  be  confirmed  through

comprehensive taxonomic research, by expanding the sampling range and increasing the

number  of  specimens.  The  barcodes  of  oligochaete  species  need  to  be  continuously
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studied to establish a native database so as to lay a solid foundation for the biological

research of aquatic oligochaete.

Acknowledgements

We are very grateful  to Junyan Wu, Yajing He,  Yongjing Zhao and Tingfeng Xie (IHB,

CAS), Wenqiang Ren and Xuhao Zhao (Freshwater Fisheries Research Center of Chinese

Academy of  Fishery  Sciences)  for  assistance in  collecting all  the specimens.  We also

thank Zhenyuan Liu (IHB, CAS) for the help with the drawing.

Funding program

This study was supported by Major Science and Technology Program for Water Pollution

Control  and  Treatment  (Grant  Nos.  2017ZX07302-002)  and  National  Natural  Science

Foundation of China (No. 31471962).

Author contributions

TTZ conceived the idea and wrote the first draft of the manuscript. TTZ and WJ performed

the  data  analyses.  YDC  and  HZW  revised  the  manuscript  and  provided  valuable

suggestions. All authors read and approved the final version of the manuscript.

Conflicts of interest

The authors declare that they have no competing interests.

References

• Achurra A, Elejalde MA, Rodriguez P (2011) Phylogenetic analysis of oligochaete

Tubificinae (Annelida: Clitellata) based on mitochondrial sequence data. Invertebrate

Systematics 25 (3): 208‑218. https://doi.org/10.1071/IS10040

• Achurra A, Erséus C (2013) DNA barcoding and species delimitation: the Stylodrilus

heringianus case (Annelida: Clitellata: Lumbriculidae). Invertebrate Systematics 27:

118‑128. https://doi.org/10.1071/IS12049

• Amer MA (2021) DNA barcoding of the spider crab Menaethius monoceros (Latreille,

1825) from the Red Sea, Egypt. Journal of Genetic Engineering and Biotechnology 19

(1). https://doi.org/10.1186/s43141-021-00141-2

• Ardura A, Linde AR, Moreira J, Garcia-Vazquez E (2010) DNA barcoding for

conservation and management of Amazonian commercial fish. Biological Conservation

143 (6): 1438‑1443. https://doi.org/10.1016/j.biocon.2010.03.019

8

https://doi.org/10.1071/IS10040
https://doi.org/10.1071/IS12049
https://doi.org/10.1186/s43141-021-00141-2
https://doi.org/10.1016/j.biocon.2010.03.019


• Ball S, Hebert PN, Burian S, Webb J (2005) Biological identifications of mayflies

(Ephemeroptera) using DNA barcodes. Journal of the North American Benthological

Society 24 (3): 508‑524. https://doi.org/10.1899/04-142.1

• Beauchamp KA, Kathman RD, McDowell TS, Hedrick RP (2001) Molecular phylogeny

of tubificid oligochaetes with special emphasis on Tubifex tubifex (Tubificidae).

Molecular Phylogenetics and Evolution 19 (2): 216‑224. https://doi.org/10.1006/mpev.

2001.0923

• Bely A, Wray G (2004) Molecular phylogeny of naidid worms (Annelida: Clitellata) based

on cytochrome oxidase I. Molecular Phylogenetics and Evolution 30 (1): 50‑63. https://

doi.org/10.1016/s1055-7903(03)00180-5

• Carvalho DC, Palhares RM, Drummond MG, Frigo TB (2015) DNA barcoding

identification of commercialized seafood in South Brazil: A governmental regulatory

forensic program. Food Control 50: 784‑788. https://doi.org/10.1016/j.foodcont.

2014.10.025

• Casiraghi M, Labra M, Ferri E, Galimberti A, De Mattia F (2010) DNA barcoding: a six-

question tour to improve users' awareness about the method. Briefings in Bioinformatics

11 (4): 440‑453. https://doi.org/10.1093/bib/bbq003

• Chapman P, Brinkhurst R (1987) Hair today, gone tomorrow: induced chaetal changes

in tubificid oligochaetes. Hydrobiologia 155 (1): 45‑55. https://doi.org/10.1007/

bf00025630

• Cheng XT, Wang AM, Gu ZF (2011) Current progress of DNA barcoding. Genomics and

Applied Biology 30 (6): 748‑758. [In Chinese].

• Costa FO, deWaard JR, Boutillier J, Ratnasingham S, Dooh RT, Hajibabaei M, Hebert

PN (2007) Biological identifications through DNA barcodes: the case of the Crustacea.

Canadian Journal of Fisheries and Aquatic Sciences 64 (2): 272‑295. https://doi.org/

10.1139/f07-008

• Crottini A, Marotta R, Barbuto M, Casiraghi M, Ferraguti M (2008) The world in a river?

A preliminary analysis of the 16S rDNA variability of Tubifex species (Clitellata:

Tubificidae) from the Lambro River. Molecular Phylogenetics and Evolution 48 (3):

1189‑1203. https://doi.org/10.1016/j.ympev.2008.06.012

• Cui Y, Wang H (2012a) Three new species of Potamothrix (Oligochaeta, Naididae,

Tubificinae) from Fuxian Lake, the deepest lake of Yunnan Province, Southwest China.

ZooKeys 175: 1‑17. https://doi.org/10.3897/zookeys.175.2413

• Cui Y, Wang H (2012b) Two new species of Potamothrix (Oligochaeta: Tubificinae) from

plateau lakes of Yunnan Province, southwest China. Proceedings of the Biological

Society of Washington 125 (1): 12‑17. https://doi.org/10.2988/11-32.1

• Cui Y, He X, Peng Y, Wang H (2015) Records of Naididae and Lumbriculidae (Clitellata)

from Tibet, China, with description of a new species of Nais. Zootaxa 3956 (4): 513‑530.

https://doi.org/10.11646/zootaxa.3956.4.4

• Dasmahapatra K, Elias M, Hill R, Hoffman J, Malley J (2010) Mitochondrial DNA

barcoding detects some species that are real, and some that are not. Molecular Ecology

Resources 10 (2): 264‑273. https://doi.org/10.1111/j.1755-0998.2009.02763.x

• De Wit P, Erséus C (2010) Genetic variation and phylogeny of Scandinavian species of 

Grania (Annelida: Clitellata: Enchytraeidae), with the discovery of a cryptic species.

Journal of Zoological Systematics and Evolutionary Research 48 (4): 285‑293. https://

doi.org/10.1111/j.1439-0469.2010.00571.x

9

https://doi.org/10.1899/04-142.1
https://doi.org/10.1006/mpev.2001.0923
https://doi.org/10.1006/mpev.2001.0923
https://doi.org/10.1016/s1055-7903(03)00180-5
https://doi.org/10.1016/s1055-7903(03)00180-5
https://doi.org/10.1016/j.foodcont.2014.10.025
https://doi.org/10.1016/j.foodcont.2014.10.025
https://doi.org/10.1093/bib/bbq003
https://doi.org/10.1007/bf00025630
https://doi.org/10.1007/bf00025630
https://doi.org/10.1139/f07-008
https://doi.org/10.1139/f07-008
https://doi.org/10.1016/j.ympev.2008.06.012
https://doi.org/10.3897/zookeys.175.2413
https://doi.org/10.2988/11-32.1
https://doi.org/10.11646/zootaxa.3956.4.4
https://doi.org/10.1111/j.1755-0998.2009.02763.x
https://doi.org/10.1111/j.1439-0469.2010.00571.x
https://doi.org/10.1111/j.1439-0469.2010.00571.x


• Envall I, Gustavsson L, Erséus C (2012) Genetic and chaetal variation in Nais worms

(Annelida, Clitellata, Naididae). Zoological Journal of the Linnean Society 165 (3):

495‑520. https://doi.org/10.1111/j.1096-3642.2012.00828.x

• Erséus C, Envall I, De Wit P, Gustavsson L (2017) Molecular data reveal a tropical

freshwater origin of Naidinae (Annelida, Clitellata, Naididae). Molecular Phylogenetics

and Evolution 115: 115‑127. https://doi.org/10.1016/j.ympev.2017.07.016

• Erséus C, Klinth M, Rota E, De Wit P, Gustafsson D, Martinsson S (2019) The popular

model annelid Enchytraeus albidus is only one species in a complex of seashore white

worms (Clitellata, Enchytraeidae). Organisms Diversity & Evolution 19 (2): 105‑133. 

https://doi.org/10.1007/s13127-019-00402-6

• Erséus C, Williams B, Horn K, Halanych K, Santos S, James S, Creuzé des Châtelliers

M, Anderson F (2020) Phylogenomic analyses reveal a Palaeozoic radiation and

support a freshwater origin for clitellate annelids. Zoologica Scripta 49 (5): 614‑640. 

https://doi.org/10.1111/zsc.12426

• Finogenova NP, Arkhipova NR (1994) Morphology of some species of the genus

Aulodrilus Bretscher. Hydrobiologia 278: 7‑15. https://doi.org/10.1007/BF00142307

• Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R (1994) DNA primers for amplification

of mitochondrial cytochrome c oxidase subunit I from diverse metazoan invertebrates.

Molecular Marine Biology and Biotechnology 3 (5): 294‑299. 

• Foottit RG, Maw HEL, Von Dohlen CD, Hebert PN (2008) Species identification of

aphids (Insecta: Hemiptera: Aphididae) through DNA barcodes. Molecular Ecology

Resources 8 (6): 1189‑1201. https://doi.org/10.1111/j.1755-0998.2008.02297.x

• Gustafsson D, Price D, Erséus C (2009) Genetic variation in the popular lab worm 

Lumbriculus variegatus (Annelida: Clitellata: Lumbriculidae) reveals cryptic speciation.

Molecular Phylogenetics and Evolution 51 (2): 182‑189. https://doi.org/10.1016/j.ympev.

2008.12.016

• Hebert PN, Ratnasingham S, de Waard J (2003a) Barcoding animal life: cytochrome c

oxidase subunit I divergences among closely related species. Proceedings of the Royal

Society of London. Series B: Biological Sciences 270: 96‑99. https://doi.org/10.1098/

rsbl.2003.0025

• Hebert PN, Cywinska A, Ball S, deWaard J (2003b) Biological identifications through

DNA barcodes. Proceedings of the Royal Society of London. Series B: Biological

Sciences 270 (1512): 313‑321. https://doi.org/10.1098/rspb.2002.2218

• Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS (2017)

ModelFinder: fast model selection for accurate phylogenetic estimates. Nature Methods

14 (6): 587‑589. https://doi.org/10.1038/nmeth.4285

• Kheirallah DA (2021) DNA barcoding revels first records of three rare coleopteran

genera in Northern lakes of Egypt. Brazilian Journal of Biology 81 (4): 1054‑1060. 

https://doi.org/10.1590/1519-6984.234428

• Kimura M (1980) A simple method for estimating evolutionary rates of base substitutions

through comparative studies of nucleotide sequences. Journal of Molecular Evolution

16 (2): 111‑120. https://doi.org/10.1007/bf01731581

• Lafont M, Jézéquel C, Vivier A, Breil P, Schmitt L, Bernoud S (2010) Refinement of

biomonitoring of urban water courses by combining descriptive and ecohydrological

approaches. Ecohydrology and Hydrobiology 10 (1): 3‑11. https://doi.org/10.2478/

v10104-009-0047-3

10

https://doi.org/10.1111/j.1096-3642.2012.00828.x
https://doi.org/10.1016/j.ympev.2017.07.016
https://doi.org/10.1007/s13127-019-00402-6
https://doi.org/10.1111/zsc.12426
https://doi.org/10.1007/BF00142307
https://doi.org/10.1111/j.1755-0998.2008.02297.x
https://doi.org/10.1016/j.ympev.2008.12.016
https://doi.org/10.1016/j.ympev.2008.12.016
https://doi.org/10.1098/rsbl.2003.0025
https://doi.org/10.1098/rsbl.2003.0025
https://doi.org/10.1098/rspb.2002.2218
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1590/1519-6984.234428
https://doi.org/10.1007/bf01731581
https://doi.org/10.2478/v10104-009-0047-3
https://doi.org/10.2478/v10104-009-0047-3


• Lafont M, Tixier G, Marsalek J, Jézéquel C, Breil P, Schmitt L (2012) From research to

operational biomonitoring of freshwaters: a suggested conceptual framework and

practical solutions. Ecohydrology and Hydrobiology 12 (1): 9‑20. https://doi.org/10.2478/

v10104-012-0004-4

• Lin XL, Mo LD, Bu WJ, Wang XH (2020) The first comprehensive DNA barcode

reference library of Chinese Tanytarsus (Diptera: Chironomidae) for environmental DNA

metabarcoding. Diversity and Distributions 00: 1‑10. https://doi.org/10.1111/ddi.13209

• Liu YK, Erséus C (2017) New specific primers for amplification of the internal

transcribed spacer region in Clitellata (Annelida). Ecology and Evolution 7 (23):

10421‑10439. https://doi.org/10.1002/ece3.3212

• Marotta R, Crottini A, Prada V, Ferraguti M (2009) A morphological reappraisal of 

Tubifex blanchardi Vejdovský, 1891 (Clitellata: Tubificidae). Acta Zoologica 90 (2):

179‑188. https://doi.org/10.1111/j.1463-6395.2008.00368.x

• Martin P, Martinez-Ansemil E, Pinder A, Timm T, Wetzel M (2007) Global diversity of

oligochaetous clitellates (“Oligochaeta”; Clitellata) in freshwater. Hydrobiologia 595 (1):

117‑127. https://doi.org/10.1007/s10750-007-9009-1

• Martinsson S, Achurra A, Svensson M, Erséus C (2013) Integrative taxonomy of the

freshwater worm Rhyacodrilus falciformis s.l. (Clitellata: Naididae), with the description

of a new species. Zoologica Scripta 42: 612‑622. https://doi.org/10.1111/zsc.12032

• Martinsson S, Rhodén C, Erséus C (2015) Barcoding gap, but no support for cryptic

speciation in the earthworm Aporrectodea longa (Clitellata: Lumbricidae). Mitochondrial

DNA Part A 28 (2): 147‑155. https://doi.org/10.3109/19401736.2015.1115487

• Peng Y, Wang HZ, Cui YD (2014) Two species of Naididae (Annelida, Clitellata) from

southern Tibet, China. ZooKeys 444: 59‑68. https://doi.org/10.3897/zookeys.444.8285

• Peng Y, Wang HZ, Cui YD (2017) Four species of Tubifex Lamarck (Annelida:

Oligochaeta: Naididae) from Tibet, China. Zootaxa 4320 (2): 366‑378. https://doi.org/

10.11646/zootaxa.4320.2.10

• Puillandre N, Lambert A, Brouillet S, Achaz G (2011) ABGD, Automatic Barcode Gap

Discovery for primary species delimitation. Molecular Ecology 21 (8): 1864‑1877. 

https://doi.org/10.1111/j.1365-294x.2011.05239.x

• Ratnasingham S, Hebert PN (2013) A DNA-based registry for all animal species: The

Barcode Index Number (BIN) system. PLOS One 8 (7). https://doi.org/10.1371/

journal.pone.0066213

• Remigio E (2003) Testing the utility of partial COI sequences for phylogenetic estimates

of gastropod relationships. Molecular Phylogenetics and Evolution 29 (3): 641‑647. 

https://doi.org/10.1016/s1055-7903(03)00140-4

• Rewicz T, Móra A, Tończyk G, Szymczak A, Grabowski M, Calleja E, Pernecker B,

Csabai Z (2021) First records raise questions: DNA barcoding of Odonata in the middle

of the Mediterranean. Genome 64 (3): 196‑206. https://doi.org/10.1139/gen-2019-0226

• Ronquist F, Teslenko M, Mark P, Ayres DL, Darling A, Höhna S, Larget B, Liu L, Suchard

MA, Huelsenbeck JP (2012) MrBayes 3.2: efficient Bayesian phylogenetic inference

and model choice across a large model space. Systematic Biology 61: 539‑542. https://

doi.org/10.1093/sysbio/sys029

• Saitou N, Nei M (1987) The neighbor-joining method: A new method for reconstructing

phylogenetic trees. Molecular Biology and Evolution 4: 406‑425. https://doi.org/10.1093/

oxfordjournals.molbev.a040454

11

https://doi.org/10.2478/v10104-012-0004-4
https://doi.org/10.2478/v10104-012-0004-4
https://doi.org/10.1111/ddi.13209
https://doi.org/10.1002/ece3.3212
https://doi.org/10.1111/j.1463-6395.2008.00368.x
https://doi.org/10.1007/s10750-007-9009-1
https://doi.org/10.1111/zsc.12032
https://doi.org/10.3109/19401736.2015.1115487
https://doi.org/10.3897/zookeys.444.8285
https://doi.org/10.11646/zootaxa.4320.2.10
https://doi.org/10.11646/zootaxa.4320.2.10
https://doi.org/10.1111/j.1365-294x.2011.05239.x
https://doi.org/10.1371/journal.pone.0066213
https://doi.org/10.1371/journal.pone.0066213
https://doi.org/10.1016/s1055-7903(03)00140-4
https://doi.org/10.1139/gen-2019-0226
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1093/oxfordjournals.molbev.a040454


• Sturmbauer C, Opadiya GB, Niederstatter H, Riedmann A, Dallinger R (1999)

Mitochondrial DNA reveals cryptic oligochaete species differing in cadmium resistance.

Molecular Biology and Evolution 16 (7): 967‑974. https://doi.org/10.1093/

oxfordjournals.molbev.a026186

• Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S (2011) MEGA5:

Molecular evolutionary genetics analysis using Maximum Likelihood, Evolutionary

Distance, and Maximum Parsimony methods. Molecular Biology and Evolution 28:

2731‑2739. https://doi.org/10.1093/molbev/msr121

• Timm T (2017) Aquatic microdrile Oligochaeta (Annelida, Clitellata): New nominal taxa

and combinations since 1984. Zootaxa 4282 (3): 401‑452. https://doi.org/10.11646/

zootaxa.4282.3.1

• Vivien R, Wyler S, Lafont M, Pawlowski J (2015) Molecular barcoding of aquatic

oligochaetes: implications for biomonitoring. PLOS One 10 (4). https://doi.org/10.1371/

journal.pone.0125485

• Vivien R, Holzmann M, Werner I, Pawlowski J, Lafont M, Ferrari BD (2017) Cytochrome

c oxidase barcodes for aquatic oligochaete identification: development of a Swiss

reference database. PeerJ 5 https://doi.org/10.7717/peerj.4122

• Vivien R, Apothéloz-perret-Gentil L, Pawlowski J, Werner I, Ferrari B (2019) Testing

different (e)DNA metabarcoding approaches to assess aquatic oligochaete diversity and

the biological quality of sediments. Ecological Indicators 106: 105453. https://doi.org/

10.1016/j.ecolind.2019.105453

• Vivien R, Martinez MC, Lafont M, Ferrari BJ (2020a) Effect thresholds of metals in

stream sediments based on in situ oligochaete communities. Environments 7 (4): 31. 

https://doi.org/10.3390/environments7040031

• Vivien R, Apothéloz-perret-Gentil L, Pawlowski J, Werner I, Ferrari B (2020b) High-

throughput DNA barcoding of oligochaetes for abundance-based indices to assess the

biological quality of sediments in streams and lakes. Scientific Reports 10 (1). https://

doi.org/10.1038/s41598-020-58703-2

• Wang HZ, Cui YD (2008) On the studies of microdrile Oligochaeta and Aeolosomatidae

(Annelida) in China: brief history and species checklist. Acta Hydrobiologica Sinica 31.

• Xiao JH, Xiao H, Huang DW (2004) DNA barcoding: new approach of biological

taxonomy. Acta Zoologica Sinica 50 (5): 852‑855. [In Chinese].

• Yasuda K, Okino T (1988) Method for distinguishing Limnodrilus hoffmeisteri

andLimnodrilus claparedeianus (Oligochaeta, Tubificidae) and its applicability in Lake

Suwa. Hydrobiologia 169 (3): 307‑311. https://doi.org/10.1007/bf00007553

• Zhang D, Gao F, Jakovlić I, Zou H, Zhang J, Li W, Wang G (2019) PhyloSuite: An

integrated and scalable desktop platform for streamlined molecular sequence data

management and evolutionary phylogenetics studies. Molecular Ecology Resources 20

(1): 348‑355. https://doi.org/10.1111/1755-0998.13096

• Zhou H, Fend S, Gustafson D, De Wit P, Erséus C (2010) Molecular phylogeny of

Nearctic species of Rhynchelmis (Annelida). Zoologica Scripta 39 (4): 378‑393. https://

doi.org/10.1111/j.1463-6409.2010.00429.x

• Zhou X, Kjer K, Morse J (2007) Associating larvae and adults of Chinese

Hydropsychidae caddisflies (Insecta:Trichoptera) using DNA sequences. Journal of the

North American Benthological Society 26 (4): 719‑742. https://doi.org/10.1899/06-089.1

12

https://doi.org/10.1093/oxfordjournals.molbev.a026186
https://doi.org/10.1093/oxfordjournals.molbev.a026186
https://doi.org/10.1093/molbev/msr121
https://doi.org/10.11646/zootaxa.4282.3.1
https://doi.org/10.11646/zootaxa.4282.3.1
https://doi.org/10.1371/journal.pone.0125485
https://doi.org/10.1371/journal.pone.0125485
https://doi.org/10.7717/peerj.4122
https://doi.org/10.1016/j.ecolind.2019.105453
https://doi.org/10.1016/j.ecolind.2019.105453
https://doi.org/10.3390/environments7040031
https://doi.org/10.1038/s41598-020-58703-2
https://doi.org/10.1038/s41598-020-58703-2
https://doi.org/10.1007/bf00007553
https://doi.org/10.1111/1755-0998.13096
https://doi.org/10.1111/j.1463-6409.2010.00429.x
https://doi.org/10.1111/j.1463-6409.2010.00429.x
https://doi.org/10.1899/06-089.1


Figure 1.  

Phylogenetic  tree  of the  COI  gene,  based  on  Neighbour-Joining  analysis  of  Naididae.

Bootstrap support > 60 are indicated.
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Figure 2.  

Bayesian analysis of Naididae, based on the COI gene (Automatic partition results of ABGD).

BI posterior probabilities > 0.60 are indicated and the circles represent 1.00.
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Figure 3.  

Phylogenetic tree of Naididae, based on the ITS2 region. BI posterior probabilities > 0.60 are

indicated and the circles represent 1.00.
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Supplementary materials

Suppl. material 1: Collection information of specimens of Naididae.

Authors:  Tingting Zhou, Wei Jiang, Hongzhu Wang and Yongde Cu

Data type:  Collection information

Brief description:   
Collection information of specimens of Naididae. The sequences from China are shown in bold.

Missing data are marked with “-”. The remaining sequences are downloaded from Genbank.

Download file (47.76 kb) 

Suppl. material 2: Uncorrected pairwise genetic distance of COI gene for species

of the family Naididae.

Authors:  Tingting Zhou, Wei Jiang, Hongzhu Wang and Yongde Cui

Data type:  Uncorrected pairwise genetic distance

Brief description:  Uncorrected pairwise genetic distance of COI gene for species of the family

Naididae. Intra-specific distances are given as maximum distance, and intra-specific as minimum

distance. Missing data are marked with “-”.

Download file (21.91 kb) 
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