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A B S T R A C T   

DNA-based taxon identification is improving the assessment and management of biodiversity in rivers. However, 
the lack of comprehensive DNA barcode reference libraries and globally highly unequal coverage are still hin
dering the application prospects of this method worldwide. Here, we analyzed the COI barcode gap in two 
reference libraries, Barcode of Life Data Systems (BOLD) and NCBI GenBank, with a focus on three aquatic 
animal groups (freshwater fish, aquatic insects and molluscs) in Chinese rivers. Our data show gaps in barcode 
coverage (e.g., organisms without barcodes) of ca. 40–70% of taxa in these groups in the BOLD or NCBI GenBank 
database, respectively. These gaps can rise even further if the barcode thresholds are set to contain at least five 
reference sequences per taxon. Furthermore, most barcodes are from non-local samples, and only 14.4% (BOLD) 
and 28.8% (NCBI GenBank) of reference sequences were from organisms sampled in China, respectively. The 
pairwise genetic distance of local barcodes is 3 to 5 times lower than non-local barcodes, indicating that the latter 
may not be a good substitute. When looking at individual catchments, ca. 60% of the potentially occurring 
aquatic species have one or more barcodes, yet the barcode coverage varies slightly across ten major river 
catchments, ranging from 54.3% (Liao River basin) to 68.2% (Huai River basin). The taxa Salmoniformes and 
Perciformes in freshwater fish, Odonata and Diptera in aquatic insects, and Bivalvia in molluscs have the best 
barcode coverage in most catchments (mean coverage >70%). This study gives the first overview and current 
status of barcode reference libraries of three major aquatic animal groups in Chinese rivers. Our results will help 
to better interpret current metabarcoding studies from China, and also provide a basis to develop a strategy of 
filling the gaps in the reference libraries of aquatic species in China.   

1. Introduction 

A high biodiversity is the foundation of ecosystem services and 
functions in rivers and other ecosystems (Jetz et al., 2019; Lynch et al., 
2020). Unfortunately, rivers are globally seriously affected by humans, 
which directly threatens water security and species survival (Su et al., 
2021; Vorosmarty et al., 2010). Monitoring aquatic biodiversity and its 
change are relevant to document and mitigate biodiversity loss. DNA- 
based taxon identification (e.g., DNA barcoding or metabarcoding) 
provides an unprecedented opportunity to explore life on our planet 
(Altermatt et al., 2020; Baird and Hajibabaei, 2012; Cristescu and 

Hebert, 2018; Deiner et al., 2017). This method not only increases the 
number of taxa that can be studied in a unifying protocol, but also allows 
them to be studied in immature or larval stages (Hering et al., 2018; 
Sagova-Mareckova et al., 2021). In particular, the non-invasive bio
monitoring attributes of environmental DNA (eDNA) metabarcoding 
provide a promising way to assess biodiversity without harming or
ganisms (Deiner et al., 2017; Pawlowski et al., 2020), and the collection, 
processing and metabarcoding of bulk samples allow higher throughput 
of samples. Recent advances in High-Throughput Sequencing (HTS) 
technology are accelerating access and the ability for rapid, high- 
frequency and big data biomonitoring (Beng and Corlett, 2020; Deiner 
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et al., 2020). The availability and accuracy of DNA-based taxon identi
fication largely depend on the coverage of taxa in the DNA barcode 
reference libraries and the quality of available barcode records (Leite 
et al., 2020; Weigand et al., 2019). However, due to the lack of 
comprehensive DNA barcode reference libraries, sequences cannot be 
annotated, limiting their use in biomonitoring and seriously affecting 
the accurate understanding of species occurrence. 

Mitochondrial cytochrome c oxidase subunit 1 (COI) has been widely 
used for the barcoding of animal species, and is thus also used in 
monitoring and biodiversity assessment (Andujar et al., 2018; Leray 
et al., 2019; Porter and Hajibabaei, 2018). Importantly, also other bar
code regions (e.g., 12S or 16S genes) have been postulated, and may be 
for some taxa even better, to be used for metabarcoding. However, due 
to its early use as a barcode region, COI is best-covered in the databases, 
and thus suitable for an analysis of “best” coverage. Currently, more 
than 8.3 million and 3.7 million COI reference sequences have been 
recorded in either the BOLD or NCBI GenBank databases, respectively 
(up to March 2021) (Benson et al., 2013; Ratnasingham and Hebert, 
2007). Arthropoda (Diptera, Insecta) contain most records, followed by 
Actinopterygii. Although the number of COI records in both the BOLD 
and NCBI GenBank databases has increased significantly since 2003, a 
highly disproportionate global distribution of these records has seriously 
hindered the prospect of DNA-based taxon identification worldwide 
(Porter and Hajibabaei, 2018). Canada, Costa Rica and the United States 
alone account for more than 60% of the COI records of Insecta in the 
BOLD database, while another 175 countries and regions have less than 
1% contributions each, of which 135 countries and regions together 
even account for only about 1.5% of the total. A recent pan European 
continental study suggests that the gap in DNA barcode reference li
braries of monitored aquatic species is significantly different between 
taxonomic groups and different countries of the European Union (EU), 
and ca. 60% of taxa have fewer than 5 records/species in the reference 
libraries (Weigand et al., 2019). It has been noted that this gap must be 
even more extensive and problematic especially in developing countries 
and regions worldwide, where we still lack a clear and detailed picture 
of the coverage of the record, and China may be one of those. 

China covers an area of 9.6 million km2. It has a high biodiversity as 
well as a high variability of biodiversity across the country, containing 
many major ecosystem regions (Liu et al., 2003; Lu et al., 2020; Mi et al., 
2021). It is estimated that China contains ca.1400–1600 species of 
freshwater fish, accounting for more than 10% of all globally known 
freshwater fish (He et al., 2020; Zhang et al., 2020), of which >60% 
species are endemic, such as the enigmatic Chinese sturgeon (Acipenser 
sinensis). In addition, more than 2000 species of aquatic insects of the 
orders Ephemeroptera, Plecoptera and Trichoptera and 1000 species of 
molluscs (i.e., Bivalvia and Gastropoda) are listed in the Catalogue of 
Life China 2020 Annual Checklist (http://www.sp2000.org.cn/) and the 
Global Biodiversity Information Facility (GBIF) database (https://www. 
gbif.org/occurrence/search). China not only has a rich biodiversity, but 
also has exceptional threats to biodiversity due to damming, water 
pollution and environmental change (Huang et al., 2021; Lu et al., 2020; 
Mi et al., 2021). Timely and accurate data on the occurrence of these 
species are thus needed for species protection and conservation. How
ever, the lack of DNA barcode reference libraries undoubtedly restricts 
the application of DNA-based taxon identification in China. While the 
use of COI is broadly agreed on for invertebrates, we note that for fish 
other barcode regions (especially 12S genes) may be more appropriate, 
yet for a comparison of barcode coverage we can still rely on COI, as a 
case example of “best-scenario”. Currently, there may be two strategies 
considered to fill the shortcomings and gaps of these databases (McGee 
et al., 2019; Paz and Rinkevich, 2021; Weigand et al., 2019). One is to 
retrieve and collate the species’ sequences from the current reference 
libraries (short-term benefits, with the caveat that records of species or 
taxa may come from other countries); the other is to establish and 
improve the barcode database with local, indigenous barcodes (long- 
term benefits). The prerequisite of these two strategies is to have a 

comprehensive gap-analysis of the sequence records of different aquatic 
taxonomic groups in Chinese rivers, which hitherto has not been 
available. 

Here, we conducted the first gap analysis of all COI records in two 
reference libraries, Barcode of Life Data Systems (BOLD) and NCBI 
GenBank, with a focus on three aquatic animal groups (freshwater fish, 
aquatic insects and molluscs) in Chinese rivers. We also provided 
comprehensive and annotated reference libraries for these three groups. 
The purpose of this study is: 1) to analyze the current status of COI re
cords of freshwater fish, aquatic insects and molluscs in Chinese rivers; 
2) to compare the barcode coverage of different aquatic animal groups 
in two databases (BOLD and NCBI GenBank) and data sources (con
trasting local and indigenous with non-local and non-indigenous barc
odes); and 3) to reveal the record differences of barcodes in ten major 
river catchments of China. 

2. Material and methods 

2.1. Species checklists 

Comprehensive species-occurrence records on freshwater fish 
(Actinopterygii), aquatic insects (with a focus on Ephemeroptera, Ple
coptera, Trichoptera, Odonata and parts of Diptera, Coleoptera, Hemi
ptera and Megaloptera that are commonly used in aquatic 
biomonitoring) and molluscs (Bivalvia and Gastropoda) in China were 
downloaded from GBIF, published papers and available local faunistic 
compilations (e.g., on the freshwater fishes of China) (Chen, 1998; He 
et al., 2020; Kang et al., 2014; Xie, 2007; Zhang et al., 2016). Initially, a 
total of 47,236 Actinopterygii, 190,985 Insecta and 48,063 Mollusca 
records were retrieved. Then, scientific names of species were stan
dardized by comparing them with Fishbase, MolluscaBase (https://fish 
base.cn/search.php, http://www.molluscabase.org), Catalogue of Life 
China 2020 Annual Checklist, and Wikipedia (e.g., removing synonyms 
and checking the validity of names). The species records not in the 
natural range of the Chinese mainland were removed from the retrieved 
database. Finally, 16,418 freshwater fish (1,201 species), 16,288 aquatic 
insects (2,256 species) and 3,709 mollusc records (505 species) were 
kept for further analysis (Table S1). 

We focused on ten major river catchments of China covering ca. 9.6 
million km2 territory (Fig. S1), for which we delimited the species 
checklists to a geographical selection by compiling only the species with 
China occurrences that include the following regions: Yangtze River 
basin (YanZ), Yellow River basin (YelR), Songhua River basin (SonH), 
Liao River basin (LiaR), Pearl River basin (PerR), Huai River basin 
(HuaR), Hai River basin (HaiR), Southeast River basin (SouE), South
west River basin (SouW) and Continental River basin (ConR). The dis
tribution map of the ten major river catchments was derived from the 
Resource and Environment Science and Data Center of the Chinese 
Academy of Sciences (RESDC, http://www.resdc.cn/). We only kept 
records with coordinate data (latitude and longitude) or county names, 
and records with country names were georeferenced using the Baidu 
Picking Coordinate System (http://api.map.baidu.com/lbsapi/get 
point/) (Fig. S2). Binary datasets (presence/absence) indicate the pres
ence of a species in a catchment as ‘1’ and the absence as ‘0’, 1,167 
freshwater fish, 772 aquatic insects and 294 molluscs were finally used 
to compare the data gaps in different catchments (Tables S2-4). 

2.2. Reference libraries 

All the available COI sequences matching the species’ names in the 
checklist of the freshwater fish, aquatic insects and molluscs were mined 
separately in both the BOLD and NCBI GenBank databases in March 
2021. Only COI records longer than 500 base pairs and with a clear 
taxonomic assignment (e.g., matching a species name) were retained. 
We kept the georeferenced data and uploaded the organization of the 
records for comparison of subsequent data sources (from Chinese 
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institutions or other countries). To this dataset, we have also added new 
COI sequences from indigenous species, including records from our 
recent publication (Li et al., 2020). Finally, we collected a total of 
20,578 and 17,365 COI sequences from 1,201 freshwater fish, 36,950 
and 22,712 sequences from 2,256 aquatic insects, 11,807 and 9,407 
sequences from 505 molluscs species in either the BOLD or NCBI Gen
Bank databases, respectively (Table 1). 

2.3. Gap analysis of databases 

To conduct a detailed gap analysis of the barcoded species in Chinese 
rivers, we compared the species checklists with all the published COI 
records in both the BOLD and NCBI GenBank databases. Referring to the 
threshold of the minimum number of DNA barcodes (i.e., 1 and 5) set by 
published study (Weigand et al., 2019), the coverages of barcoded 
species in each checklist from each database were calculated, respec
tively. To analyze the data gaps in the reference libraries, we considered 
the species records from China, including geographical samples and 
uploaded from Chinese institutions (“Indigenous Barcodes”), and 
compared the differences between species from geographical records 
outside China (“Non-indigenous Barcodes”). To further verify the dif
ferences of the barcode sequences in Indigenous Barcodes and Non- 
indigenous Barcodes, we chose species with more than 5 sequences to 
calculate pairwise genetic distances for the same species but different 
sources in each group, separately. Sequences were aligned using the 
ClustalW algorithm with default parameters in MEGA 10.2 software, and 
then the pairwise genetic distances were calculated using Kimura’s 
2–parameter model with 1000 bootstrap replicates (Kumar et al., 2018). 
The frequency density of these distances for each group was plotted to 
visualize the barcode gaps between indigenous and non-indigenous 
barcodes. To reveal the record differences of barcodes in Chinses 
rivers, catchment-based summaries were generated to provide a clear 
picture of the coverage of barcoded species for each taxonomic group in 
both the BOLD and NCBI GenBank databases. 

3. Results 

3.1. Gap-analysis of the reference barcodes 

Our data revealed a barcode coverage of only ca. 30–60% of all 
species in the three considered aquatic animal groups in either the BOLD 
or NCBI GenBank databases (Fig. 1, Table 1). Specifically, freshwater 
fish had the highest coverage, with 60.5% (BOLD) and 57.2% (NCBI 
GenBank) of the species having one or more barcodes available, 
respectively. However, the coverage drops to less than 40% if the bar
code threshold is set to include minimally five reference sequences 
(36.9% for BOLD; 34.4% for NCBI GenBank). Molluscs come second, 
with a coverage of 56.4% and 51.1%, respectively, for one or more 
barcodes, and 31.7% and 28.7% of species, respectively, having at least 
five barcodes in the BOLD or NCBI GenBank databases. The lowest 
barcode coverage was found in aquatic insects, namely 30.2% (BOLD) 
and 26.8% (NCBI GenBank) for at least one barcode available, 15.7% 
(BOLD) and 12.1% (NCBI GenBank) for five or more barcodes, 
respectively. 

A total of 1201 freshwater fish were compiled, including Cypri
niformes (68.2% of the species checklists), Siluriformes (12.0%) and 
Perciformes (10.3%) (Table S1). Clear differences in the coverage of 
DNA barcodes among taxonomic groups were observed (Fig. 1, Table 1). 
For example, considering all species with at least one barcode, the five 
orders Acipenseriformes, Tetraodontiformes, Salmoniformes, Beloni
formes and Clupeiformes are best covered, with a mean of 80% of bar
coded species in both reference libraries, followed by Perciformes 
(77.0%), Osmeriformes (63.9%) and Siluriformes (60.1%), Cypri
niformes had the lowest coverage, 52.9% for the 819 listed species. If the 
stricter criterion of more than five barcodes per species is considered, 
only in Acipenseriformes >80% of species are still represented by at 
least five barcodes, the coverage of the two largest orders, Cypriniformes 
and Siluriformes, falls below 30%. 

Aquatic insect checklists on the taxonomic groups assessed here 
contain 2,256 species that were partitioned into eight prominent groups 

Table 1 
Overall barcode coverage for three aquatic animal groups at the order (freshwater fish and aquatic insects) or class (molluscs) level in either BOLD or NCBI GenBank 
databases, respectively. Taxonomic groups with less than eight known species from China are not listed. Total number of records (Total Records) as well as the 
proportion of these records from China (“From China %”) are given. “≥1 barcode %” refers to the percentage of records with minimally one record; “≥5 barcode %” 
refers to the percentage of records with minimally five records.  

Taxonomic groups NO. 
Species 

BOLD NCBI GenBank 

Total 
Records 

From China 
% 

≥ 1 barcode % ≥ 5 barcodes % Total 
Records 

From China 
% 

≥ 1 barcode % ≥ 5 barcodes % 

Freshwater Fish 1201 20,578  9.7  60.5  36.9 17,365  32.73  57.2  34.4 
Acipenseriformes 8 294  31.6  100.0  87.5 290  49.66  100.0  75.0 
Beloniformes 13 340  3.5  76.9  61.5 325  54.46  84.6  61.5 
Clupeiformes 10 345  13.6  70.0  60.0 291  58.08  90.0  60.0 
Cypriniformes 819 9372  13.8  54.5  29.9 8323  40.61  51.3  27.1 
Osmeriformes 18 282  14.9  61.1  44.4 211  25.59  66.7  38.9 
Perciformes 124 4962  3.6  80.7  66.9 3713  17.88  73.4  64.5 
Salmoniformes 19 1304  4.1  89.5  79.0 942  6.05  79.0  68.4 
Siluriformes 144 1676  11.0  59.7  28.5 1659  39.54  60.4  30.6 
Tetraodontiformes 11 168  35.7  90.9  54.6 127  36.22  100.0  54.6  

Aquatic Insects 2256 36,950  7.9  30.2  15.7 22,712  12.35  26.8  12.1 
Coleoptera 35 268  0.4  17.1  8.6 186  0.54  17.1  5.7 
Hemiptera 11 4  0.0  9.1  0.0 0  0.00  0.0  0.0 
Megaloptera 12 132  1.5  83.3  33.3 120  95.83  75.0  25.0 
Diptera 1206 31,019  6.5  27.3  17.0 18,198  13.51  23.6  12.9 
Ephemeroptera 61 857  31.6  37.7  32.8 551  2.00  21.3  14.8 
Odonata 453 2813  2.0  37.0  14.5 2038  7.21  35.5  11.8 
Plecoptera 181 262  19.5  10.5  4.4 125  0.00  4.4  2.8 
Trichoptera 297 1595  32.4  42.4  16.5 1494  4.89  41.4  15.5  

Molluscs 505 11,807  25.1  56.4  31.7 9407  43.26  51.1  28.7 
Bivalvia 193 4370  18.2  54.4  36.3 3290  57.87  44.6  30.1 
Gastropoda 312 7437  29.1  57.7  28.9 6117  35.39  55.1  27.9  
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(Table S1). Our data found considerable gaps (up to 80%) in barcode 
coverage among these groups (Fig. 1, Table 1). Specifically, Megaloptera 
displayed the highest proportion of species with at least one barcode 
(83.3% for BOLD; 75.0% for NCBI GenBank). The largest order (1206 

species, Diptera) had just 27.3% (BOLD) and 23.6% (NCBI GenBank) 
coverage of one or more barcodes. Odonata had at least one barcode for 
37.0% (BOLD) and 35.5% (NCBI GenBank) of the 453 species, respec
tively. The coverages of the remaining taxa were between 9 and 42% 

Fig. 1. Cumulative barcode coverage for three aquatic animal 
groups occurring in Chinese rivers at the order (freshwater fish 
and aquatic insects) or class (molluscs) level in either the BOLD 
(A) or NCBI GenBank databases (B), respectively. Barcode 
coverage was assessed at the level of at least one or five 
reference sequences per taxon, respectively. Taxonomic groups 
with less than eight known species from China are not listed. 
Numbers above bars indicate the total number of species re
ported in checklists.   
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(BOLD) and 0–41% (NCBI GenBank), including Ephemeroptera, Ple
coptera and Trichoptera (EPT insects). The lowest proportion of species 
with barcodes was Hemiptera, with 0% in BOLD and 9.1% in NCBI 
GenBank. A similar pattern also appeared in the five barcode thresholds, 
but the barcode coverage of each taxonomic group decreased by ca. 
60%. 

Taxonomic checklists of molluscs included 505 species (Table S1), a 
gap analysis showed moderate levels of barcode coverage (≥1 barcode) 
in Bivalvia (193 species, 54.5% for BOLD and 44.6% for NCBI GenBank) 
and Gastropoda (312 species, 57.7% for BOLD and 55.1% for NCBI 
GenBank) (Fig. 1, Table 1). Similarly, the barcode coverage of species 

declined by ca. 30% (Bivalvia) and 50% (Gastropoda) in either the BOLD 
or NCBI GenBank databases when a minimum coverage of five barcodes 
was used. 

3.2. Comparation of barcodes in different data sources 

The overall proportion of barcoded species for the three aquatic 
animal groups deposited was slightly higher in BOLD (mean 54.9%) 
than in NCBI GenBank (mean 52.7%). For the different taxonomic 
groups, this was for freshwater fish 60.5% in BOLD and 57.2% in NCBI 
GenBank, for aquatic insects 30.2% vs. 26.8%, and for molluscs 56.4% 

Fig. 2. Comparisons of common and unique barcodes for three aquatic animal groups occurring in Chinese rivers in both the BOLD and NCBI GenBank databases (≥1 
barcode, A-C), and pairwise differences in the genetic distances in indigenous barcodes and non-indigenous barcodes for each group calculated using Kimura’s 2- 
parameter model (D-E). Vertical dashed lines represent the average value of pairwise genetic distances. 
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vs. 51.1%, respectively (see also Table 1). Among the barcoded species 
in these three groups, irrespective of 1 or 5 barcodes, more than 70% of 
the reference sequences were shared in both databases (Fig. 2A-C, 
Fig. S3). Our data revealed that only 14.4% and 28.8% of the barcoded 

species in both the BOLD and NCBI GenBank databases were derived 
from organisms sampled in China, respectively. Among them, molluscs 
had the highest proportion of sequences belonging to the indigenous 
barcodes (mean 24.2% for BOLD; 45.5% for NCBI GenBank), followed 

Fig. 3. Spatial variation in species number and barcode coverage of fresh
water fish across ten major river catchments in China. Number of species per 
catchment (A), and barcode coverage per catchment for different thresholds 
(≥1 barcode %, percentage of minimum one record; ≥5 barcode %, per
centage of minimum five records) in the BOLD database (B and C). The 
shaded plots reflect the overall coverage of freshwater fish, and the bar plots 
represent the coverage at the order level. Taxonomic groups with fewer than 
eight known species from China are not shown.   
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by freshwater fish (mean 14.2% vs. 36.1%) and aquatic insects (mean 
11.3% vs. 15.2%). 

Analysis of pairwise genetic distances for the same species suggested 
that indigenous barcodes had lower pairwise genetic distances than non- 

indigenous barcodes (3–5 times) as a whole (Fig. 2D-E). Specifically, the 
genetic distances of the barcode sequences for aquatic insects were the 
highest, the indigenous barcodes (mean 2.0%) were fivefold lower than 
non-indigenous barcodes (mean 10.4%); molluscs were the second- 

Fig. 4. Spatial variation in species number and barcode coverage of aquatic 
insects across ten major river catchments in China. Number of species per 
catchment (A), and barcode coverage per catchment for different thresholds 
(≥1 barcode %, percentage of minimum one record; ≥5 barcode %, per
centage of minimum five records) in the BOLD database (B and C). The 
shaded plots reflect the overall coverage of aquatic insects, and the bar plots 
represent the coverage at the order level. Taxonomic groups with fewer than 
eight known species from China are not shown.   
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highest ca. 4 times (1.3% vs. 5.2%), and the lowest was freshwater fish 
ca. 3 times (1.4% vs. 4.8%). 

3.3. Record differences of barcodes in Chinese rivers 

Results revealed that ca. 60% of aquatic species looked at per 
catchment in China were covered with at least one barcode in both 
BOLD and NCBI GenBank. In terms of these three groups as a whole, the 
barcode coverage had a slight variation across different catchments, 
ranging from 54.3% (LiaR) to 68.2% (HuaR). The taxa Salmoniformes 
and Perciformes in freshwater fish, Odonata and Diptera in aquatic in
sects, and Bivalvia in molluscs were best barcoded in most catchments 
(mean >70%), and except for Coleoptera and Plecoptera in aquatic in
sects (<10%), the coverage of most groups in three aquatic animals per 
catchment was more than 50% (Figs. 3–5, Fig. S4-6, Table S5). 

The recorded species of freshwater fish across ten major river 
catchments varied greatly, ranging from 142 (SonH) to 667 (PerR), and 
Cypriniformes, Siluriformes and Perciformes were the most abundant 
and representative orders (Fig. 3A, Table S2). We found that the barcode 
coverages in both BOLD and NCBI GenBank were relatively evenly 
distributed, LiaR had the lowest proportion of species with COI barcodes 
(54.7% ≥1 barcode, 29.6% ≥5 barcodes for BOLD; and 47.2% ≥1 bar
code, 28.3% ≥5 barcodes for NCBI GenBank), HaiR reached the 
maximum coverage of a mean 64.4% (≥1 barcode) and 42.9% (≥5 
barcodes) (Fig. 3B-C, Fig. S4). In addition, nearly 60% of freshwater fish 
per catchment were barcoded (61.9% ≥1 barcode for BOLD; 57.8% ≥1 
barcode for NCBI GenBank), ranging from orders with 62.1% (Cypri
niformes) and 63.0% (Siluriformes) barcoded species to highly covered 
orders (Perciformes, 73.2% and Salmoniformes, 82.5%) in both refer
ence libraries. The overall coverage dropped by nearly 30% when the 
threshold was set to 5 barcodes (Table S5). 

Assessed taxa of aquatic insects per catchment ranged from 29 
(ConR) to 372 (YanZ), including mainly Diptera, Odonata and Tri
choptera (Fig. 4A, Table S1). The barcode coverage in both BOLD and 
NCBI GenBank was relatively unevenly distributed, ranging between 
62.1% (YanZ) and 86.5% (HuaR) (Fig. 4B-C, Fig. S5). We found that 
more than 70% of assessed aquatic insects per catchment were barcoded 
(≥1 barcode), ranging from orders with low coverage, such as Coleop
tera (0%) and Plecoptera (3.6%), to highly covered orders, such as 
Trichoptera (58.1%), Diptera (74.6%) or Odonata (82.1%). Similarly, 
the overall coverages dropped by nearly 40% when the threshold was set 
to 5 barcodes (Table S5). 

The spatial distribution of retrieved molluscs species varied strongly, 
with a minimum of 30 (ConR) to 118 (SouE) (Fig. 5A, Table S4). The 
barcode coverage of molluscs ranged from 36.5% (SouH) and 48.6% 
(LiaR) to a high coverage (SouE, 63.6%; YelR, 64.45%; YanZ, 66.7%) 
(Fig. 5B-C, Fig. S6). As in the other two groups, the barcode coverage 
dropped strongly (mean 30.8%) when a stricter criterion of ≥5 barcodes 
was applied. More specifically, the barcode coverage of Bivalvia (59.9% 
≥1 barcode, 45.3% ≥5 barcodes) was higher than that of Gastropoda 
(52.1% ≥1 barcode, 33.6% ≥5 barcodes). The highest coverage of 
Bivalvia was found in YelR (mean 84.4%) in either the BOLD or NCBI 
GenBank databases, followed by YanZ (73.6%) and ConR (72.7%), and 
SonH had the lowest coverage (37.5%). Furthermore, the highest 
coverage of Gastropoda occurred in HuaR (mean 64.8%), followed by 
SouE (64.6%) and PerR (60%), and the lowest coverage occurred 
(36.2%, Table S5). 

4. Discussion 

Our barcode gap analyses of the BOLD and NCBI GenBank databases 
showed that ca. 40–70% of freshwater fish, aquatic insects and molluscs 
species reported from China are still missing the barcode coverage of 
COI reference sequences (e.g., organisms without barcodes), directly 
limiting the use of DNA-based taxon identification for assessing and 
detecting aquatic biodiversity. While COI may not be the ideal barcode 

region for all of these taxa (and other regions, such as 12S becoming 
more popular for fish) (Zhang et al., 2020), it is still one of the most 
commonly used, and most commonly covered region. Thus, all results 
can be interpreted as a “best case” scenario with respect to coverage, and 
even lower coverage may be expected for other barcode regions. Over
all, the results are consistent with other studies that revealed large gaps 
in DNA barcodes for specific taxa (Leite et al., 2020; Paz and Rinkevich, 
2021; Trebitz et al., 2015; Weigand et al., 2019). For example, the 
aquatic insects considered in our analysis (2,256 species), one of the 
most species-rich taxa retrieved in this study, have a gap of 70% of the 
species not included in the reference libraries. A similar gap analysis of 
aquatic biota in Europe found that the gaps of COI barcodes for aquatic 
insects were lower, namely around 40%, yet still twice that of marine 
and freshwater fish (<20%) (Weigand et al., 2019). We still found that 
those highly enigmatic or species-poor taxonomic groups had relatively 
high coverage of up to 80%, just as Acipenseriformes and Tetraodonti
formes, dominated by rare and endangered species (e.g., Acipenser 
sinensis and Psephurus gladius), had the highest coverage (>80%), despite 
their small species number (<20 species, Table 1). Given the non- 
invasive and highly sensitive advantages of DNA-based taxon identifi
cation (e.g., eDNA metabarcoding or metabarcoding of bulk samples) to 
assess species abundance and distribution (Deiner et al., 2017; Deiner 
et al., 2020), DNA-based assessments will be crucial for the monitoring 
and protection of highly endangered or potentially even extinct species, 
such as Psephurus gladius (Zhang et al., 2020). 

The best-covered group is freshwater fish, with ca. 60% of all species 
having at least one DNA barcode in both the BOLD and NCBI GenBank 
databases. While many fish species can be reliably identified based on 
COI markers (Balasingham et al., 2018; Ivanova et al., 2007; Shen et al., 
2019), recent research suggests that 12S is a more appropriate marker 
than COI for fish monitoring due to better metabarcoding-primers spe
cific for fish (Collins et al., 2019; Zhang et al., 2020). However, it is still 
fair to perform a gap analysis for COI reference sequences for fish, as COI 
is still better covered in the databases (thus giving a “best possible 
scenario”) and for some species groups also better resolving species 
(Porter and Hajibabaei, 2018; Shen et al., 2019). Even for such relatively 
well-represented groups, the coverage drops by less than 40% if the 
barcode threshold is set to at least five reference sequences available per 
species (Table 1). This indicates that the three freshwater animal groups 
looked at (freshwater fish, aquatic insects and molluscs) are far from 
representatively covered in China. Especially Cyprinidae and Diptera, 
the largest and most widespread families of freshwater fishes and orders 
of aquatic insects in this study, had fairly low barcode coverage in both 
databases (mean 52.9% for 819 listed Cyprinidae species, mean 25.5% 
for 1206 listed Diptera species, respectively). These data give rise to 
another critical consideration, namely that the baseline species lists are 
likely also not complete (Bogan, 2008; Morse, 2017; Strong et al., 2008). 
Consequently, the observed gaps may be the tip of an iceberg: If the 
reference species lists against which the COI barcodes are mapped are 
incomplete, then the coverage of the true diversity is even lower. 
Resolving this will also require complementing the species inventories 
and checklists of species, requiring major taxonomic and fieldwork, and 
may uncover a large undiscovered diversity. Although our data are 
derived from the GBIF and Catalogue of Life China 2020 Annual 
Checklist, which is among the most complete databases at present, it is 
estimated that more than 80% of the species in most taxonomic groups 
(e.g., insects) on our planet are yet unknown (Eisenhauer et al., 2019; 
Scheffers et al., 2012). Additionally, for freshwater fish, where relatively 
good coverage can be assumed, the 1201 species reported from China 
may still contain dozens if not hundreds of species, as has been shown 
from other areas where radiations have only recently been uncovered 
(Chen, 1998; He et al., 2020; Kang et al., 2014; Xie, 2007; Zhang et al., 
2016). 

A remarkable finding for three aquatic groups recorded in China is 
that more indigenous barcodes are found in NCBI GenBank than BOLD, 
although the coverage of species is still very low (mean less than 30%). 
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Fig. 5. Spatial variation in species number and barcode coverage of mol
luscs across ten major river catchments in China. Number of species per 
catchment (A), and barcode coverage per catchment for different thresholds 
(≥1 barcode %, percentage of minimum one record; ≥5 barcode %, per
centage of minimum five records) in the BOLD database (B and C). The shade 
plots reflect the overall coverage of molluscs, and the bar plots represent the 
coverage at the class level. Taxonomic groups with fewer than eight known 
species from China are not shown.   
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We suggested that two factors can explain the results: on the one hand, 
scholars preferred to upload their sequences in the NCBI GenBank 
database in the pre-BOLD era (Chen et al., 2015; Shen et al., 2019; Zhang 
and Hanner, 2012), which can be regarded as an objective factor; On the 
other hand, a possible subjective bias was derived from the process of 
data collection, that is, compared with the barcode sources determined 
by longitude and latitude data in BOLD, NCBI GenBank mainly relies on 
the location of scholars and their institutions to determine the source of 
barcodes, which inevitably integrate the international cooperation 
samples participated by Chinese scholars into the indigenous barcodes 
(Song et al., 2018; Yang et al., 2016). As a direct consequence of only a 
few indigenous barcodes, we found that the pairwise genetic distance of 
non-indigenous barcodes is 3 to 5 times that of indigenous barcodes. 
This directly reduces the ability of DNA-based taxon identification to 
assess real biodiversity in ecosystems (Dinca et al., 2015; Jackson et al., 
2014; Sweeney et al., 2011). Moreover, spatial scale coverage of barc
odes (also called barcode maps) is not only important to explain the 
genetic diversity related to geographical distance (Bergsten et al., 2012; 
Manel et al., 2020; Millette et al., 2020), but can also at least provide 
scholars and managers with priority areas to fill the gaps in species 
barcodes. 

Our analysis further emphasizes the urgency of filling the gaps in the 
barcode libraries used for biodiversity assessments based on meta
barcoding. The taxonomic span of detection and accuracy of DNA-based 
taxon identification could be seriously limited by the incompleteness of 
reference sequence databases. Providing a greater number of reference 
sequences for diverse and distinct populations is undoubtedly a key step 
to enhance the credibility of DNA-based taxon identification (Hering 
et al., 2018; Meiklejohn et al., 2019; Pawlowski et al., 2018; Paz and 
Rinkevich, 2021; Weigand et al., 2019). This is also a critical point for 
the next biomonitoring of Chinese rivers, for which compilation and 
filing of the reference library are of high importance and where re
searchers and government administrators start to incorporate DNA- 
based methods into their daily biomonitoring routines for the future 
investigation of aquatic organisms (Qu et al., 2020; Shen et al., 2019). 
Similarly, DNA-based taxon identification will be applied to other river 
catchments in succession, because the new methods have been compiled 
into the 14th five-year plan for aquatic biodiversity monitoring and 
protection of China’s central and local governments. All of these activ
ities will profit and depend on an accurate understanding and inter
pretation of the DNA-based data, which themselves depend on an 
accurate and as complete as a possible assignment to taxonomic 
databases. 

5. Conclusions 

In this study we conducted a comprehensive gap analysis of COI 
barcodes for freshwater fish, aquatic insects and molluscs in Chinese 
rivers. We found gaps of 40–70% of species in these three groups not 
covered, meaning that China is far from having a representative and 
complete reference library for these taxonomic groups. Given that 
freshwater fish, aquatic insects and molluscs looked at are among the 
best researched and also most important taxa for biomonitoring, this is 
likely severely hindering effective implementation, but also shows that 
these gaps may be only the tip of an iceberg, with less-well studied 
groups likely having even larger gaps. Furthermore, nearly 90% of the 
COI sequences corresponding to aquatic species in China are from other 
countries. Although these barcodes can be substitutes for short-term 
strategies, there is an urgent need to supplement local reference li
braries with barcodes from the biogeographic region studied itself for 
adequate long-term use. Because the pairwise genetic distances of 
indigenous barcodes are 3–5 times lower than that of non-indigenous 
ones, a mismatch (over- or underestimation of diversity) is likely. In 
addition, given that at least 70% of species have less than 5 barcodes, 
increasing the number of reference sequences for less barcoded species is 
the key goal of future biomonitoring projects. With the continuous 

development of DNA barcode reference libraries, DNA-based taxon 
identification will enable us to better understand intraspecific and 
interspecific diversity, as well as unknown organisms in Chinese rivers. 
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