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A B S T R A C T   

Properly identified specimen databases that include DNA sequences are mandatory for studies on species 
identification by DNA barcodes, metabarcoding of biota, and environmental DNA (eDNA) analyses. In addition, 
high-resolution digital images of well-characterized specimens are useful for morphology-based taxonomy 
studies. We have isolated the genomic DNA of physical collections (specimens) of Japanese aquatic macro-
invertebrates that were stored at the authors’ laboratory and determined partial coding regions for 18S rRNA, 
histone H3, and mitochondrial cytochrome c oxidase subunit I (COI) genes. Through this work, digital data 
(photographs and DNA sequences) on aquatic macroinvertebrates inhabiting Japan, along with their collection 
data, have been made available on the J-amir website (http://www.b.s.osakafu-u.ac.jp/~mkato/J-amir_home. 
htm). As of March 2020, our collections included 75 taxa of Ephemeroptera (out of 152 species known to 
inhabit Japan), 30 taxa of Odonata (out of 211 species), 11 taxa of Plecoptera (out of 203 species), and 33 taxa of 
Trichoptera (out of 484 species), in addition to data of other orders. The website will be continuously updated 
with new data. Our collection offers a reference for species identification by DNA barcodes, quick image 
matching of aquatic macroinvertebrates, and evaluating the molecular phylogeny of aquatic insects.   

1. Introduction 

Aquatic macroinvertebrates, such as mayflies (Epemeroptera), 
dragonflies/damselflies (Odonata), stoneflies (Plecoptera), and caddis-
flies (Trichoptera), are often ubiquitous and abundant in rivers, streams, 
lakes, and ponds. They play significant roles in the freshwater ecosystem 
as primary or secondary consumers and as major food resources for 
higher consumers, such as fish and birds [1]. They are also important as 
indicator species in freshwater environments because of their high 
sensitivity to alterations in water quality and to natural and anthropo-
genic habitat disturbances [2]. 

The precise species identification of aquatic macroinvertebrates is 
often required for ecological surveys and environmental impact assess-
ments. Because of the small sizes and complex taxonomy of aquatic 
macroinvertebrates, even experienced taxonomists may encounter 

difficulties in species-level identification, especially when animals are at 
immature stages or are damaged during sampling. Therefore, most 
studies primarily focus on the well-characterized taxa, while other taxa 
are often neglected or treated only at higher taxonomic levels, such as 
genera or families [3]. 

Research in aquatic sciences and taxonomy has received great con-
tributions from DNA-based species identification [4–7] and photograph 
databases of physical specimens identified by expert taxonomists [8,9]. 
DNA-based techniques of species identification include DNA barcoding, 
metabarcoding studies, and environmental DNA (eDNA) analyses; these 
techniques require DNA sequencing and the accurate identification of 
the specimens in databases. In addition, digital images of 
well-characterized specimens are useful as references for taxonomy 
education. The creation of online databases that associate DNA infor-
mation with digital images have contributed to the development of 

* Corresponding author. Department of Biological Science, Graduate School of Science, Osaka Prefecture University, 1-1 Gakuen-cho, Naka-ku, Sakai, Osaka, 599- 
8531, Japan. 

E-mail addresses: mkato@b.s.osakafu-u.ac.jp, mikio_kato@mac.com (M. Kato).  

Contents lists available at ScienceDirect 

Ecological Genetics and Genomics 

journal homepage: http://www.elsevier.com/locate/egg 

https://doi.org/10.1016/j.egg.2020.100065 
Received 21 April 2020; Received in revised form 17 July 2020; Accepted 23 August 2020   

http://www.b.s.osakafu-u.ac.jp/%7Emkato/J-amir_home.htm
http://www.b.s.osakafu-u.ac.jp/%7Emkato/J-amir_home.htm
mailto:mkato@b.s.osakafu-u.ac.jp
mailto:mikio_kato@mac.com
www.sciencedirect.com/science/journal/24059854
https://http://www.elsevier.com/locate/egg
https://doi.org/10.1016/j.egg.2020.100065
https://doi.org/10.1016/j.egg.2020.100065
https://doi.org/10.1016/j.egg.2020.100065
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egg.2020.100065&domain=pdf


Ecological Genetics and Genomics 17 (2020) 100065

2

biodiversity studies [10–12]. 
Here, we present the current status of our project to construct a 

Japanese aquatic macroinvertebrate reference database (J-amir, 
http://www.b.s.osakafu-u.ac.jp/~mkato/J-amir_home.htm) that in-
volves digital data (DNA sequences and photographs of specimens) 
along with specimen collection data. In our project, three genes that are 
widely used in taxonomic and evolutionary studies were targeted as 
DNA barcodes: a partial sequence of 18S rRNA (ranging from 500 to 700 
bp), a 328 bp partial coding region of histone H3, and a 658 bp partial 
coding region of mitochondrial cytochrome c oxidase subunit I (COI). All 
sequence data were deposited in international nucleotide sequence da-
tabases (INSD; GenBank/ENA/DDBJ). DNA data in these international 
databases serve as genetic markers for species identification and for 
molecular phylogenetic studies. The physical specimens used in this 
study are stored at the Riverine Metagenomics Research Group (RMRG) 
laboratory of Osaka Prefecture University and are accessible to all re-
searchers. The full-resolution digital images of specimens are also 
available upon request. The digital images and collection data are 
publicly available in the J-amir web site, which will be continuously 
updated. 

2. Materials and methods 

2.1. Specimens 

Specimens were collected from the Honshu, Kyushu, and Ryukyu 
Islands of Japan and from Taiwan. Each specimen was identified ac-
cording to its morphology [13]. Dorsal, ventral, or lateral views of the 
whole body and the informative body parts for species identification (e. 
g., genitalia) were photographed before dissection for DNA isolation 
(examples are shown in Fig. 1). After dissection, all physical specimens 

were preserved in absolute ethanol, except for the smallest individuals, 
which were totally homogenized during DNA extraction. Collection data 
(specimen ID, species name, collection date and locality, developmental 
stage, sex, and the names of the collector and identifier), image files, and 
INSD accession numbers for DNA sequences were recorded. 

2.2. DNA analysis 

Genomic DNA samples were prepared from sperm vesicles (adult 
males) [14], wing muscles (adults and subimagos), leg muscles (adults 
and larvae), or hemolymph (larvae) using a conventional proteinase 
treatment/phenol extraction protocol [15]. Briefly, the tissues were 
incubated in 0.2 mL of a buffer containing 10 mM Tris-HCl (pH 7.8), 
140 mM NaCl, 5 mM ethylene diamine tetraacetic acid (EDTA), 0.5% 
sodium dodecyl sulfate (SDS), and 0.1 mg/mL proteinase K at 50 ◦C for 
1 h, followed by extraction with phenol and DNA precipitation with 
ethanol. The DNA samples were resuspended in 0.1 mL of TE buffer (10 
mM Tris-HCl, 1 mM EDTA) with pH 7.8 and stored at 4 ◦C. In the case of 
very small specimens, the whole body was homogenized and subjected 
to DNA isolation. 

Polymerase chain reaction (PCR) was performed as described pre-
viously [16] using any of Sensizyme HotStart Taq Premix (RBC Biosci-
ence, New Taipei City, Taiwan), AmpliTaq Gold 360 Master Mix (Life 
Technologies, Carlsbad, CA, USA), or GoTaq Green Master Mix (Prom-
ega, Madison, WI, USA), depending on reagent availability, with a set of 
primers designed to amplify the target genes listed in Table 1. The 
KOBO18SF1/KOBO18SR1 primer pair [16] amplifies the V4–V5 region 
of 18S rRNA that conforms to a Paleoptera-specific secondary structure 
[17]. The HexAF/HexAR [18] and LCO1490/HCO2198 [19] pairs 
amplify 328 bp of histone H3 and 658 bp of the COI coding sequence, 
respectively. The PCR annealing temperature ranged from 40 to 55 ◦C 

Fig. 1. Examples of specimen photographs available in J-amir. 
A. 2017-160-NT-EP: Ecdyonurus tobiironis (Ephemeroptera: Heptageniidae) adult male. Lateral view (left); genitalia, ventral view (right). 
B. 2017-080-SN-OD: Lestes temporalis (Odonata: Lestidae) adult male. Lateral view (left); head and thorax, lateral view (upper right); anal appendages, dorsal view 
(lower right). 
C. 2019-007-DB-TR: Stenopsyche marmorata (Trichoptera: Stenopsychidae) adult male. Lateral view (left); genitalia, dorsal view (right). 
D. 2019-044-DB-PL: Perlomyia sp. (Plecoptera: Leuctridae) adult male. Dorsal view (upper left); forewing (lower left); genitalia, ventral view (right). 
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for COI, 45 to 60 ◦C for histone H3, and 52 to 60 ◦C for 18S rRNA, 
depending on reaction results. 

Amplified DNA fragments were sequenced using BigDye Terminator 
v3.1 and an ABI3730xl DNA Analyzer (both from Life Technologies). 
Sequence data were deposited in the INSD. DNA sequences were 
compared to evaluate phylogenetic relationships using the software 
package BioEdit v. 7.2.5 [20]. 

3. Results and discussion 

3.1. Collection of specimens 

We have collected a total of 171 taxa of Japanese aquatic macro-
invertebrates as of March 2020 (Table 2), and their related information 
was made publicly available on the J-amir website (examples are shown 
in Fig. 2). So far, our collection includes 75 taxa of Ephemeroptera, 30 of 
Odonata, 11 of Plecoptera, and 33 of Trichoptera. According to the or-
ganism list of the National Census on River Environments [21], the 
numbers of Ephemeroptera, Odonata, Plecoptera, and Trichoptera spe-
cies inhabiting Japan are 152, 211, 203, and 484, respectively. 
Considering these data, our collection of Ephemeroptera represents 
almost half of all Japanese species, covering a considerable proportion 
of those found in the Kansai region of western-central Honshu. Further 
analyses of multiple specimens in each taxon will be important to ensure 
the integrity of morphology-based species identification and will be 
mandatory to evaluate any intraspecific variation caused by phylogeo-
graphic and evolutionary processes. 

3.2. DNA marker sequencing 

We have previously studied three different genetic regions (18S 
rRNA for 61 species, histone H3 for 46 species, and COI for 39 species) 
within the order Ephemeroptera and found that the COI and histone H3 
sequences allowed species characterization, while 18S rRNA was 
informative in the phylogenetic analysis of higher taxa [16]. In the 

present study, we have expanded the sequencing targets to include wide 
ranges of Japanese aquatic macroinvertebrates. DNA sequences of 18S 
rRNA, histone H3, and COI were obtained for 125, 116, and 101 taxa, 
respectively. 

3.3. DNA barcoding of specimens not identified based on morphology 

Sample specimens from immature stages, female individuals, or 
damaged specimens are often difficult to identify based on their 
morphological characteristics without supplemental information (e.g., 
ecological and biogeographical findings or molecular data). We assigned 
the name “sp.” to ambiguous specimens (genus or family name followed 
by sp.) and determined their DNA sequences. These specimens were then 
grouped together with well-annotated sequence data available from 
DNA databases. The sequences in question were compared to database 
sequences and assigned to reference sequences with the highest 
sequence similarity scores. The uncorrected P-distance (number of 
identical sites per total number of sites, compared in percentage) was 
used to quantify sequence similarity. Critical values (threshold) for 
sequence similarity were adopted from the results of pairwise compar-
isons of COI and histone H3 sequences in the INSD [22]. The medians of 
intraspecific sequence similarity among Ephemeroptera were used as a 
threshold to discriminate species: 98.2% and 98.7% for COI and histone 
H3, respectively. A non-negligible number of sequence pairs from the 
same species showing low sequence similarity scores (80–90% for COI, 
85–95% for histone H3) was found in Ephemeroptera but not in Odo-
nata, Plecoptera, or Trichoptera [22]. This may indicate the presence of 
cryptic species, errors in nomenclature, and/or misidentification in the 
INSD. 

We examined 132 ambiguous specimens of Ephemeroptera that were 
collected and sequenced, and 42 were attributed to known species [22]. 
We were unable to match some samples to known species; this may be 
due to lack of reference data in the INSD. It is also possible that the 
specimens not unambiguously named are undescribed taxa (new spe-
cies). Further efforts are needed to resolve these new species and to 
enrich the reference DNA database for efficient and precise identifica-
tion based on DNA barcoding. Morphological taxonomy, ecological, and 
biogeographical studies on Ephemeroptera are eagerly awaited. 

3.4. Uncovering cryptic species by sequence comparison 

There may be taxa yet undescribed in the genus Drunella (Ephem-
erellidae, Ephemerpotera). Larvae of Drunella cryptomeria have a pair of 
suboccipital spines on their heads, whereas a morphologically close 
species that does not have these spines is yet undescribed [23]. We have 
collected both D. cryptomeria specimens and a group of specimens 
without the spines (tentatively named Drunella sp. ISW_D1); their COI 

Table 1 
Primers used in PCR and sequencing analyses.  

Target Primer 
name 

Sequence (5′-3′) Reference 

18S 
rRNA 

KOBO18SF1 TGGCGTATATTAAAGTTGTTGCGGT Wakimura 
et al. [16]  

KOBO18SR1 AGTTTCAGCTTTGCAACCATACTTC 
Histone 

H3 
HexAF ATGGCTCGTACCAAGCAGACGGC Ogden and 

Whiting [18]  
HexAR ATATCCTTGGGCATGATGGTGAC 

COI LCO1490 GGTCAACAAATCATAAAGATATTGG Folmer et al. 
[19]  HCO2198 TAAACTTCAGGGTGACCAAAAAATCA  

Table 2 
Progress of sample collection and sequence analyses.  

Order No. of aquatic species inhabiting Japana No. of identified specimens No. of sequenced taxa 

Families Genera Species Taxa 18S rRNA Histone H3 COI 

Ephemeroptera 152 12 34 72 75 71 62 57 
Odonata 211 8 22 30 30 21 17 10 
Plecoptera 203 5 11 3 11 5 8 6 
Hemiptera 142 2 2 3 3 3 0 3 
Megaloptera 22 1 2 2 2 0 0 1 
Trichoptera 484 15 20 32 33 18 26 20 
Coleoptera 478 3 3 1 4 1 1 0 
Diptera 1871 3 3 1 4 4 0 1 
Amphipoda 157 1 1 1 1 0 1 1 
Decapoda 306 2 1 1 2 0 1 2 
Acari – 6 6 2 6 2 0 0 
Total      125 116 101  

a The number of aquatic species inhabiting Japan was obtained from the Organism List of the National Census on River Environments (NCRE) [21]. Hyphens indicate 
numbers not shown in the NCRE list. 
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regions were sequenced and compared. A reconstructed molecular 
phylogenetic tree of the genus Drunella is shown in Fig. 3. Drunella sp. 
ISW_D1 and D. cryptomeria are neighboring and distinctly clustered as 
different species. 

We also found another cluster of a Drunella sp. that may be a cryptic 
species or one whose reference data (a morphologically well-identified 
specimen associated with a DNA sequence) was not available. Varia-
tions in the COI sequence of D. trispina from two different localities 
(Nara and Okayama, Japan) were also noted (Fig. 3). Seven species of 
the genus Drunella (D. basalis, D. cryptomeria, D. ishiyamana, D. kohnoi, 
D. sachalinensis, D. trispina, and D. triacantha) have been recorded among 
the known mayflies inhabiting Japan [24]. There are eight clusters and 
one singleton in the COI-based phylogenetic tree of the genus Drunella 
(Fig. 3). While we have not analyzed D. triacantha, other cryptic or 
undescribed species may exist within this genus in Japan. 

4. Conclusion 

Here, we have reported the current status of a project that aims to 
construct a database in which digital data (DNA sequences and photo-
graphic images) are correlated with a physical specimen collection. Our 
collection effectively offers reference data for species identification by 
DNA barcodes and for molecular phylogenetic analyses. Every effort is 
being made to expand this collection, and any requests to inspect 
specimens will be welcome. 
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