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Abstract
Aquatic macroinvertebrates are often identified, based on morphology, but molecular approaches like DNA barcoding, metabarcod-
ing and metagenomics are increasingly used for species identification. These approaches require the availability of DNA references 
deposited in public databases. Here we report the mitochondrial genomes of 11 aquatic macroinvertebrate species from Cyprus, 
a European Union island country in the Mediterranean. Only three species could be provisionally assigned to a binomial species 
name, highlighting the current lack of molecular references for aquatic macroinvertebrates from Cyprus.
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Introduction
Aquatic macroinvertebrates are commonly used for the 
assessment of ecosystem quality (Hering et al. 2006; 
Jackson et al. 2016; Morse et al. 2007). Taxa are often 
identified based on morphology, but the advent of DNA 
sequencing technologies has led to a paradigm shift, as 
techniques like DNA barcoding (Hebert et al. 2003), 
metabarcoding (Taberlet et al. 2012) and metagenomic 
approaches (Crampton-Platt et al. 2016; Ji et al. 2019; 
Macher et al. 2018) allow the identification and study of 
large numbers of macroinvertebrate specimens, species 
and communities in a short amount of time and at rea-
sonable costs. DNA-based identification of macroinver-
tebrates relies on the comparison of an obtained sequence 
(often the mitochondrial cytochrome c oxidase I gene) to 
reference sequences that are deposited in databases like 
the Barcode of Life Database (BOLD, Ratnasingham and 
Hebert 2007) or NCBI GenBank (Benson et al. 2017). 
Here we report the full mitochondrial genomes of 11 
aquatic macroinvertebrate species from Cyprus, a Euro-
pean Union island country in the Mediterranean Biodiver-
sity Hotspot (Mittermeier et al. 1999). The invertebrate 
fauna of Cyprus has been studied morphologically (e.g. 
Georghiou 1977; Malicky 1976; Soldán and Godunko 
2008; Villastrigo et al. 2017); however, the Barcode of 
Life reference database contained fewer than 50 DNA bar-
codes of Cyprus freshwater invertebrates as of May 2020. 
We sequenced and assembled the mitochondrial genomes 
of two Baetidae and one Caenidae (Ephemeroptera), one 
Chironomidae, one Dixidae and one Simuliidae (Diptera), 
one Hydrachnidae (Acari), one Gomphidae and one Eu-
phaeidae (Odonata), one Gyrinidae (Coleoptera) and one 

Erpobdellidae (Hirudinea) species. In addition, we report 
the nuclear 18S and 28S ribosomal RNA gene sequences, 
which are commonly used for phylogenetic studies (Whit-
ing et al.1997, Gao et al. 2008, Hiruta et al. 2016).

Material and methods

Specimens were collected from a perennial stream in 
Cyprus (coordinates: 34.769801N, 32.911568E, see Fig. 
1) on 14-08-2018 using a surber sampler (500-µm mesh 
bag). Specimens were identified at the family level, stored 
in 96% ethanol and shipped to the Naturalis Biodiversity 
Center, Leiden, Netherlands.

In the laboratory, specimens were carefully rinsed with 
ultrapure distilled water to remove external adhesions. 
DNA was extracted from the whole body as follows. 
The specimens were cut with scissors and crushed with 
spatulas in 2-ml Eppendorf tubes. All equipment was 
sterile. DNA was extracted using the Macherey-Nagel 
(Düren, Germany) NucleoSpin tissue kit on the King-
Fisher (Waltham, USA) robotic platform, following the 
manufacturer’s protocol. A negative control containing 
ultrapure water was processed together with the tissue 
samples and was checked for contamination during all of 
the following steps. Extracted DNA was stored at -20 °C 
overnight until further processing. Quantity and size of 
the extracted DNA was checked on the QIAxcel platform 
(Qiagen, Hilden, Germany). DNA (15 ng) per sample was 
used for further processing. The New England Biolabs 
(Ipswitch, USA) NEBNext kit and oligos were used for 
library preparation, following the manufacturer’s proto-
col and selecting for an average DNA fragment length of 

Figure 1. A) Location of the sampling site in Cyprus B) Photo of the sampling site.
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300 bp. Fragment length and quantity of DNA in samples 
was checked on the Agilent (Santa Clara, USA) Bioana-
lyzer. Equimolar samples were pooled before sending for 
sequencing. The negative control, which did not show 
any signal of DNA present, was added to the final library 
with 10% of the total library volume. The final library 
was sent to BGI (Shenzhen, China) for sequencing on the 
NovaSeq 6000 platform (2× 150bp).

Raw reads were quality checked using MultiQC (Ew-
els et al. 2016). Fastp (Chen et al. 2018) was used for 
trimming of Illumina adapters and removal of reads 
shorter than 100 bp. Reads were assembled using meg-
ahit (Li et al. 2015) with a maximum k-mer length of 69 
and default parameters. SPAdes (Bankevich et al. 2012) 
was used for a separate assembly to assess consistency of 
assembly results (all scripts: Suppl. material 1). Contigs 
were BLAST-searched against the NCBI GenBank nucle-
otide database (Benson et al. 2017). Identified putative 
mitochondrial genomes were annotated using the MITOS 
(Bernt et al. 2013) web server. Reading frames and anno-
tations were manually checked and corrected using Ge-
neious Prime (v. 2020.1), which was subsequently used 
to submit the annotated mitochondrial genomes to NCBI 
GenBank. Gene order and direction were compared to the 
available mitochondrial genomes of related species down-
loaded from NCBI GenBank. The obtained cytochrome 
c oxidase I (COI) genes were compared with sequences 
deposited in the NCBI GenBank and BOLD databases to 
check for availability of putative species-level barcodes. 
A match of 98% identity or higher was used as threshold 
for assigning a provisionally species name to a sequence 
(Alberdi et al. 2018). Occurrence data were compared to 
literature and to data available in the Global Biodiversity 
Information Facility (https://www.gbif.org/). The nuclear 
18S and 28S rRNAs were identified by BLAST-searching 
the assembled contigs against the NCBI database. Anno-
tation was conducted using the Geneious annotation tool 
with a minimum similarity of 80%, followed by manual 
refinement by alignment and comparison to 18S and 28S 
sequences of related species available in NCBI GenBank.

Results

Sequencing on the NovaSeq platform resulted in 
43,369,218 reads (reads per sample: Suppl. material 2: 
Table S1). The negative control contained 952 reads 
(0.002% of total reads). Illumina platforms are known to 
produce tag switching (Owens et al. 2018; Schnell et al. 
2015) and a small proportion of reads is commonly found 
in negative controls. As the number of reads observed in 
our negative control was low, we did not suspect contami-
nation. We obtained the full mitochondrial genome for all 
11 macroinvertebrate species. Coverage varied from 18-
fold (Euphaeidae_Cy2020_sp. 1, Odonata) to 449-fold 
(Caenidae_Cy2020_sp. 1, Ephemeroptera), with an aver-
age coverage of 135-fold (see Suppl. material 2: Table 
S2 for coverage and assembly length). All mitochondrial 

genomes contained 13 protein coding genes, 22 tRNAs, 
the large and small subunit of the ribosomal RNA and 
an AT-rich control regions. Megahit and SPAdes assem-
blies resulted in identical mitochondrial contigs, with the 
expected exception being length variations in the high-
ly repetitive and AT-rich regions, which are difficult to 
assemble with short reads. Gene order and direction of 
all mitochondrial genomes was identical to that of related 
taxa available in GenBank. The 18S and 28S rRNAs were 
recovered for all sequenced species (information on as-
sembly length and best hits in NCBI GenBank: see Suppl. 
material 2: Table S3).

Of the 11 sequenced species from Cyprus, six could 
be provisionally identified to the species level by com-
paring sequences to reference databases and using a 98% 
identity threshold of the COI Folmer region (Folmer et 
al. 1994). However, only three of the matching references 
in the BOLD database have a full binomial name, while 
the other three have preliminary names, pending formal 
taxonomic identification or description (see Table 1). The 
remaining five species from Cyprus could not be molecu-
larly identified on species level, meaning that they either 
represent new, yet undescribed species or species that have 
been described, but for which molecular barcodes are not 
available. We point out that even though a 98% identity 
threshold is often used for the identification of macroin-
vertebrate species based on the COI barcoding fragment, 
this threshold can be misleading as it is not always pos-
sible to resolve species based on the mitochondrial COI 
marker (Darschnik et al. 2019). Further, closely-related 
species can show a lower genetic divergence in this mark-
er, as previously shown for island endemics (Gattoliat et 
al. 2018). We therefore stress that the molecular identifi-
cation of species should be regarded as preliminary. Fur-
ther research, including a higher number of sequenced 
specimens and in collaboration with taxonomic experts, is 
needed to securely identify species and deposit reference 
sequences with binomial names in databases.

Of the six species from Cyprus that could be provision-
ally identified to the species level using molecular reference 
databases, ‘Baetidae_Cy2020_sp. 1’ had the best match to 
‘Baetis sp. 2 ZY-2019’, a species previously identified in 
Israel (Yanai et al. 2018). The mayfly ‘Caenidae_Cy2020_
sp. 1’ had the closest match to ‘Caenis (macrura) sp. 
MAA05’, which has been reported from streams in North-
ern Iraq (only published in BOLD, ID: BMIKU-0029). 
The dipteran ‘Simuliidae_Cy2020_sp. 1’ had the best 
match to Simulium petricolum (Rivosecchi, 1963), which 
was previously reported from areas around the Mediterra-
nean, but also from Britain (Day et al. 2010). The dipteran 
‘Dixidae_Cy2020_sp. 1’ had the best match to a Dixidae 
species with BOLD ID ‘FiDip134’, which was previously 
found in Norway. The dragonfly ‘Gomphidae_Cy2020_sp. 
1’ had the best match to Onychogomphus forcipatus Lin-
naeus, 1758, which is known from a wide range across Eu-
rope, including the Mediterraenan areas (Onychogomphus 
forcipatus GBIF dataset: https://doi.org/10.15468/39omei, 
accessed via GBIF.org on 20-06-2020). The water mite 

https://www.gbif.org/
https://doi.org/10.15468/39omei
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Table 1. BLAST results and NCBI accession numbers for the 11 assembled mitochondrial genomes. Identities of > 98% in the COI 
Folmer region were recorded as provisional species level match (highlighted in bold). Accession numbers for nuclear 18S and 28S 
rRNA are provided in the last column.

 Reference database match 
(% identity)

Reference BOLD ID & collection 
location 

NCBI accession 
number of 

mitogenome

NCBI accession 
number of 18S 
and 28S rRNA

Ephemeroptera 
Baetidae_Cy2020_sp. 1 Baetis sp. 2 ZY-2019 

(99.24%)
MH827966, Israel (Yanai et al. 

2018)
MT671494 18S: MT921242 

28S: MT921241
Baetidae_Cy2020_sp. 2 Baetis vardarensis Ikonomov, 

1962 (85.32%)
MT671488 18S: MT921243 

28S: MT921240
Caenidae_Cy2020_sp. 1 Caenis (macrura) sp. MAA05 

(98.31%)
BMIKU-0029, Iraq MT671487 18S: MT921244 

28S: MT921239
Diptera
Chironomidae_Cy2020_sp. 1 Chironomidae sp. (95.37%) MT671495 18S: MT921245 

28S: MT921238
Simuliidae_Cy2020_sp. 1 Simulium petricolum 

(Rivosecchi, 1963) (98.93%)
GQ465950, United Kingdom (Day 

et al. 2010)
MT671497 18S: MT921252 

28S: MT921231
Dixidae_Cy2020_sp. 1 Dixidae sp. (99.23%) FiDip134, Norway MT671496 18S: MT921246 

28S: MT921237
Odonata
Euphaeidae_Cy2020_sp. 1 Epallage fatime Charpentier, 

1840 (95.72%)
MT671490 18S: MT921248 

28S: MT921235
Gomphidae_Cy2020_sp. 1 Onychogomphus forcipatus 

Linnaeus, 1758 (99.85%)
ZFMK-TIS-2534021, Germany MT671493 18S: MT921249 

28S: MT921234
Acari 
Hydrachnidae_Cy2020_sp. 1 Mideopsis roztoczensis 

Biesiadka & Kowalik, 1979 
(99.1%)

JN018102, Norway MT671492 18S: MT921251 
28S: MT921232

Coleoptera 
Gyrinidae_Cy2020_sp. 1 Gyrinus sp. (94.78%) MT671491 18S: MT921250 

28S: MT921233
Hirudinea
Erpobdellidae_Cy2020_sp. 1 Dina sp. (93.94%) MT671489 18S: MT921247 

28S: MT921236

‘Hydrachnidae_Cy2020_sp. 1’ had the closest match to 
Mideopsis roztoczensis Biesiadka & Kowalik, 1979, which 
is known from areas in central Europe as well as from the 
areas around the Mediterranean (Mideopsis roztoczensis 
GBIF data: https://doi.org/10.15468/39omei, accessed via 
GBIF.org on 2020-06-20).

Our results highlight the need for further work to fill the 
current gaps in molecular reference databases containing 
aquatic macroinvertebrates (Porter and Hajibabaei 2018; 
Weigand et al. 2019) and taxonomic expertise should be uti-
lised to morphologically identify and name voucher speci-
mens. Shotgun sequencing can be used for rapid recovery 
of mitochondrial genomes and nuclear markers and adding 
new data to reference databases can help with species iden-
tification and phylogenetic analyses in future studies.

Data availability

All raw data have been deposited in the NCBI Short Read 
Archive (SRA), Bioproject number PRJNA641878. All 
mitogenomes have been deposited in NCBI GenBank; 
Accession numbers: MT671487–MT671497. All 18S and 
28S rRNA sequences have been deposited in NCBI Gen-
Bank; Accession numbers: 18S: MT921242–MT921252; 
28S: MT921231–MT921241. All DNA extracts are 

stored in the Naturalis Biodiversity Center collection, 
Leiden, Netherlands.
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