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Summary. DNA barcodes of 75 samples from 10 species were obtained, four of which
were previously described from Kamchatka watercourses. Comparative analysis of the new
sequences and data from the BOLD system made it possible to expand the ranges for
Acentrella diptera Kluge et Novikova, 2011, Baetis pseudothermicus Kluge, 1983,
Cinygmula malaisei Ulmer, 1927, Ephemerella aurivillii Bengtsson, 1908, and E. mucronata
Bengtsson, 1908. Sequences XJDQD534-18 - XJDQDS542-18 from China should be
transferred from the genus Baetiella Ueno 1931 to the species Baetis pseudothermicus.
Despite the high K2P distances for Ephemerella mucronata and E. aurivillii, we do not
consider to divide them into several species and propose to increase the threshold of
intraspecific differences by 6.47% or more for the genus Ephemerella Walsh of the family
Ephemerellidae.

Key words: insects, Ephemeroptera, DNA barcodes, Kamchatka, Russian Far East.

A. A. Cemenuenko, T. M. TuynoBa. IHK G6apkoaunr nonenok (Epheme-
roptera) moayocrpoBa KamuaTtka, Poccus // JlanbHeBOCTOYHBII IHTOMOJIOT.
2025. N 533. C. 7-19.

Pestome. [Nomyuenst IHK Gapxoner mis 75 ocobeit mogeHok oTHocsmumMes k 10 Bugam,
YeTslpe U3 KOTOPBIX paHee OBUIM OnmcaHbl K3 BOJOTOKOB Kamuarky. CpaBHHTEIBHBIN
aHaJIM3 IOJMYYECHHBIX CHKBEHCOB M HaHHBIX BOLD mo3Bosims pacmiupuTh apeansl Ajis
Acentrella diptera Kluge et Novikova, 2011, Baetis pseudothermicus Kluge, 1983,
Cinygmula malaisei, Ulmer, 1927, Ephemerella aurivillii Bengtsson, 1908 u E. mucronata
Bengtsson, 1908. ITocnenoBarensHoctrn XJDQDS534-18 - XJDQD542-18 u3 Kuras cnenyer
neperectd u3 popa Baetiella Ueno 1931 x Buny Baetis pseudothermicus. Hecmotpst Ha
BbICOKHE BHYTpHBUAOBBIe K2P nucranumu nnst Ephemerella mucronata u E. aurivillii, Mbl
HE CYMTAaeM OIPABJAHHBIM pa3JIC/ICHHE WX Ha HECKOJIbKO CAMOCTOSTENbHBIX BHIOB M
HpeularaeM yBEJINYUTh IOPOTI BHYTPUBHUIOBOM aAuBepreHimu a0 6.47% u Gosee [uis pona
Ephemerella Walsh cemeiictBa Ephemerellidae.
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INTRODUCTION

The experience of research conducted on the mountain and foothill streams of Kamchatka
has shown that when analyzing primary hydrobiological monitoring data, it is advisable to
use a set of simple coefficients that provide an adequate assessment qualitative and quantitative
change in benthic invertebrate communities in response to any type of anthropogenic impact
(Chebanova, 2009). One of these indices is the £PT index, an indicator group of the inverte-
brate orders Ephemeroptera (mayfly), Plecoptera (stonefly), and Trichoptera (caddisfly),
which are the least tolerant to various types of pollution (Rusanov et al., 1990; Lenat, 1994;
Angradi, 1999; Mebane, 2001; Zweig & Rabeni, 2001; Tiunova et al., 2011; Teslenko et al.,
2023). The reaction of the EPT indicator group to pollution is taken into account by changing
their species diversity. Therefore, in order to achieve an accurate calculation of the EPT index,
correct species diagnostics of mayflies at different stages of their development is required.
However, reliable species characteristics are often absent in closely related species, and
identification of larvae and imagos requires considerable time. In this case, DNA barcoding
is the most acceptable and convenient method, which makes it possible to compare mayflies
not only at the species level but also at different stages of development and sexes.

Currently, the fauna of the bottom streams of Kamchatka includes 36 species from 17
genera and 8 families (Tiunova, 2022). In terms of the number of species in Kamchatka's
watercourses, the Heptageniidae family is the leader (12), followed by the Baetidae (9) and
Ephemerellidae (6 species); the remaining families are represented by 1-3 species. The fauna
consists mainly of widespread Circumboreal (3 species), Transpalearctic (14 species), and
East Palearctic (14 species) species. Five species have a Paleoarchearctic distribution type.
At the same time, for a number of species, such as Rhodobaetis molecularis Tiunova et
Semenchenko, 2020; Ameletus camtschaticus Ulmer, 1927; Cinygmula malaisei Ulmer,
1927; and Cinygmula cava Ulmer, 1927, the Kamchatka watercourses are a typical habitat.

In this study, we provided the results of DNA barcoding using cytochrome oxidase subunit
I (COI) of mayflies inhabiting the Kamchatka Peninsula. We also analyzed additional sequences
of conspecific mayflies from other locations in Russia to obtain representative results.

MATERIAL AND METHODS

The material was collected in five regions of the Russian Far East: Primorsky and
Khabarovsk Territory, Amur Region, Jewish Autonomous Region, Chukotka Autonomous
Okrug, Kamchatka Territory, Magadan Region, Republic of Buryatiya, and Republic of
Sakha-Yakutiya in 2014-2023. Material from the Kamchatka Peninsula was collected during
expeditions in 2014, 2015, 2018, and 2022. Material for DNA analysis was preserved in 96%
ethanol. The material was deposited in the collection of the Federal Scientific Center of the
East Asia Terrestrial Biodiversity, Far Eastern Branch, Russian Academy of Sciences,
Vladivostok.

Total DNA was extracted from the thorax or legs using the Qiagen DNeasy Blood and
Tissue Kit or the Invitrogen PureLink Genomic DNA Mini Kit in accordance with the pro-
tocol in a final elution volume of 100 pL. The primers for amplification of the COI fragment
were LCO1490 and HCO2198, according to Folmer et al. (1994). The PCR reaction for this
fragment was run in a total volume of 10 pl with 5 pul Go Taq Green Master Mix (Promega
Corp., Madison, WI, USA), 0.5 pl of each primer (100 ng/ul), 3 pl nuclease-free water, and 1
ul of total DNA. The template profile was as follows: 94.0°C for 5 min; 35 cycles at 94.0°C for
30 sec, 48.0°C for 30 sec, and 72.0°C for 60 sec; with a final extension at 72.0°C for 5 min. The
PCR product was purified using Exonuclease I and Thermosensitive Alkaline Phosphatase
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(ThermoFisher Scientific, Waltham, MA, USA) and sequenced for both directions. Sequencing
reaction was performed using BigDye® Terminator v3.1 Cycle Sequencing Kits and run on
an ABI 3130x1 Genetic Analyzer Sequencer (Applied Biosystems, Foster City, CA, USA).
Forward and reverse sequences were manually assembled and edited using Finch TV and
MEGA 7 (Kumar et al., 2016). Based on the K2P, inter- and intraspecific genetic distances
are calculated using MEGA7.

For reconstruction of phylogenetic relationships, we added sequences from the BOLD
system (The Barcode of Life Data Systems). We selected each sequence longer than 500 base
pairs and belonging to the same BIN (barcode index number) as the sequences obtained in
this study. In the case of several samples from one localization belonging to the same haplo-
type, we selected only one DNA barcode. In some cases, molecularly conspecific species
were representatives of other morphological species and even genera. For the remaining
species of the genera Acentrella Bengtsson, 1912, Ameletus Eaton, 1885, Rhodobaetis Jacob,
2003, Cinygmula McDunnough, 1933, and Ephemerella Walsh, 1862, we selected one
sequence from each BIN number defined to the species level. In the case of several BINs
belonging to one morphological species, we selected samples collected closest to the type
habitat. For species delimitation we use Assemble Species by Automatic Partitioning (ASAP)
analysis that is implemented on the website (https://bioinfo.mnhn.fr/abi/public/asap/
asapweb.html, Puillandre ef al. 2021) with K2P distances.

Bayesian phylogenetic analyses were conducted with MrBayes v. 3.2.7 (Ronquist et al.,
2012). PartitionFinder 2.1.1 (Lanfear ef al., 2012) was used to select the best-fit partitioning
scheme and models separately for each codon position of the COI gene. Bayesian inference
was performed with two independent runs of Metropolis-coupled Markov chain Monte
Carlo analyses, with each run comprising one cold chain and three heated chains. The chains
were run for 1 million generations and sampled every 500 generations. FigTree v. 1.4.4 was
used to visualize the phylogenetic tree after analysis. Sequences have been deposited in
GenBank under numbers PV259908-PV259944 and PV698190-PV698228.

RESULTS AND DISCUSSION

The final alignment of the COI gene yielded 597-658 bp. A total of 75 mayfly samples
belonging to 10 species from 7 genera were sequenced in this study. The most samples (61)
were larvae or mature larvae. Detailed descriptions of development stages, sampling locaions
and dates, collectors, and geographical coordinates are given in the GenBank according to
accession numbers.

The average intraspecific K2P distances of the samples sequenced in this study combined
with molecularly conspecific samples after ASAP analyses (see below) were as follows:
Acentrella diptera Kluge et Novikova, 2011 — 0.54%, Ameletus camtschaticus Ulmer, 1927 —
0.19%, Rhodobaetis molecularis Tiunova et Semenchenko, 2020 — 0.56%, Baetis
pseudothermicus Kluge, 1983 — 1.68%, Cinygmula cava Ulmer, 1927 — 0.36%, Cinygmula
malaisei Ulmer, 1927 — 0.56%, Cinygmula putoranica Kluge, 1980 — 0.68%, Ephemerella
aurivillii Bengtsson, 1908 — 0.75%, Ephemerella mucronata Bengtsson, 1908 — 6.47% , and
Cinygma lyriformis McDunnough, 1924. According to Moriniere et al. (2017), the maximum
average values of intraspecific distances for Germany’s mayflies that shared a single BIN
(Ratnasingham &Hebert, 2013) were 0.1%, 1.55%, 0.50%, and 1.04% for Ameletidae,
Baetidae, Ephemerellidae, and Heptageniidae, respectively.

Thus, the values of observed intraspecific variation fall within known mayfly’s thresholds
in accordance with families. High values (6.47%) were obtained for Ephemerella mucronata,
while the minimum interspecific distances for Heptageniidae could fall to 2.49% (species pair
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of comparison Ecdyonurus helveticus Eaton, 1886 and E. zelleri Eaton, 1885) or 4.77%
(species pair of comparison E. macani Thomas et Sowa, 1970 and E. torrentis Kimmins,
1942) (Moriniere et al., 2017). Therefore, additional species delimitation analysis is required
for this species, which is presented below. We also sequenced one sample of Cinygma
lyriformis McDunnough. The sequence is new for the GenBank and BOLD systems. The
latter database contains two additional sequences of this genus, not identified to the species
level. Therefore, there are no data for calculating intraspecific distances and reconstructing a
phylogenetic tree.

The range of Acentrella diptera is in East Siberia and the Russian Far East (Kluge &
Novikova, 2011). We obtained sequences for samples from Kamchatka, Primorsky, and
Khabarovsk Territory and Chukotka Autonomous Okrug of Russia (Fig. 1). Acentrella
diptera is not listed in the GenBank and BOLD system, but the results of the ASAP analysis
indicate 5 samples from Alaska belonging to 4. turbida McDunnough, 1924 (BOLD Process
IDs: COLEC003-15, COLEC004-15, COLEC061-15, COLEC062-15, and UAMIC4410-21)

ASAP

Acentrella diptera TMT988 PV698206 Russia: Khabarovsk Territory
Acentrella diptera TMT990 PV698207 Russia: Khabarovsk Territory
Acentrella diptera TMT994 PV698214 Russia: Khabarovsk Territory
Acentrella diptera TMT997 PV698208 Russia: Khabarovsk Territory
Acentrella diptera TMT449 PV698211 Russia: Chukotka Autonomous Okrug

0.88)l Acentrella diptera TMT631 PV698212 Russia: Kamchatka Territory
Acentrella diptera TMT567 PV698210 Russia: Chukotka Autonomous Okrug
Acentrella turbida COLEC061-15 USA: Alaska
Acentrella sp. COLEE035-21 USA: Alaska

[ Acentrella diptera TMT1004 PV698205 Russia: Khabarovsk Territory
[ Acentrella diptera TMT1023 PV698213 Russia: Kamchatka Territory
086/ Acentrella diptera TMT197 PV698204 Russia: Kamchatka Territory

r Acentrella diptera TMT366 PV698203 Russia: Kamchatka Territory
- Acentrella diptera TMT612 PV698215 Russia: Kamchatka Territory
[ Acentrella diptera TMT616 PV698209 Russia: Kamchatka Territory
I Acentrella turbida COLEC003-15 USA: Alaska

I Acentrella turbida COLEC004-15 USA: Alaska

I Acentrella turbida COLEC062-15 USA: Alaska

- Acentrella turbida UAMIC4410-21 USA: Alaska

[ Acentrella diptera TMT1012 PV698216 Russia: Kamchatka Territory

0.99

0.8:

N

Acentrella diptera TMT719 PV698217 Russia: Primorsky Territory
Acentrella diptera TMT945 PV698218 Russia: Primorsky Territory
1 Acentrella turbida NYMAY180-07
Acentrella turbida RNMAY001-11
1 Acentrella turbida WEAI105-11
0.9 Acentrella turbida WEAI115-11

— Acentrella parvula WEAI064-11

4‘ —— Acenitrella turbida BARTH791-21
Acentrella gnom GBMNB59598-20

ﬁ: Acentrella lapponica FIEPT219-16
Acentrella sinaica GBMH13162-19

[ Acentrella turbida BMAPA461-15

Acentrella insignificans TKOOA058-22

Acentrella vera THMAY093-12

Acentrella barbarae GMGSK007-12

Acentrella nadineae SMMAY096-07
Plauditus punctiventris BIT029-04

Fig. 1. Ultrametric Bayesian inference (BI) tree based on the cytochrome ¢ oxidase I (COI)
nucleotide sequence data of the genus Acentrella Bengtsson. Bayesian posterior probabilities
(higher than 0.7) are given above tree nodes. Specimens obtained in this study are in bold.
Samples from Kamchatka are highlighted in blue. Plauditus punctiventris is used as outgroup.
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and Acentrella sp., also from Alaska (COLEC035-21), are conspecific with A. diptera (BIN
AEH3172). Moreover, in addition to this BIN number, the Nearctic species 4. turbida
includes 8 additional BIN clusters. Thus, we assume that each sequence shared by BIN
AEH3172 belongs to the species A. diptera, and its range should be extended to the
northeastern Nearctic. The sister clade to 4. diptera was A. turbida, belonging to two BIN
clusters — AAC2912 from the eastern Nearctic and ABA1944 from the western Nearctic
(Bayesian posterior probability, BPP = 0.99) (Fig. 1). The average K2P interspecific
distances between these clusters were 18.18% and 17.03%, respectively. Most of the
remaining species of the genus Acentrella Bengtsson, 1912 shared a polytomous clade
without strong support (BPP < 0.7).

Ameletus camtschaticus AM145 GBMIN64461-17 Russia: Magadan Region
Ameletus camtschaticus AM137 GBMIN64465-17 Russia: Magadan Region
Ameletus camtschaticus AME-DON1_137 REPHE022-19 Russia: Magadan Region
Ameletus camtschaticus AME-OLA4_145 REPHE028-19 Russia: Magadan Region
Ameletus camtschaticus AM109 GBMIN64464-17 Russia: Amur Region
Ameletus camtschaticus AME-ALE2_109 REPHE014-19 Russia: Amur Region
Ameletus camtschaticus TMT650 PV259927 Russia: Republic of Sakha-Yakutia
Ameletus camtschaticus AM326 GBMH12322-19 Russia: Amur Region
Ameletus camtschaticus AM330 GBMH12323-19 Russia: Amur Region
Ameletus camtschaticus AM207 GBMIN64459-17 Russia: Kamchatka Territory
Ameletus camtschaticus AM141 GBMIN64460-17 Russia: Magadan Region
Ameletus camtschaticus AM152 GBMIN64462-17 Russia: Magadan Region
Ameletus camtschaticus AM310 GBMIN64463-17 Russia: Kamchatka Territory
Ameletus camtschaticus AM389 GBMIN64466-17 Russia: Magadan Region
Ameletus camtschaticus AME-OLA1_141 REPHE025-19 Russia: Magadan Region
Ameletus camtschaticus AME-OLA9_152 REPHE033-19 Russia: Magadan Region
Ameletus camtschaticus AME-KAM3_207 REPHE042-19 Russia: Kamchatka Territory
1 Amelet icus AME-OZE1_310 REPHE046-19 Russia: Kamchatka Territory
Ameletus camtschaticus AME-ALE2_326 REPHE051-19 Russia: Amur Region
Ameletus camtschaticus AME-TIN1_330 REPHE053-19 Russia: Amur Region
0.99 Ameletus camtschaticus AME-OLA1_389 REPHE066-19 Russia: Magadan Region
Ameletus camtschaticus AME-DAR1_650 REPHE090-19 Russia: Magadan Region
Ameletus allengaensis GBMH12338-19
Ameletus sirotskii GBMH12303-19
ﬁ: Ameletus celer ABMAY035-09
Ameletus velox SBEP078-03
1 |: Ameletus andersoni SBEP052-03
Ameletus dissitus SBEP014-03

1————— Ameletus bellulus SBEP096-03

[ Ameletus suffusus SBEP104-03
Ameletus vernalis SBEP082-03
Ameletus browni DHF876-21
Arsal .

0.9

@

o DHF869-21
L Amel REPHE012-19
Ameletus cooki ABMAY014-09
093 Ameletus doddsianus EVOTR038-12
L —— Ameletus similior ANCN106-09
Ameletus costalis GBCAB36720-24
0-35,_| Amel is REPHEO71-19

Amel montanus GBMNE21676-21

1 IE Ameletus janetae DHF1004-22
Ameletus lineatus DHF895-21

L Ameletus ludens BHT459-19
1 — Ameletus inopinatus GBEPT876-14
Ameletus labiatus REPHE082-19

i Amelet ino REPHE034-19

I longulus REPHE010-19

I pritchardi EVOTR078-12

I rossicus REPHE009-19

letus tertius DHF764-21

I

oregonensis SBEP015-03

tus subnotatus BKMAY020-11

validus SBEP101-03

fletrele balcanicus GBEPT551-14

=>>>>>>>

Fig. 2. Ultrametric Bayesian inference (BI) tree based on the cytochrome ¢ oxidase I (COI)
nucleotide sequence data of the genus Ameletus. Bayesian posterior probabilities (higher than
0.7) are given above tree nodes. Specimens obtained in this study are in bold. Samples from
Kamchatka are highlighted in blue. Metreletus balcanicus is used as outgroup.
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Ameletus camtschaticus was described from Kamchatka Territory by Ulmer in 1927. The
species are distributed in the Far East of Russia: in the Khabarovsk Territory, Amur and
Magadan Region, Kamchatka Territory, and the Republic of Sakha-Yakutiya. Tiunova et al.
(2017) provide several descriptions of mayflies collected in the Magadan and Amur Region
and Kamchatka Territory. In this study we obtained a single sequence from the Republic of
Sakha-Yakutia related to the most common haplotype (Fig. 2). To date (July 2025), there are
no available sequences from Khabarovsk Territory to cover all regions inhabited by A.
camtschaticus with DNA barcodes.

The sister clade (BPP = 1) to A. camtschaticus was A. sirotskii Tiunova et Semenchenko,
2017 and A. allengaensis Tiunova et Semenchenko, 2017 also from the Russian Far East
(Fig. 2). All three species are distinguished by the size and location of small denticles on the
ventral plate of the penis in male imagoes and by the size of gills I and II in larvae. In A.
allengaensis and A. sirotskii differ from A. camtschaticus by gill 11, which does not have an
anal rib on the anal margin (Tiunova et al., 2017). Most of the remaining species of the genus
Ameletus Eaton, 1885 shared a poorly supported polytomous clade (BPP = 0.78).

Rhodobaetis molecularis was recently described by Tiunova & Semenchenko (2020).
This species is distributed in 6 regions of the Russian Far East: Chukotka Autonomous
Okrug, Kamchatka and Khabarovsk Territory, Magadan Region, Jewish Autonomous Region,
and Amur Region. Holotype specimens collected from Kamchatka Territory. In this study,
we added 6 new sequences of this species from the same regions of the Russian Far East, as
well as sample TMT737 from the Jewish Autonomous Region (Fig. 3).

The results of the ASAP analysis confirm conspecificity of all R. molecularis sequences
(Fig. 3). Sister clade (BPP = 1) was R. foemina McDunnough, 1936 (BIN AAD4529); in
turn, the sister of R. molecularis + R. foemina (BPP = 1) was one (BIN AAZ1614) of the
seven currently known BINs, belonging to the R. bicaudatus Dodds, 1924. Most of the
remaining species of the genus Rhodobaetis Jacob, 2003 shared a polytomous, highly supported
clade (BPP =1).

The holotype of Baetis pseudothermicus was collected in Primorsky Territory, Khasansky
District, Kedrovaya River (Kluge ,1983). In this study, we obtained 13 sequences, including
TMT544 from the Nezhinka River (Fig. 3), which is located 43 km north of the type locality.
The new sequences were conspecific with our previously deposited data, including several
samples from the Narva River (BP34, BP35), which is located 16 km south of the type locality.
In addition to Primorsky Kray, conspecific samples by ASAP analyses were collected in the
Irkutskaya Region, Republic of Buryatia, Kamchatka Kray, and Khabarovsk Territory. Thus,
there is no doubt that the obtained sequences belong to the originally described B. pseudo-
thermicus (BIN ADL2208). In turn, to date the BOLD system contains five additional BINs
for B. pseudothermicus: BIN AEG6652 (Russia: Kamchatka, samples BP190 and BP672),
BIN AEG1238 (Russia: Primorsky Territory, sample BP179), BIN AAA2041 (from Canada,
USA, China, and Iraq, including species B. phoebus McDunnough, 1923, B. flavistriga
McDunnough, 1921 and B. notos Allen and Murvosh 1984, used process ID GBMNF32766-22
on a Fig. 3 as an example), BIN AEB6454 (from South Korea, used process ID GBMNF32764-
22 on a Fig. 3 as an example), and ADJ8883 (from Japan and South Korea, including species
B. sahoensis Gose, 1980 used process ID GBMNF32767-22 on a Fig. 3 as an example). In
our opinion the formation of the first and second BINs is associated with high sensitivity of
the BIN-forming algorithm (Ratnasingham & Hebert, 2013). ASAP analysis does not confirm
the results of BOLD analysis, and BIN ADL2208 differs from BIN AEG6652 and BIN
AEG1238 by 4.27% and 4.78%, respectively. In turn, BIN ADL2208 differs from the third,
fourth, and fifth BINs by 24.41%, 23.22%, and 20.19%. High values of K2P distances, not
monophyletic with the type B. pseudothermicus cluster, and the remoteness of the sampling
locations from the type habitat confirm that BINs AAA2041, AEB6454, and ADJ8883 do not
belong to B. pseudothermicus.
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ASAP

Baetis tricaudatus EVOTR2371-14

Baetis magnus BKMAY026-11

Baetis pseudothermicus GBMNF32767-22

1 ——— Baetis pseudothermicus GBMNF32764-22

L—— Baetis pseudothermicus GBMNF32766-22

Baetis molecularis TMT1008 PV259937 Russia: Khabarovsk Territory

Baetis molecularis TMT1022 PV259938 Russia: Kamchatka Region

Baetis molecularis TMT1026 OP901893 Russia: Kamchatka Region

Baetis molecularis BM368 MT027016 Russia: Kamchatka Region

0.85) Baetis molecularis BM433 MT027017 Russia: Khabarovsk Territory

Baetis molecularis TMT961 PV259931 Russia: Khabarovsk Territory

Baetis molecularis BM568 MT027018 Russia: Chukotka Autonomous Okrug

1 Baetis molecularis BM611 MT027019 Russia: Kamchatka Region

Baetis molecularis BM615 MT027020 Russia: Kamchatka Region

Baetis molecularis BM617 MT027021 Russia: Kamchatka Region

Baetis molecularis BM618 MT027022 Russia: Kamchatka Region

Baetis molecularis BM620 MT027023 Russia: Kamchatka Region

Baetis molecularis BM625 MT027024 Russia: Kamchatka Region

1| Baetis molecularis BM629 MT027025 Russia: Kamchatka Region

Baetis molecularis BM637 MT027026 Russia: Kamchatka Region

Baetis molecularis BM640 MT027027 Russia: Kamchatka Region

Baetis molecularis TMT991 PV259935 Russia: Khabarovsk Territory

Baetis molecularis BM114 MT027014 Russia: Amur Region

Baetis molecularis TMT737 PV259929 Russia: Jewish Autonomous Region

1 Baetis molecularis BM670 MT027028 Russia: Kamchatka Region

Baetis molecularis BM154 MT027015 Russia: Magadan Region

Baetis molecularis TMT987 PV259934 Russia: Khabarovsk Territory

Baetis foemina EABAE006-08

Baetis bicaudatus EVOTR2573-14

Baetiella sp. XJDQD534-18 China: Xinjiang Uygur Zizhiqu

Baetiella sp. XJDQD538-18 China: Xinjiang Uygur Zizhiqu

Baetiella sp. XJDQD539-18 China: Xinjiang Uygur Zizhiqu

Baetiella sp. XJDQD541-18 China: Xinjiang Uygur Zizhiqu

Baetiella sp. XJDQD542-18 China: Xinjiang Uygur Zizhiqu

Baetis pseudothermicus BP794 MT945961 Russia: Irkutsk Region

0.83[ Baetiella sp. XJDQD535-18 China: Xinjiang Uygur Zizhiqu

Baetiella sp. XJDQD536-18 China: Xinjiang Uygur Zizhiqu

Baetiella sp. XJDQD537-18 China: Xinjiang Uygur Zizhiqu

Baetiella sp. XJDQD540-18 China: Xinjiang Uygur Zizhiqu

Baetis pseudothermicus TMT812 PV698195 Russia: Republic of Buryatia

Baetis pseudothermicus TMT206 PV698192 Russia: Kamchatka Territory

0.98|r Baetis pseudothermicus BP35 MT945952 Russia: Primorskiy Territory

Baetis pseudothermicus BP358 MT945960 Russia: Kamchatka Region

Baetis pseudothermicus TMT360 PV698194 Russia: Kamchatka Territory

0.78 Baetis pseudothermicus TMT363 PV698193 Russia: Kamchatka Territory

Baetis pseudothermicus TMT365 PV698191 Russia: Kamchatka Territory

0.97[k Baetis pseudothermicus BP387 MT945956 Russia: Kamchatka Region

Baetis pseudothermicus BP388 MT945957 Russia: Kamchatka Region

Baetis pseudothermicus TMT643 PV698190 Russia: Kamchatka Territory

Baetis pseudothermicus BP674 MT945959 Russia: Kamchatka Region

1| Baetis pseudothermicus TMT966 PV698196 Russia: Khabarovsk Territory

— _[ Baetis pseudothermicus TMT827 PV698197 Russi morsky Territory
1" Baetis pseudothermicus TMT833 PV698198 Russia: Primorsky Territory

Baetis pseudothermicus BP178 MT945953 Russia: Primorskiy Territory

Baetis pseudothermicus BP30 MT945950 Russia: Primorskiy Territory

1 Baetis pseudothermicus TMT800 PV698200 Russia: Khabarovsk Territory

Baetis pseudothermicus TMT971 PV698201 Russia: Khabarovsk Territory

0192 Baetis pseudothermicus BP34 MT945951 Russia: Primorskiy Territory

Baetis pseudothermicus TMT544 PV698199 Russia: Primorskiy Territory

Baetis pseudothermicus BP179 MT945954 Russia: Primorskiy Territory

Baetis pseudothermicus TMT973 PV698202 Russia: Khabarovsk Territory

Baetis pseudothermicus BP190 MT945955 Russia: Kamchatka Region

Baetis pseudothermicus BP672 MT945958 Russia: Kamchatka Region

Baetis adonis CFWIG042-10

Baetis braaschi GBMNE91723-22

Baetis canariensis GBMNA29002-19

Baetis tenerifensis GBMNA29037-19

Baetis gomerensis GBMNA29010-19

Baetis palmensis GBMNA29029-19

Baetis pseudorhodani GBMNA29003-19

Baetis eni i GBA19889-14

Baetis noa GBMNA28938-19

Baetis sinespinosus GBMNC38464-20

Baetis atlanticus GBMNC38494-20

Baetis rhodani ROMAC1614-22

Baetis ingridae GBA19891-14

Baetis thermicus GBAAW69352-24

Baetis intercalaris SWABC1085-18

Labiobaetis acei GBMND6594-21

Fig. 3. Ultrametric Bayesian inference (BI) tree based on the cytochrome c oxidase I
(COI) nucleotide sequence data of the genus Baetis. Bayesian posterior probabilities (higher
than 0.7) are given above tree nodes. Specimens obtained in this study are in bold. Samples
from Kamchatka are highlighted in blue. Labiobaetis acei was used as outgroup.
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There are 9 sequences deposited in the BOLD system, identified as Baetiella sp. from
China, Xinjiang Uygur Autonomous Region (Fig. 3). These sequences share a single BIN
with the type Baetis pseudothermicus (BIN ADL2208). Based on this, we assume that
sequences XJDQD534-18 - XJDQD542-18 are erroneously assigned to the genus Baetiella
sp. and belong to B. pseudothermicus, expanding the species range to northwestern China.

In 2022 we deposited many sequences of Cinygmula putoranica and C. cava in GenBank,
which have not been mined into the BOLD systems database to date. In turn, DNA barcodes
of C. malaisei were deposited in GenBank for the first time in this study. C. putoranica was
described from the Taimyr Peninsula of Krasnoyarsky Territory. Morphology and molecular
data are expanding the species range in the Kamchatka Territory, Chukotka Autonomous
Okrug, Amur Region, and Khabarovsk Territory. The closest collection point to the typical
habitat in our collections is a sample from the watercourses of the Chukotka Autonomous
Okrug. The results of the ASAP analysis confirm the conspecificity of all the samples of C.
putoranica (Fig. 4).

Cinygmula cava was sister to C. putoranica (BPP = 0.99) (Fig. 4). C. cava was described
from Kamchatka but is widespread in East Siberia and the Russian Far East: Primorsky and
Khabarovsk Territory, Jewish Autonomous and Sakhalinskaya Regions, Republic of Sakha
(Yakutiya), Kamchatka Territory and Altai Republic, Republic of Buryatiya, and Irkutsk
Territory. According to the results of the ASAP analysis, all samples of C. cava belong to a
single species. C. malaisei was sister to the clade containing C. cava + C. putoranica. This
species is also described from Kamchatka, but conspecific DNA barcodes were also collected
in the Khabarovsk Territory, Magadan and Amur Region according to the results of ASAP
analysis. Cinygmula sp. collected in Yukon, Canada (GenBank KJ675257, BOLD Process
ID: GBMH12106-19), also belongs to the species C. malaisei according to the species
delimitation method, which significantly expands the range of this species. Apparently, C.
malaisei is also distributed in the Chukotka Autonomous Okrug and Alaska.

Ephemerella mucronata was described from Sweden by Bengtsson in 1909. Subsequently,
the range of this species has significantly expanded to the Western and Eastern Palaearctic up
to the Russian Far East. Fragments of the COIl gene of E. mucronata from Finland
(Kjaerstad et al., 1999), Germany (Moriniere et al., 2017), and Slovakia (Macko et al.,
2024) were sequenced and deposited in GenBank. We have obtained DNA barcodes for four
samples of E. mucronata from Kamchatka and Khabarovsk Territory (Fig. 5). The samples
used in the phylogenetic tree belonged to the same mOTU (molecular operational taxonomic
unit) according to the results of the ASAP analysis. However, this species was divided into 4
different BINs by BOLD systems. The first number, BIN AAU0444 (process ID EPHFI065-
11 used in Fig. 5 as an example), is a sister to the obtained DNA barcodes. Specimens were
distributed in Norway, Finland, China, and Russia. The second BIN AAL6162 is known
from Bulgaria: Sofiya (used process ID BGMAY003-10 used in Fig. 5 as an example). The
third BIN AAL0654 was collected in Germany, Switzerland, Slovakia, Poland, and Czechia
(process ID GBEPT079-13 used in Fig. 5 as an example). Finally, the fourth BIN AAY4985
was collected in Bulgaria, Slovakia, Romania, Ukraine, and Serbia (process ID BGMAY?288-11
used in Fig. 5 as an example). Despite significant intraspecific distances (reaching 6.47%, see
above) and dividing into four different BINs, we consider it appropriate to consider all
samples belonging to a single species, E. mucronata. The reasons for this are 1) the uniting
of each sequence into a single mOTU according to ASAP analysis, 2) the monophyly of the
E. mucronata clade by Bayesian inference, and 3) the absence of morphological differences
between the species described in Swedish and Russian samples (Tshernova, 1952; Tshernova et
al., 1986; Kluge, 1997).
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Cinygmula kootenai BBEPT127-10
Cinygmula subaequalis HIEPT105-10

ASAP

Cinygmula putoranica TMT1007 PV259936 Russia: Khabarovsk Territory

Cinygmula putoranica TMT1010 OP901887 Russia: Kamchatka Territory

Cinygmula putoranica TMT185 OP901900 Russia: Kamchatka Territory

Cinygmula putoranica TMT301 OP901919 Russia: Kamchatka Territory

Cinygmula putoranica TMT1017 OP901890 Russia: Kamchatka Territory

Cinygmula putoranica TMT1025 OP901892 Russia: Kamchatka Territory

Cinygmula putoranica TMT186 OP901901 Russia: Kamchatka Territory

Cinygmula putoranica TMT192 OP901905 Russia: Kamchatka Territory

Cinygmula putoranica TMT332 PV259917 Russia: Amur Region

Cinygmula putoranica TMT633 OP901942 Russia: Kamchatka Territory

Cinygmula putoranica TMT200 OP901911 Russia: Kamchatka Territory

Cinygmula putoranica TMT443 PV259922 Russia: Khabarovsk Territory
Cinygmula putoranica TMT561 PV259924 Russia: Chukotka Autonomous Okrug
Cinygmula putoranica TMT560 PV259923 Russia: Chukotka Autonomous Okrug
Cinygmula putoranica TMT158 OP901898 Russia: Kamchatka Territory

Cinygmula putoranica TMT159 OP901899 Russia: Kamchatka Territory

Cinygmula putoranica TMT205 OP901913 Russia: Kamchatka Territory

Cinygmula putoranica TMT314 OP901925 Russia: Kamchatka Territory

Cinygmula putoranica TMT619 OP901936 Russia: Kamchatka Territory

Cinygmula putoranica TMT623 OP901938 Russia: Kamchatka Territory

0.99]

0.79

0.77

Cinygmula cava TMT1024 PV259939 Russia: Kamchatka Territory

Cinygmula cava TMT188 OP901903 Russia:
Cinygmula cava TMT199 OP901910 Russia:
Cinygmula cava TMT300 OP901918 Russia:
Cinygmula cava TMT303 OP901921 Russia:
Cinygmula cava TMT304 OP901922 Russia:
= Cinygmula cava TMT312 OP901924 Russia:
Cinygmula cava TMT613 OP901934 Russia:
Cinygmula cava TMT614 OP901935 Russia:
Cinygmula cava TMT634 OP901943 Russia:
- Cinygmula cava TMT639 OP901944 Russia:
Cinygmula cava TMT642 OP901945 Russia:
Cinygmula cava TMT669 OP901947 Russia:
Cinygmula cava TMT671 OP901948 Russia:

Cinygmula cava TMT969 PV259932 Russi:
Cinygmula cava TMT305 OP901923 Russia:
Cinygmula cava TMT208 OP901914 Russia:
Cinygmula cava TMT209 OP901915 Russia:

Kamchatka Territory
Kamchatka Territory
Kamchatka Territory
Kamchatka Territory
Kamchatka Territory
Kamchatka Territory
Kamchatka Territory
Kamchatka Territory
Kamchatka Territory
Kamchatka Territory
Kamchatka Territory
Kamchatka Territory
Kamchatka Territory
a: Khabarovsk Territory
: Kamchatka Territory
: Kamchatka Territory
: Kamchatka Territory

Cinygmula cava TMT302 OP901920 Russia: Kamchatka Territory
Cinygmula cava TMT630 OP901940 Russia: Kamchatka Territory
Cinygmula cava TMT636 PV259926 Russia: Kamchatka Territory
Cinygmula cava TMT644 OP901946 Russia: Kamchatka Territory
Cinygmula cava TMT675 OP901950 Russia: Kamchatka Territory
Cinygmula malaisei TMT1040 PV259940 Russia: Khabarovsk Territory
Cinygmula malaisei TMT1044 PV259942 Russia: Khabarovsk Territory
Cinygmula malaisei TMT106 PV259908 Russia: Amur Region
Cinygmula malaisei TMT108 PV259909 Russia: Amur Region
Cinygmula malaisei TMT324 PV259915 Russia: Amur Region
Cinygmula malaisei TMT329 PV259916 Russia: Amur Region
— Cinygmula malaisei TMT1041 PV259941 Russia: Khabarovsk Territory
— Cinygmula malaisei TMT1047 PV259943 Russia: Khabarovsk Territory
— Cinygmula malaisei TMT111 PV259910 Russia: Amur Region
— Cinygmula malaisei TMT1132 PV259944 Russia: Khabarovsk Territory
— Cinygmula malaisei TMT357 PV259918 Russia: Amur Region
— Cinygmula malaisei TMT974 PV259933 Russia: Khabarovsk Territory
1 Cinygmula malaisei TMT140 PV259911 Russia: Magadan Region
081 { Ci [ laisei TMT393 PV259920 Russia: Magadan Region

0.99 1

0.98

[ S |

I

Y9
Cinygmula malaisei TMT155 PV259912 Russia: Magadan Region

0.99 Cinygmula malaisei TMT316 PV259913 Russia: Kamchatka Territory
Cinygmula malaisei TMT321 PV259914 Russia: Kamchatka Territory
Cinygmula malaisei TMT632 PV259925 Russia: Kamchatka Territory
— Cinygmula malaisei TMT391 PV259919 Russia: Magadan Region
— Cinygmula malaisei TMT394 PV259921 Russia: Magadan Region
0.81 H Cinygmula malaisei TMT654 PV259928 Russia: Magadan Region

Cinygmula malaisei TMT917 PV259930 Russia: Magadan Region
— Cinygmula sp. KJ675257 Canada: Yukon
ﬁ‘: Cinygmula grandifolia GBMNB59704-20

Cinygmula mimus BKMAY048-11

Rhithrogena allobrogica GBEPT017-13

Fig. 4. Ultrametric Bayesian inference (BI) tree based on the cytochrome c¢ oxidase I
(COI) nucleotide sequence data of the genus Cinygmula. Bayesian posterior probabilities
(higher than 0.7) are given above tree nodes. Specimens obtained in this study are in bold.
Samples from Kamchatka are highlighted in blue. Rhithrogena allobrogica is used as
outgroup.
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Ephemerella mucronata TMT1011 PV698220 Russia: Kamchatka Territory
Ephemerella mucronata TMT194 PV698221 Russia: Kamchatka Territory
Ephemerella mucronata TMT362 PV698219 Russia: Kamchatka Territory
Ephemerella mucronata TMT687 PV698222 Russia: Khabarovsk Territory
Ephemerella mucronata EPHFI065-11 Norway: Finnmark
Ephemerella mucronata BGMAY003-10 Bulgaria: Sofiya
Ephemerella mucronata GBEPT079-13 Germany: Bavaria
Ephemerella mucronata BGMAY288-11 Bulgaria: Sofiya
Ephemerella aurivillii TMT189 PV698225 Russia: Kamchatka Territory
Ephemerella aurivillii TMT624 PV698224 Russia: Kamchatka Territory
Ephemerella aurivillii TMT651 PV698223 Russia: Republic of Sakha-Yakutia
Ephemerella aurivilli BARTH677-21 USA: Michigan

Us,

COLECD40.15 |

= T T 1

Ephemerella auri
Ephemerella auriv Alaska

Ephemerella aurivilli EPHFI1036-11 Norway Finnmark
Ephemerella aurivilli EPHFI037-11 Norway: Finnmark
Ephemerella aurivilli EPHFI1038-11 Norway: Finnmark
Ephemerella aurivilli EPHFI039-11 Norway: Finnmark
Ephemerella aurivilli EPHFI040-11 Norway: Finnmark
Ephemerella aurivilli EPHFI041-11 Norway: Finnmark
Ephemerella aurivilli GBMH11996-19 Canada
Ephemerella aunwllu GBMH12004-19 Canada
Lphemeielia au GB
Ephemerella aunw/ln LEF1J10757-20 Finland
Ephemerella aurivilli NPSAK025-12 USA: Alaska
Ephemerella aurivilli NPSAK026-12 USA: Alaska
Ephemerella sp. SFR029-16 Norway: Troms
Ephemerella sp. SFR047-16 Norway: Troms
Ephemerella sp. SFR048-16 Norway: Troms
Ephemerella sp. SFR049-16 Norway: Troms
Ephemerellidae UAMIC4407-21 USA: Alaska
Ephemerella aurivilli XJDQD785-18 China: Xinjiang Uygur Zizhiqu
Ephemerella aurivilli XJDQD786-18 China: Xinjiang Uygur Zizhiqu
1 Ephemerella aurivilli XJDQD787-18 China: Xinjiang Uygur Zizhiqu
08U Ephemerella aurivilli XJDQD788-18 China: Xinjiang Uygur Zizhiqu
Ephemerella aurivilli XJDQD789-18 China: Xinjiang Uygur Zizhiqu
Ephemerella aurivillii NPSAK022-12 USA: Alaska
Ephemerella aurivilli NPSAK023-12 USA: Alaska
Ephemerella aurivilli NPSAK024-12 USA: Alaska
Ephemerella aurivilli UAMIC3998-21 USA: Alaska
Ephemerella aurivilli UAMIC4234-21 USA: Alaska
Ephemerella aurivilli GBMH12011-19 Canada
Ephemerella aurivilli GBMH12140-19 Canada
Ephemerella aurivilli GBMH12141-19 Canada
Ephemerella aurivilli GBMH12142-19 Canada
Ephemerella aurivilli POROMO063-19 Canada: Quebec
Ephemerella aurivilli GBMH12143-19 Canada
Ephemerella aurivilli GBMH12144-19 Canada
Ephemerella aurivilli GBMH12145-19 Canada
Ephemerella aurivilli GBMH12146-19 Canada
Ephemerella aurivilli GBMH12147-19 Canada
Ephemerella aurivilli GBMH12148-19 Canada
Ephemerella aurivillii NYMAY001-07 USA: New York
Ephemerella aurivilli NYMAY061-07 USA: New York
Ephemerella aurivilli NYMAY062-07 USA: New York
Ephemerella aurivilli NYMAY063-07 USA: New York
Ephemerella aurivilli POROMO091-19 Canada: Newfoundland and Labrador
Ephemerella aurivilli ONMAY020-08 Canada: Ontario
Ephemerella aurivilli ONMAY072-08 Canada: Ontario
Ephemerella aurivilli MOBIL5701-17 USA: Alaska
Ephemerella aurivillii NPSAK186-12 USA: Alaska
Ephemerella aurivilli UAMIC4237-21 USA: Alaska
Ephemerella aurivillii TMT784 PV698227 Russia: Irkutsk Region
— — Ephemerella aurivillii TMT845 PV698228 Russia: Primorsky Territory
Eph: lla atagosana GBMNE21801-21
Ephemerella catawba SMMAY 130-07
Ephemerella crenula LIMAY246-11
Ephemerella dorothea LIMAY055-09
Ephemerella floripara LIMAY078-09
Ephemerella invaria ECCAD111-10
Ephemerella subvaria GSEPT041-09
Ephemerella hispida LIMAY250-11
Ephemerella excrucians HIEPT064-10
Ephemerella inermis UCOL035-23
Ephemerella imanishii GBMNB59562-20
Ept lla maculata CFWIB396-10
Ephemerella needhami EPCHU328-07
Ephemerella notata FBAQU043-09
Ephemerella tibialis EVOTR612-12
Penelomax septentrionalis EPHNB493-09

A Alaska

0.89
0.98

|
[ e e ———— e e e

Fig. 5. Ultrametric Bayesian inference (BI) tree based on the cytochrome c¢ oxidase I
(COI) nucleotide sequence data of the genus Ephemerella. Bayesian posterior probabilities
(higher than 0.7) are given above tree nodes. Specimens obtained in this study are in bold.
Samples from Kamchatka are highlighted in blue. Penelomax septentrionalis was used as
outgroup.
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Ephemerella aurivillii was also described from Sweden; the species is distributed in the
Western Palaearctic and Northern Nearctic, which is confirmed by taxonomic studies and
DNA barcodes (Webb et al., 2012, Kjaerstad ef al., 1999, Fig. 5). Obtained DNA barcodes
extend the range of this species to the Russian Far East, including the Kamchatka Territory,
Republic of Sakha-Yakutiya, and Irkutsk and Primorsky Territory. The sample TMT845
from Primorsky Territory significantly differed from the other samples; the average K2P
distances were 4.51%. Despite this, the amino acid sequence coincided with most of the
DNA barcodes of E. aurivillii except for three samples that had non-synonymous sub-
stitutions. In our opinion, each DNA barcode of E. aurivillii used in analysis, as in the case of
E. mucronata, belongs to one species, and the level of intraspecific distances in the
Ephemerellidae family is above 6.47%.

One sample of Cinygma Ilyriformis McDunnough from Kamchatka Territory was
sequenced. DNA barcode was new for BOLD and GenBank. To date 18 DNA barcodes of
genus Cinygma Eaton from Nearctic available in BOLD, but none of them has been
identified to species level.

In the course of this study, we obtained DNA barcodes from 75 samples of mayflies belon-
ging to 10 species, which is less than a third of the known mayfly species in the Kamchatka
Territory. Comparative analysis of new sequences and BOLD system data allowed us to
expand the range of Acentrella diptera, Baetis pseudothermicus, Cinygmula malaisei,
Ephemerella aurivillii, and E. mucronata. Sequences XJDQD534-18 - XJDQD542-18 from
China should be transferred from the genus Baetiella Ueno 1931 to the species Baetis
pseudothermicus. Despite the high K2P distances for Ephemerella mucronata and E.
aurivillii, we do not consider to divide them into several species and propose to increase the
threshold of intraspecific differences by 6.47% or more for the genus Ephemerella Walsh of
the family Ephemerellidae.
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