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Abstract
Mayfly (Ephemeroptera) systematics has considerably changed over the years, but many questions have yet to be answered. The
synergistic connection between traditional knowledge and new data sources, producing increasingly complex information, has
become a compelling issue for modern taxonomy. Molecular tests and the use of reliable reference sequence libraries may
constitute effective complements to the traditional method in guiding recognition of species and giving information about
taxonomic incongruences which require further examination. In the present study, we sought to verify the current Italian mayfly
nomenclatural system through DNA barcoding and relevant points to reliably manage the available amount of morpho-ecological
and molecular data are discussed. We investigated COI (Cytochrome oxidase I) sequence variation in 163 individuals of Italian
mayflies, 126 of which were previously assigned to 24 morphologically recognised species, and 37 could be attributed only to
generic taxonomic entities (“sp.”, “cf.” or “gr.”). DNA barcoding statistical tests for species delimitation hypotheses based on
genetic distances and inferred gene trees were integrated with GenBank searches and surveys of the historical literature to better
understand the knowledge acquired on the status and diversity of the investigated taxa. Combined criteria to define three
categories of reliability were then assessed. Concurrent data allowing unambiguous identification were attained for only eight
species. High intraspecific genetic distances (> 3%) and a lack of reliable reference material or convincing taxonomic information
evidenced 29 critical states, deserving further investigation. Solid species names, potential cryptic species and entities about which
little is known are pointed out for a future upgrade/reorganisation of the taxonomy of Italian Ephemeroptera.

Keywords: COI, nomenclatural system, DNA barcoding, Italian Ephemeroptera, cryptic species

Introduction

The taxonomy of mayflies has considerably changed
in the last two centuries. In Europe, different periods
corresponding to improvements in knowledge can be
traced through its advancement. In the 19th century,
in-depth anatomical and morphological analyses were
poorly considered, and a Linnean taxonomic scheme
was mainly followed based on tegument colours and
general aspect of the adults. The most representative
scientist of that period was A. E. Eaton, with numer-
ous studies published in the last quarter of the century
(Eaton 1883–1888). Later on (in the first half of the
20th century), closer attention was given to the
description of more detailed morphological traits
(i.e. larval and genital characters: Grandi 1960;
Landa 1969) but taxonomic nomenclature did not

follow at the same pace, and proper species identifica-
tion was often uncertain. In the second half of the
20th century, new progress was made in taxonomy
from the morphological analysis based on type speci-
mens, with closer attention to nomenclatural aspects.
Müller-Liebenau introduced this process with her
work on the genus Baetis (Müller-Liebenau 1969).
Progressively, many other authors followed this
approach in the last part of the century and sum-
marised their results in comprehensive checklists
(e.g. Thomas & Belfiore 2004; Bauernfeind &
Soldán 2012).
In the third millennium, the massive utilisation of

molecular approaches (e.g. nuclear and mitochondrial
DNA sequences, microsatellite variation; see
Monaghan & Sartori 2009 for a review) has produced
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a great deal of new data and further progress towards
a better comprehension of mayfly systematics, phylo-
geography and biodiversity. However, in the long run
it has also suggested that biological complexity (i.e.
Rhithrogena and Baetis genera) was far greater than
previously considered in the taxonomic schemes cur-
rently in use (Sroka 2012; Webb et al. 2012;
Gattolliat et al. 2015; Vuataz et al. 2016). The accu-
racy of the present nomenclature was definitely chal-
lenged by several well-aimed studies indicating the
presence of crypticism in many species (Williams
et al. 2006; Bisconti et al. 2016; Leys et al. 2016;
Rutschmann et al. 2017). Today, all gathered data
strongly point towards the clear, large occurrence of
a previously overlooked taxonomic complexity in
many families and genera, and prompt new efforts
to redefine part of the current systematics.

Taxonomic attribution is fundamental for appro-
priate divulgation of biological research, to compare
different studies and improve socio-economic appli-
cations such as habitat and territory preservation
(Adamowicz 2015). Nonetheless, a reliable and
stable taxonomic framework for mayflies has yet to
be defined. All faunistic data concerning the
Ephemeroptera (i.e. those available today) provide
only extremely old, indicative values, both from a
nomenclatural point of view and in terms of the
definition of specific entities. In fact, the Italian may-
fly checklist, mainly based on data acquired in the
last few decades of the last century (currently listing
ca. 110 species: Buffagni et al. 2003), is outdated
and approximate. As such, correct evaluation of
mayfly biodiversity and future ecological applications
(see for instance Gill et al. 2016; Morinière et al.
2017) is likely to be precluded.

New groundwork for an unambiguous and agreed-
upon species detection method should be therefore
laid down, putting in order the amount of molecular
data that is progressively increasing, alongside the
traditional morphological taxonomy. Instrumental
and synergistic key points would be: (1) to increase
the utilisation of standard molecular data; (2) to
determine taxonomic entities based on clearly defined
and thoroughly described morphological characters
(e.g. Belfiore 1994; Haybach 1999; Sartori et al.
2016), while also giving proper weight to the analysis
of intraspecific variation; and (3) to name taxa based
on reliable reference material (e.g. type specimens).

The DNA barcoding approach, utilised for spe-
cies recognition in numerous animal groups (Paz &
Crawford 2012; Daneliya & Väinölä 2014;
Evangelista et al. 2014), can effectively comple-
ment the traditional taxonomy and preliminarily
point out possible nomenclatural incongruences
or the existence of cryptic differentiation within a

species. This method requires a correct taxonomic
assignment of the specimens to generate reliable
barcode (based on the Cytochorme C Oxydase
mitochondrial gene sequence, COI) reference
data. Ideally, the assignment of organisms to a
species is correct only when the analyses are con-
ducted with the species holotype as reference (see
for instance Webb et al. 2012). Nevertheless, this
is not always possible due to the limited availability
of holotypes. Alternative solutions could provide
decreasing levels of reliability depending on the
specimens used as reference (i.e. paratypes, or
other specimens sampled in the type locality). In
the case of non-type reference material, the species
name can be confidently attributed based on the
specimen origin (e.g. nearby localities), the con-
currence of unambiguous morphological traits, the
known geographical distribution and the absence
of similar co-occurring species. This approach
could improve the problem of using badly assigned
material in generating reference libraries.
In a preliminary work (Cardoni et al. 2015), we

concluded that DNA barcoding is a powerful
approach for taxonomic research in Mediterranean
mayflies, ameliorating the available biodiversity
inventories. Nevertheless, the practical and unam-
biguous disclosure of this approach is still hampered
by the availability of current faunal lists that are not
in line with the emerging molecular complexity,
especially with the potential crypticism that has
been reported, or is suspected to occur, based on
the detected divergence of intraspecific lineages. The
general scarcity of Mediterranean Mayfly (with
unambiguous species name) COI sequences in the
world reference databases that could drive a correct
identification is an additional hindering factor.
In this work, the DNA barcoding reference of

Italian Ephemeroptera was extended in terms of
regions, species and intraspecific samples; whenever
possible, specimens with unambiguous identification
at type localities or nearby sites were included in the
field collection. The accuracy of the nomenclature
currently in use was tested against molecular and
statistical DNA analyses, and confronted with litera-
ture surveys.
The gathered data suggest a reappraisal of the level

of nominal reliability. Some useful criteria to chal-
lenge and eventually rearrange the nomenclature
system currently in use have been proposed, such
as combining taxonomical, faunistical and biogeo-
graphical issues with DNA barcoding data. This
will be an advantage for future projects based on
DNA barcoding, and will lay down the experimental
groundwork for a sound and durable taxonomy of
mayflies.
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Material and methods

Sampling and laboratory analyses

One hundred and sixty-three specimens of mayflies
at the nymph stage were collected in 18 rivers across
Peninsular Italy and the main islands in November
2014, and April and July 2016 (Supplementary
Figure S1). The sampling was carried out with a
clear strategy, targeted to the collection of selected
species in their type locality or nearby areas, and to
gradually expand the available reference data set of
the Italian mayflies (Cardoni et al. 2015; Table I). A
priori species identification was performed based on
morphology and current taxonomic literature. DNA
barcoding was then used to test the potential con-
gruence of species identification and genetic varia-
bility. DNA extractions, Cytochrome Oxidase
subunit I region amplification and general sequence
analyses were performed as in Cardoni et al. (2015).

DNA barcoding statistical tests

The absence of stop codons in the obtained
sequences was verified with MEGA 7.0.14 (Kumar
et al. 2016) and multiple alignments were generated
with Clustal X (Thompson et al. 1997). Efficacy of
taxon discrimination in our data set was assessed by
means of (1) sequence similarity, (2) genetic dis-
tance and (3) phylogenetic/clustering approaches.

Operational taxonomic units (OTUs) were gener-
ated using Mothur (Schloss et al. 2009) with different
similarity thresholds to compare the obtained OTUs
with the species identified based on morphology. The
R-package SPIDER (Brown et al. 2012) was used to
calculate Kimura two-parameter (K2P) genetic dis-
tances within and among congeneric species (dis.dna
function), and to test the occurrence of the “barcod-
ing gap” (maxInDist and nonConDist function) –

that is, the assumption that the maximum intraspeci-
fic genetic distance is smaller than the minimum
between species. RAxML (Stamatakis 2006) was
used to generate maximum likelihood dendrograms
under the GTRCAT model, on 252 sequences of
Italian mayflies and on all COI sequences of the con-
specific European mayflies available in GenBank (874
sequences); node support was evaluated with 1000
bootstrap replicates. Tree topology was inspected to
check that individuals belonging to the same species
were clustered together.

Finally, the Poisson tree process (PTP: Zhang et al.
2013) was performed as an additional test to delimitate
putative species through Bayesian inference (BI) with
100 000MCMC (Markov ChainMonte Carlo) genera-
tions on 252 COI sequences of Italian Ephemeroptera.

Taxonomic reliability and nomenclatural congruence

All publicly available European conspecific COI
sequences were downloaded from GenBank and inte-
grated in our data set (entries and relative information
provided as Supplementary Table SI). As a first
step, intra- and interspecific K2P genetic distances
were calculated for the whole data set (626 sequences).
We adopted 0–3% as the indicative range to group
individuals into the same species, based on the inter-/
intraspecific K2P divergence boundaries generally
observed in Ephemeroptera (Ball et al. 2005; Gattolliat
et al. 2012, 2015; Kjærstad et al. 2012; Webb et al.
2012), and considering Hebert et al. (2003).
Subsequently, taxonomic literature information was
surveyed (e.g. type or paratype locality of the a priori
identified species). Considering the origin of the inves-
tigated material (type material or type locality), the
reported distribution and taxonomic history of the stu-
died entities, we defined three categories of nomencla-
tural consistency for the groups defined with the K2P
distance range:

A. “reliable species names”: individuals resulting
from analyses conducted on (in order of decreas-
ing reliability): (1) the type material; (2) material
collected at nearby sites, with no concurring syn-
topic similar species; (3) members of species with
a circumscribed distribution and with solid diag-
nostic characters. These criteria imply no explicit
taxonomic problems (Table II);

B. “difficult name attribution, potential occurrence of
cryptic species”: individuals to which the criteria
stated in A cannot be attributed, indicating a pos-
sible non-correspondence with the given species
name, despite the presumed cospecificity of the
investigated samples with a consistent GenBank
reference (K2P < 0.03); intraspecific genetic dis-
tance > 0.03, indicating the possible occurrence of
cryptic species. These criteria suggest a highly likely
necessity for taxonomic revision;

C. “entities with unclear taxonomic status”: the iden-
tification cannot be reliably achieved due to the
large occurrence of taxonomic problems, with few
or no barcoding sequences available for compari-
son. These criteria imply further investigation is
required at morphological, ecological and molecu-
lar levels before the current species name is
accepted or rejected.

Results

Data set description

With the morphological keys currently in use, 24 mor-
phospecies (13 genera, four families) were recognised.
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Table I. List of specimens investigated in this study, with sampling sites and GenBank accession numbers. HMV: the High Marecchia Valley
locality (Marecchia River runs through Emilia Romagna and Tuscany). Map available as Supplementary Figure S1.

Taxon Location Accession no.

Baetidae
Acentrella sinaica Bogoescu, 1931 MAR 1, Marche, Candigliano, specimen 1 LT626135
Acentrella sinaica Bogoescu, 1931 MAR 1, Marche, Candigliano, specimen 2 LT626136
Acentrella sinaica Bogoescu, 1931 MAR 1, Marche, Candigliano, specimen 3 LT626137
Acentrella sinaica Bogoescu, 1931 HMV 1, Tuscany, Marecchia, specimen 1 LT626138
Acentrella sinaica Bogoescu, 1931 HMV 1, Tuscany, Marecchia, specimen 2 LT626139
Acentrella sinaica Bogoescu, 1931 HMV 1, Tuscany, Marecchia, specimen 3 LT626140
Nigrobaetis digitatus (Bengtsson, 1912) MAR 1, Marche, Candigliano LT626141
Takobia sp. cf. mutica MAR 1, Marche, Candigliano LT626081
Takobia sp. SIC 1, Sicily, Imera settentrionale LT626079
Takobia sp. SIC 1, Sicily, Imera settentrionale LT670853
Takobia sp. SIC 2, Sicily, Vallone San Nicola LT626080
Takobia sp. SIC 2, Sicily, Vallone San Nicola LT670854
Baetis vernus Curtis, 1834 LAT 2, Latium, Treja, specimen 1 LT626082
Baetis vernus Curtis, 1834 LAT 2, Latium, Treja, specimen 2 LT626083
Baetis sp. cf. lutheri LAT 1, Latium, Mignone, specimen 1 LT626084
Baetis sp. cf. lutheri LAT 1, Latium, Mignone, specimen 2 LT626085
Baetis fuscatus (Linnaeus, 1761) LAT 1, Latium, Mignone, specimen 1 LT626086
Baetis fuscatus (Linnaeus, 1761) LAT 1, Latium, Mignone, specimen 2 LT626087
Baetis fuscatus (Linnaeus, 1761) LAT 1, Latium, Mignone, specimen 3 LT626088
Baetis fuscatus (Linnaeus, 1761) HMV 1, Emilia Romagna, Marecchia, specimen 1 LT626089
Baetis fuscatus (Linnaeus, 1761) HMV 1, Emilia Romagna, Marecchia, specimen 2 LT626090
Baetis fuscatus (Linnaeus, 1761) HMV 1, Emilia Romagna, Marecchia, specimen 3 LT626091
Baetis fuscatus (Linnaeus, 1761) SIC 3, Sicily, Scavioli, LT626092
Baetis sp. cf. melanonyx HMV 1, Emilia Romagna, Marecchia, specimen 1 LT626093
Baetis sp. cf. melanonyx HMV 1, Emilia Romagna, Marecchia, specimen 2 LT626094
Baetis sp. cf. melanonyx HMV 1, Emilia Romagna, Marecchia, specimen 3 LT626095
Baetis buceratus Eaton, 1870 SIC 8, Sicily, Imera meridionale, specimen 1 LT626100
Baetis buceratus Eaton, 1870 SIC 8, Sicily, Imera meridionale, specimen 2 LT626101
Baetis buceratus Eaton, 1870 SIC 8, Sicily, Imera meridionale, specimen 3 LT626102
Baetis alpinus (Pictet, 1843) SIC 2, Sicily, Vallone San Nicola, specimen 1 LT626096
Baetis alpinus (Pictet, 1843) SIC 2, Sicily, Vallone San Nicola, specimen 2 LT626097
Baetis alpinus (Pictet, 1843) SIC 2, Sicily, Vallone San Nicola, specimen 3 LT626098
Baetis alpinus (Pictet, 1843) SIC 1, Sicily, Imera settentrionale LT626099
Baetis sp. cf. pavidus SIC 1, Sicily, Imera settentrionale, specimen 1 LT626142
Baetis sp. cf. pavidus SIC 1, Sicily, Imera settentrionale, specimen 2 LT626143
Baetis sp. cf. pavidus SIC 1, Sicily, Imera settentrionale, specimen 3 LT626144
Heptageniidae
Ecdyonurus helveticus Eaton, 1883–1888 TOS 1, Tuscany, Foglia, specimen 1 LT626103
Ecdyonurus helveticus Eaton, 1883–1888 TOS 1, Tuscany, Foglia, specimen 2 LT626104
Ecdyonurus helveticus Eaton, 1883–1888 TOS 1, Tuscany, Foglia, specimen 3 LT626105
Ecdyonurus helveticus Eaton, 1883–1888 SIC 2, Sicily, Vallone San Nicola, specimen 1 LT626106
Ecdyonurus helveticus Eaton, 1883–1888 SIC 2, Sicily, Vallone San Nicola, specimen 2 LT626107
Ecdyonurus helveticus Eaton, 1883–1888 SIC 2, Sicily, Vallone San Nicola, specimen 3 LT626108
Ecdyonurus helveticus Eaton, 1883–1888 SIC 7, Sicily, Noto, Cava Grande, specimen 1 LT626109
Ecdyonurus helveticus Eaton, 1883–1888 SIC 7, Sicily, Noto, Cava Grande, specimen 2 LT626110
Ecdyonurus helveticus Eaton, 1883–1888 SIC 7, Sicily, Noto, Cava Grande, specimen 3 LT626111
Ecdyonurus venosus (Fabricius, 1775) SIC 1, Sicily, Imera settentrionale LT626112
Ecdyonurus venosus (Fabricius, 1775) SIC 8, Sicily, Imera meridionale LT670856
Epeorus assimilis Eaton, 1885 SIC 2, Sicily, Vallone San Nicola, specimen 1 LT626113
Epeorus assimilis Eaton, 1885 SIC 2, Sicily, Vallone San Nicola, specimen 2 LT626114
Epeorus assimilis Eaton, 1885 SIC 2, Sicily, Vallone San Nicola, specimen 3 LT626115
Epeorus assimilis Eaton, 1885 UMB 1, Umbria, Menotre, specimen 1 LT626116
Epeorus assimilis Eaton, 1885 UMB 1, Umbria, Menotre, specimen 2 LT626117
Epeorus assimilis Eaton, 1885 TOS 2, Tuscany, Presalino LT626118
Epeorus assimilis Eaton, 1885 MAR 2, Marche, Aso, specimen 1 LT626119
Epeorus assimilis Eaton, 1885 MAR 2, Marche, Aso, specimen 2 LT670855
Epeorus yougoslavicus (Šámal, 1935) SIC 5, Sicily, Cutò, specimen 1 LT626177
Epeorus yougoslavicus (Šámal, 1935) SIC 5, Sicily, Cutò, specimen 2 LT626178
Epeorus yougoslavicus (Šámal, 1935) SIC 5, Sicily, Cutò, specimen 3 LT626179
Epeorus yougoslavicus (Šámal, 1935) SIC 5, Sicily, Cutò, specimen 4 LT670861
Epeorus yougoslavicus (Šámal, 1935) SIC 5, Sicily, Cutò, specimen 5 LT670862
Epeorus yougoslavicus (Šámal, 1935) SIC 3, Sicily, Scavioli, specimen 1 LT626180
Epeorus yougoslavicus (Šámal, 1935) SIC 3, Sicily, Scavioli, specimen 2 LT626181

(Continued )
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Table I. (Continued).

Taxon Location Accession no.

Epeorus yougoslavicus (Šámal, 1935) SIC 3, Sicily, Scavioli, specimen 3 LT626182
Epeorus yougoslavicus (Šámal, 1935) SIC 3, Sicily, Scavioli, specimen 4 LT670863
Epeorus yougoslavicus (Šámal, 1935) SIC 3, Sicily, Scavioli, specimen 5 LT670864
Epeorus yougoslavicus (Šámal, 1935) MAR 2, Marche, Aso, specimen 1 LT626183
Epeorus yougoslavicus (Šámal, 1935) MAR 2, Marche, Aso, specimen 2 LT626184
Epeorus yougoslavicus (Šámal, 1935) MAR 2, Marche, Aso, specimen 3 LT670865
Epeorus yougoslavicus (Šámal, 1935) MAR 2, Marche, Aso, specimen 4 LT670866
Electrogena grandiae (Belfiore, 1981) * MAR 1, Marche, Candigliano LT626120
Electrogena sp. EM-ROM 1, Emilia Romagna, Brasimone, specimen 1 LT626121
Electrogena sp. EM-ROM 1, Emilia Romagna, Brasimone, specimen 2 LT626122
Electrogena sp. EM-ROM 1, Emilia Romagna, Brasimone, specimen 3 LT626123
Electrogena hyblaea Belfiore, 1994 * SIC 6, Sicily, Cava cinque porte LT626145
Electrogena lateralis (Curtis, 1834) SIC 4, Sicily, Martello, specimen 1 LT626146
Electrogena lateralis (Curtis, 1834) SIC 4, Sicily, Martello, specimen 2 LT626147
Electrogena lateralis (Curtis, 1834) SIC 4, Sicily, Martello, specimen 3 LT626148
Electrogena lateralis (Curtis, 1834) SIC 4, Sicily, Martello, specimen 4 LT626149
Electrogena lateralis (Curtis, 1834) SIC 4, Sicily, Martello, specimen 5 LT626150
Electrogena lateralis (Curtis, 1834) SIC 3, Sicily, Scavioli, specimen 1 LT626151
Electrogena lateralis (Curtis, 1834) SIC 3, Sicily, Scavioli, specimen 2 LT626152
Rhithrogena semicolorata (Curtis, 1834) SIC 2, Sicily, Vallone San Nicola, specimen 1 LT626124
Rhithrogena semicolorata (Curtis, 1834) SIC 2, Sicily, Vallone San Nicola, specimen 2 LT626125
Rhithrogena semicolorata (Curtis, 1834) SIC 2, Sicily, Vallone San Nicola, specimen 3 LT626126
Rhithrogena semicolorata (Curtis, 1834) SIC 2, Sicily, Vallone San Nicola, specimen 4 LT626127
Rhithrogena semicolorata (Curtis, 1834) HMV 1, Emilia Romagna, Marecchia, specimen 1 LT626128
Rhithrogena semicolorata (Curtis, 1834) HMV 1, Emilia Romagna, Marecchia, specimen 2 LT626129
Rhithrogena semicolorata (Curtis, 1834) HMV 1, Emilia Romagna, Marecchia, specimen 3 LT626130
Rhithrogena semicolorata (Curtis, 1834) MAR 2, Marche, Aso, specimen 1 LT626131
Rhithrogena semicolorata (Curtis, 1834) MAR 2, Marche, Aso, specimen 2 LT626132
Rhithrogena sp. cf. adrianae HMV 1, Tuscany, Marecchia, specimen 1 LT626153
Rhithrogena sp. cf. adrianae HMV 1, Tuscany, Marecchia, specimen 2 LT626154
Rhithrogena sp. cf. adrianae HMV 1, Tuscany, Marecchia, specimen 3 LT626155
Rhithrogena sp. cf. adrianae HMV 1, Emilia Romagna, Marecchia, specimen 1 LT626156
Rhithrogena sp. cf. adrianae HMV 1, Emilia Romagna, Marecchia, specimen 2 LT626157
Rhithrogena adrianae Belfiore, 1983 * LAT 1, Latium, Mignone, specimen 1 LT626159
Rhithrogena adrianae Belfiore, 1983 * LAT 1, Latium, Mignone, specimen 2 LT626160
Rhithrogena adrianae Belfiore, 1983 * LAT 1, Latium, Mignone, specimen 3 LT626161
Rhithrogena sp. HMV 1, Emilia Romagna LT626158
Rhithrogena sp. EM-ROM 1, Emilia Romagna, Brasimone, specimen 1 LT626162
Rhithrogena sp. EM-ROM 1, Emilia Romagna, Brasimone, specimen 2 LT626163
Rhithrogena sp. EM-ROM 1, Emilia Romagna, Brasimone, specimen 3 LT626164
Rhithrogena johannis Belfiore, 1990 HMV 1, Tuscany, Marecchia, specimen 1 LT626165
Rhithrogena johannis Belfiore, 1990 HMV 1, Tuscany, Marecchia, specimen 2 LT626166
Rhithrogena johannis Belfiore, 1990 HMV 1, Tuscany, Marecchia, specimen 3 LT626167
Rhithrogena johannis Belfiore, 1990 HMV 1, Emilia Romagna, Marecchia, specimen 1 LT626171
Rhithrogena johannis Belfiore, 1990 HMV 1, Emilia Romagna, Marecchia, specimen 2 LT626172
Rhithrogena johannis Belfiore, 1990 HMV 1, Emilia Romagna, Marecchia, specimen 3 LT626173
Rhithrogena johannis Belfiore, 1990 * SIC 3, Sicily, Scavioli, specimen 1 LT626168
Rhithrogena johannis Belfiore, 1990 * SIC 3, Sicily, Scavioli, specimen 2 LT626169
Rhithrogena johannis Belfiore, 1990 * SIC 3, Sicily, Scavioli, specimen 3 LT626170
Rhithrogena johannis Belfiore, 1990 * SIC 3, Sicily, Scavioli, specimen 4 LT670857
Rhithrogena johannis Belfiore, 1990 * SIC 3, Sicily, Scavioli, specimen 5 LT670858
Rhithrogena johannis Belfiore, 1990 SIC 5, Sicily, Cutò, specimen 1 LT626174
Rhithrogena johannis Belfiore, 1990 SIC 5, Sicily, Cutò, specimen 2 LT626175
Rhithrogena johannis Belfiore, 1990 SIC 5, Sicily, Cutò, specimen 3 LT626176
Rhithrogena johannis Belfiore, 1990 SIC 5, Sicily, Cutò, specimen 4 LT670859
Rhithrogena johannis Belfiore, 1990 SIC 5, Sicily, Cutò, specimen 5 LT670860
Rhithrogena reatina Sowa & Belfiore, 1984 * MAR 2, Marche, Aso, specimen 1 LT626190
Rhithrogena reatina Sowa & Belfiore, 1984 * MAR 2, Marche, Aso, specimen 2 LT626191
Rhithrogena reatina Sowa & Belfiore, 1984 * MAR 2, Marche, Aso, specimen 3 LT626192
Rhithrogena reatina Sowa & Belfiore, 1984 * MAR 2, Marche, Aso, specimen 4 LT626193
Rhithrogena reatina Sowa & Belfiore, 1984 * MAR 2, Marche, Aso, specimen 5 LT626194
Rhithrogena reatina Sowa & Belfiore, 1984 * MAR 2, Marche, Aso, specimen 6 LT626195
Rhithrogena reatina Sowa & Belfiore, 1984 * MAR 2, Marche, Aso, specimen 7 LT670870
Rhithrogena reatina Sowa & Belfiore, 1984 * MAR 2, Marche, Aso, specimen 8 LT670871

(Continued )

258 R. Tenchini et al.



The data set included six endemisms [Electrogena
hyblaea Belfiore, 1994; from Sicily, Rhithrogena sibillina
Metzler, Tomka & Zurwerra, 1985; from central Italy,
Rhithrogena nuragica Belfiore, 1987 from Sardinia; and
Rhithrogena johannis, Belfiore, 1990, Choroterpes borbo-
nica, Belfiore, 1988, and Habroleptoides pauliana
(Grandi, 1959) from the Appennines and Sicily].
Electrogena hyblaea, R. sibillina, R. johannis and R. nur-
agica were sampled in their type locality. Current taxo-
nomic knowledge did not allow the identification of 37
specimens at the species level. These specimens were
attributed to generic taxonomic entities (labelled with
“sp.”, “cf.” or “gr.”: see Table I).

COI sequences were obtained for all 163 investi-
gated samples. The multiple alignment was unam-
biguous (no gaps occurred in the whole data set and

no stop codons were observed in the translated pro-
tein sequences). The final matrix consisted of 639
characters (primer sequences excluded). The refer-
ence library of Italian Ephemeroptera (Cardoni et al.
2015) was extended with 83 new COI sequences
(GenBank accession numbers reported in Table I).

Evaluation of the molecular data set

The 100% identity threshold generated 127 OTUs;
of these, 102 corresponded to single individuals
and 25 grouped individuals assigned to the same
morphospecies (Supplementary Table SII). The
99–98% identity thresholds reduced the number
of OTUs to 50 and 40, respectively. The 97%
identity threshold generated 38 OTUs; of these,

Table I. (Continued).

Taxon Location Accession no.

Rhithrogena nuragica Belfiore, 1987 * SAR 1, Sardinia, Rio Aratu, specimen 1 LT715982
Rhithrogena nuragica Belfiore, 1987 * SAR 1, Sardinia, Rio Aratu, specimen 2 LT745903
Rhithrogena nuragica Belfiore, 1987 * SAR 1, Sardinia, Rio Aratu, specimen 3 LT745904
Rhithrogena gr. hercynia SAR 1, Sardinia, Rio Aratu, specimen 1 LT745905
Rhithrogena gr. hercynia SAR 1, Sardinia, Rio Aratu, specimen 2 LT745906
Rhithrogena gr. hercynia SAR 1, Sardinia, Rio Aratu, specimen 3 LT745907
Rhithrogena sp. cf. fiorii LAT 1, Latium, Mignone, specimen 1 LT745900
Rhithrogena sp. cf. fiorii LAT 1, Latium, Mignone, specimen 2 LT745901
Rhithrogena sp. cf. fiorii LAT 1, Latium, Mignone, Specimen3 LT745902
Leptophlebiidae
Habrophlebia eldae Jacob & Sartori, 1984 SIC 6, Sicily, Cava cinque porte, specimen 1 LT626133
Habrophlebia eldae Jacob & Sartori, 1984 SIC 6, Sicily, Cava cinque porte, specimen 2 LT626134
Habroleptoides pauliana (Grandi, 1959) SIC 4, Sicily, Fosso di Martello LT626189
Habroleptoides sp. MAR 2, Marche, Aso, specimen 1 LT670872
Habroleptoides sp. MAR 2, Marche, Aso, specimen 2 LT670873
Habroleptoides sp. EM-ROM 1, Emilia Romagna, Brasimone LT670874
Choroterpes borbonica Belfiore, 1988 SIC 1, Sicily, Imera settentrionale, specimen 1 LT626185
Choroterpes borbonica Belfiore, 1988 SIC 1, Sicily, Imera settentrionale, specimen 2 LT626186
Choroterpes borbonica Belfiore, 1988 SIC 1, Sicily, Imera settentrionale, specimen 3 LT670867
Choroterpes borbonica Belfiore, 1988 SIC 8, Sicily, Imera meridionale, specimen 1 LT626187
Choroterpes borbonica Belfiore, 1988 SIC 8, Sicily, Imera meridionale, specimen 2 LT626188
Choroterpes borbonica Belfiore, 1988 SIC 8, Sicily, Imera meridionale, specimen 3 LT670868
Choroterpes borbonica Belfiore, 1988 SIC 8, Sicily, Imera meridionale, specimen 4 LT670869
Quatica ikonomovi (Puthz, 1971) SIC 2, Sicily, Vallone San Nicola, specimen 1 LT626200
Quatica ikonomovi (Puthz, 1971) SIC 2, Sicily, Vallone San Nicola, specimen 2 LT626201
Quatica ikonomovi (Puthz, 1971) SIC 2, Sicily, Vallone San Nicola, specimen 3 LT670881
Quatica ikonomovi (Puthz, 1971) SIC 5, Sicily, Cutò, Sicily, specimen 1 LT626202
Quatica ikonomovi (Puthz, 1971) SIC 5, Sicily, Cutò, Sicily, specimen 2 LT626203
Torleya major (Klapalek, 1905) TOS 2, Tuscany, Presalino, specime 1 LT626196
Torleya major (Klapalek, 1905) TOS 2, Tuscany, Presalino, specimen 2 LT626197
Torleya major (Klapalek, 1905) TOS 2, Tuscany, Presalino, specimen 3 LT670875
Torleya major (Klapalek, 1905) HMV 1, Emilia Romagna, Marecchia LT626198
Torleya major (Klapalek, 1905) HMV 1, Tuscany, Marecchia, specimen 1 LT626199
Torleya major (Klapalek, 1905) HMV 1, Tuscany, Marecchia, specimen 2 LT670876
Caenidae
Caenis cf. luctuosa (Burmeister, 1839) SIC 1, Sicily, Imera settentrionale LT670877
Caenis macrura gr. SIC 6, Cava cinque porte, Sicily, specimen 1 LT670878
Caenis macrura gr. SIC 6, Cava cinque porte, Sicily, specimen 2 LT670879
Caenis macrura gr. SIC 6, Cava cinque porte, Sicily, specimen 3 LT670880

* Species sampled in type locality.
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Table II. List of morphospecies grouped by the criteria stated for the nomenclature classes (A, B, C). The column “Genebank sequences for
comparison” is related to the sequence numbers in Supplementary Table SI.

Morphospecies

Type or
nearby
locality Citation

Delimited
distribution

Taxonomic
problems K2P range

Total COI
sequences

Genebank sequences
used for comparison

A Rhithrogena johannis ✓ Sicily (Belfiore 1990) ✓ ✗ 0.000 – 0.024 16 -
Rhithrogena reatina ✓ Latium (Sowa &

Belfiore 1984)
✓ ✗ 0.000 – 0.017 10 464, 465

Rhithrogena nuragica ✓ Sardinia (Belfiore
1987)

✓ ✗ 0.000 – 0.003 4 451

Rhithrogena adrianae ✓ Latium (Belfiore
1983)

✓ ✗ 0.002 – 0.005 3 -

Electrogena grandiae ✓ Latium (Belfiore
1981)

✓ ✗ 0.000 – 0.028 4 443, 445

Electrogena hyblaea ✓ Sicily (Belfiore 1994) ✓ ✗ - 1 -
Epeorus yougoslavicus ✗ Macedonia (Sàmal

1935)
✓ ✗ 0.000 – 0.009 14 -

Choroterpes borbonica ✗ Campania (Belfiore
1988)

✓ ✗ 0.000 – 0.008 7 -

B Takobia sp. (six
gills)

✗ - ✗ ✗ 0.188 – 0.227 12 3–7

Baetis fuscatus ✗ Sweden (Brink and
Müller-Liebenau
1965)

✗ ✗ 0.000 – 0.136 29 186–207

Baetis sp. cf. lutheri ✗ Germany (Müller-
Liebenau 1967)

✗ ✗ 0.000 – 0.253 11 208–216

Baetis sp. cf.
melanonyx

✗ France (Müller-
Liebenau 1969)

✗ ✗ 0.002 – 0.210 9 217–222

Baetis buceratus ✗ United Kingdom
(Kimmins 1960)

✗ ✗ 0.007 – 0.128 11 170–177

Baetis alpinus ✗ France (Pictet 1843) ✗ ✗ 0.000 – 0.271 141 33–169
Baetis vernus ✗ United Kingdom

(Curtis 1834)
✗ ✗ 0.000 – 0.141 137 224–358

Baetis sp. cf. pavidus ✗ Emilia Romagna
(Grandi 1949)

✗ ✓ 0.002 – 0.109 4 223

Nigrobaetis digitatus ✗ Sweden (Müller-
Liebenau 1969)

✗ ✗ 0.132 – 0.211 5 182–185

Epeorus assimilis ✗ Germany (Kimmins
1960)

✗ ✗ 0.000 – 0.118 17 485–493

Electrogena lateralis ✗ United Kingdom
(Curtis 1834)

✗ ✗ 0.047 – 0.071 20 430–442

Electrogena sp.
compared to E.
grandiae

✗ - ✗ ✗ 0.120 – 0.130 7 443–445

Rhithrogena
semicolorata

✗ United Kingdom
(Curtis 1834)

✗ ✗ 0.013 – 0.076 28 466–484

Rhithrogena sp. cf.
adrianae
compared to R.
adrianae

✗ - ✗ ✗ 0.000 – 0.151 8 -

Rhithrogena sp.
compared to R.
adrianae and R.
sp. cf. adrianae

✗ - ✗ ✗ 0.125 – 0.157 9 -

Ecdyonurus venosus ✗ Unspecified
(Bauernfeind &
Soldán 2012)

✗ ✗ 0.002 – 0.050 16 504–516

Ecdyonurus helveticus ✗ Switzerland (Eaton
1981–83)

✗ ✗ 0.012 – 0.061 16 517–523

Habrophlebia eldae ✗ Bulgaria (Jacob &
Sartori 1984)

✗ ✗ 0.002 – 0.098 14 528–539

(Continued )
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35 grouped conspecific samples, matching ca. 95%
of the morphospecies included in our data set, and
one included Rhithrogena sp. cf. fiorii and
Rhithrogena gr. hercynia; two species displayed
multiple OTUs [Epeorus assimilis Eaton, 1885 and
Baetis fuscatus (Linnaeus, 1761)]. Larger species
admixtures were generated with lower thresholds.

The overall intraspecific K2P distance observed in
our data set (163 COI sequences) ranged between
0.00 [e.g. Baetis alpinus (Pictet, 1843)] and 0.112
(B. fuscatus), whereas the congeneric interspecific values
ranged between 0.077 (e.g. R. sibillina – Rhithrogena sp.
from Emilia) and 0.293 (Baetis vernus Curtis, 1834 –

Baetis. sp. cf. melanonyx). The occurrence of barcoding
gaps was detected in all entities where more than two
specimens were analysed, with a range between
K2P = 0.047 (R. gr. hercynia) and K2P = 0.238
(B. alpinus) (Supplementary Table SIII).

Maximum likelihood inference based on the 252
Italian mayfly COI sequences (corresponding to 64
morphospecies), generated by data from this and the
previous work (Cardoni et al. 2015), grouped all
sequences into clades corresponding to the morpholo-
gically identified species (Figure 1). Moreover, the
RaxML phylogram integrated with all European con-
specific sequences fromGenBank, relative to the Italian

Ephemeroptera here and previously investigated species
(874 total sequences), confirmed the previous clades
and showed a clustering well in line with the acknowl-
edged mayfly taxonomy (Supplementary Figure S2).
However, in both dendrograms some “minor clades”
with low bootstrap support were produced, correspond-
ing to the morphospecies characterised by high K2P
distances (Table II). Finally, the PTP analysis con-
ducted on the total Italian data set (252 sequences)
predicted 81 putative species (Supplementary
Figure S3).

Data gathering and grouping

Four hundred and sixty two GenBank sequences
belonging to the same morphospecies investigated here
(163 COI sequences) were used to integrate the K2P
genetic distance analysis in an expanded data set (626
total sequences). We found intraspecific K2P distances
< 3% in 13 species (95 individuals) and K2P values
> 3% in 22 species (529 individuals) (Table II). The
remaining two species were represented only by one
specimen. Graphic visualisations of the K2P distances
are reported in Supplementary Figure S4.
Based on the criteria defined in the Material

and methods section, the three categories of

Table II. (Continued).

Morphospecies

Type or
nearby
locality Citation

Delimited
distribution

Taxonomic
problems K2P range

Total COI
sequences

Genebank sequences
used for comparison

Torleya major ✗ Bosnia Herzegovina
(Klapalek 1905)

✗ ✗ 0.000 – 0.056 16 660–669

C Takobia sp. cf.
mutica (seven
gills)

✗ Unspecified (Müller-
Liebenau 1969)

✗ ✓ 0.025 – 0.255 23 8–32

Quatica ikonomovi ✗ Macedonia
(Ikonomov 1961)

✗ ✓ 0.000 – 0.016 5 -

Acentrella sinaica ✗ Romania (Bogoescu
1931)

✗ ✓ 0.000 – 0.007 8 1–2

Habroleptoides
pauliana

✗ Liguria (Grandi
1959)

✗ ✓ - 1 -

Habroleptoides sp. ✗ - ✗ ✓ 0.000 – 0.016 3 -
Caenis sp. cf. luctuosa ✗ Germany (Jacob

1974)
✗ ✓ 0.011 – 0.230 3 597, 598

Caenis macrura gr. ✗ - ✗ ✓ 0.000 – 0.251 8 599–604
Rhithrogena sp.* ✗ - ✗ ✓ 0.002 – 0.003 3 -
Rhithrogena sp. cf.

fiorii compared
to R.
gratianopolitana

✗ Emilia Romagna
(Belfiore 1983)

✗ ✓ 0.023 – 0.030 14 452–462

Rhithrogena gr.
hercynia
compared to R.
gratianopolitana

✗ Czech Republic
(Landa 1969)

✗ ✓ 0.012 – 0.015 15 452–463

* = The specimens could not be assigned to the same entities.
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nomenclatural consistency defined eight, 19 and 10
species or undefined taxa, respectively, as reported in
Table II.

Discussion

A correct and truly effective application of DNA bar-
coding requires the use of a referenced, official bench-
mark data set to provide the correct (or the most
plausible) species identification through sequence
comparison. The construction of a comprehensive
sequence reference library is a very long process
requiring progressive and complementary approaches
(field and lab work, specimen first identification,
DNA analyses and data processing, historical and
geographical surveys). To overcome the difficulties
that often arise due to the lack of traditional taxo-
nomic information, some authors (Gill et al. 2016;
Morinière et al. 2017) introduced the use of BINs
(Barcode Index Numbers; Ratnasingham & Hebert
2013) for temporary species assignation. However,
in many cases multiple BINs were assigned to the
same identified species, suggesting, as in the present
work (see below), the likely occurrence of potential
cryptic species. Indeed, this confirms how far we are
from a real representation of mayfly diversity. It

stresses also once more the necessity of a more reli-
able nomenclature.
In our work, we found robust congruence among

estabilished taxonomy, morphology, literature infor-
mation and molecular data in only eight species.
Contrasting or incomplete taxonomic information,
and high genetic distances suggesting the potential
occurrence of cryptic species, were found in 22
cases. These, and seven further cases for which there
is scarce information from both taxonomic and mole-
cular literature, coupled with some cases of difficult
K2P-level intepretation, highlight the general neces-
sity of additional sampling efforts and investigations
to achieve reliable taxonomic assessments.

DNA barcoding for a mayfly benchmark taxonomy

Sequence similarity and the genetic distance analysis
were concordant in indicating 3% as a general
boundary to separate different species or taxonomic
units, assigning 95% of the identified morphospecies
to distinct OTUs. The remaining 5% corresponds to
four entities (Rhithrogena sp. cf. fiorii, R. gr. hercynia,
Epeorus assimilis and Baetis fuscatus) included in the B
category (difficult name attribution). The occurrence
of barcoding gaps was observed across all congeneric
morphospecies (Supplementary Table SIII).

Figure 1. Circular RaxML dendrogram of 252 Italian mayfly COI (Cytochrome C Oxidase subunit I) sequences, likelihood bootstrap
support > 70%. Genus clusters are indicated with grayscale, dashed lines and the respective names.
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The RAxML reconstruction on the overall 874
sequences was generally congruent with the acknowl-
edged mayfly taxonomy (Supplementary Figure S2).
No COI sequences of a single species clustered into a
different species’ cluster, and all clades proved to be
monospecific, mostly with high bootstrap support
(> 70%). The high number of putative species exceed-
ing those morphologically identified with the PTP
analysis suggests the hypothesis of cryptic species lar-
gely occurring in the investigated data set. Remarkable
evidence (BI > 0.987) was provided by E. assimilis, B.
fuscatus, B. alpinus, Takobia mutica [Takobia Novikova
and Kluge 1987 = Alainites Waltz and McCafferty
1994 (in Waltz et al. 1994): Kluge & Novikova 2014]
and Habrophlebia eldae Jacob & Sartori, 1984.
Conversely, the separation of the twoElectrogena grand-
iae (Belfiore, 1981) samples (BI = 0.390) was probably
due to uneven sampling (Zhang et al. 2013).

Taxonomic issues

The currently available estimate of the diversity of
this order in Italy is not sufficiently accurate.

The obtained molecular results combined with the
literature survey showed serious deficiencies in the cur-
rent taxonomy of mayflies (i.e. underestimated diversity
and species names not correctly assigned), for which we
believe a critical revision is required. Therefore, we
propose some criteria to evaluate the reliability of the
current species names that can be used for reconsidering
the taxonomic lists. This could be useful also for future
practical applications in the light of the newly emerging
bio-taxonomic tools (Deiner et al. 2016).

Based on the criteria stated for the A category
(Table II), the names of eight species of the investi-
gated data set could be reliably ascertained. Of these,
five were sampled in their type locality (Rhithrogena
adrianae Belfiore, 1983, R. nuragica, R. johannis, R.
sibillina, E. hyblaea) and one was investigated in our
previous study (E. grandiae, Cardoni et al. 2015). In
addition, for all these species there are no relevant
taxonomic problems. Based on the low K2P distance
(< 0.028) calculated with the type material (Latium,
Belfiore 1981; Cardoni et al. 2015), the three speci-
mens we sampled in the Marche region and prelimi-
narily attributed to E. grandiae could be
unambiguously assigned to this species. Moreover,
the low divergence between material from the type
locality (Sicily, Belfiore 1990) and peninsular
sequences (High Marecchia Valley) of R. johannis
indicates that all of the samples belong to the same
species. The samples of R. sibillina were collected
very close to the species type locality (Metzler et al.
1985). The high genetic (> 98%) and morphological
similarity to Rhithrogena reatina (type locality

Latium; Sowa & Belfiore 1984) support the syno-
nymy R. reatina Sowa & Belfiore 1984 = R. sibillina
Metzler et al. 1985 syn. nov.
Choroterpes borbonica (type locality R. Mingardo,

southern Campania: Belfiore 1988) has a relatively
restricted distribution (southern Apennines and
Sicily), clear diagnostic characters and low intraspe-
cific genetic variability (Table II). Finally, we
assigned Epeorus yougoslavicus (Šámal, 1935) (type
locality: Macedonia, Šámal 1935) to category A,
due to the low intraspecific genetic distance dis-
played by the several (14) sequences available for
comparison, and considering the marked distinctive-
ness of the species.
Fifty-nine total COI sequences referred to these

eight species are now made available in GenBank to
serve as benchmarks for future species attributions.
Of these, five species (41 sequences) were previously
not represented in GenBank (E. hyblaea, C. borbo-
nica, E. yougoslavicus, R. adrianae and R. johannis).
The largest part of the investigated data set (82

individuals, a priori attributed to 19 morphospecies)
was assigned to category B (Table II; Supplementary
Figure S4). All these entities displayed taxonomic
problems based on the standards proposed for the
A category, challenging the correctness of their cur-
rent names. In accordance, they evidenced marked
intraspecific genetic distances (K2P range: 0.050–
0.253) with high numbers of conspecific sequences
available in GenBank. Strong lineage divergence
might suggest the existence of potential cryptic spe-
cies (Ball et al. 2005; Jackson et al. 2014), as also
supported by the PTP results (Supplementary Figure
S3). Exhaustive molecular studies and detailed com-
parison with reliable reference material are therefore
necessary to definitely assess the new nomenclatural
status of these entities, described as follows.
The Sicilian specimens identified as Takobia sp.

were characterised by six tracheal gills as Takobia
albinatii Sartori & Thomas, 1989 (type locality from
Corsica: Sartori & Thomas 1989). Nevertheless, they
were clearly separated from the Corsican T. albinatii
specimens and Sardinian samples of T. sp. cf. albi-
natii (K2P ≥ 0.196 and ≥ 0.210, respectively). High
divergence was also observed between the Corsican
and Sardinian samples (K2P > 0.188), supporting
the hypothesis of a species complex, possibly with an
evolutionary history similar to that of Baetis gr. rho-
dani (Bisconti et al. 2016).
The high COI divergence (> 0.090) within B. fusca-

tus could also suggest cryptic species. The B. fuscatus
neotype is known in Sweden (Brinck & Müller-
Liebenau 1965), but no COI sequences from that
area are available in GenBank. Therefore, the nomen-
clatural status of these entities remains unresolved.
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The Italian specimens of Baetis sp. cf. lutheri
are morphologically different from the types ofB. lutheri
Müller-Liebenau, 1967 (loc. typ.Germany) (C.Belfiore
unpublished data), and their COI sequences are highly
divergent from those available in Genbank
(K2P = 0.173–0.253); therefore, they may represent
another new species possibly deserving the species
rank. Furthermore, divergence values of 0.074–0.094
separated the specimens assigned toB. sp. cf.melanonyx
(High Marecchia Valley) from B. melanonyx (Pictet,
1843) collected in Switzerland, at about 50 km from
the type locality of this species (Savoy near Samoens,
France: Müller-Liebenau 1969) (Leys et al. 2016).

In B. alpinus we observed two lineages (K2P
> 0.052). Based on the sequence comparisons, one
lineage has a wide distribution (Sicily, Latium and
other European regions: K2P < 0.023) and the
other was only found in Central Italy (sequence nos.
74–75, Supplementary Table SI: K2P = 0.015). It is
reasonable to hypothesise that the two lineages might
represent different species. Further molecular studies
on expanded data sets will certainly contribute to
understanding the well-known taxonomic complexity
of this group, as already pointed out in previous works
in which different lineages were found in sympatric
coexistence (Leys et al. 2016, 2017). This is a typical
example in which names should be assigned by ana-
lysis of types or by conventional, arbitrary choices.

Three samples labelled Electrogena sp. and one
Rhithrogena sp. (from Emilia Romagna and HMV:
Table I), very similar to E. grandiae and R. adrianae,
respectively, showed high genetic divergences from
the type locality material of these two species.
Furthermore, Rhithrogena sp. was also highly diver-
gent from another species of the diaphana group
(Rhithrogena sp. cf. adrianae from the HMV area:
K2P > 0.120), and, in contrast, it showed high affinity
with Rhithrogena sp. 31 from the Alps (99% similarity;
Vuataz et al. 2011). Rhithrogena sp. cf. adrianae from
HMV is also highly divergent from R. adrianae col-
lected in the type locality (K2P = 0.145–0.151).

In Sicily and Corsica, the COI divergence
recorded in H. eldae might indicate the possible
occurrence of two different entities, both differing
also from the continental H. eldae (holotype
described from Bulgaria: Jacob & Sartori 1984)
here investigated (see Supplementary Figure S4).

The Italian samples of Baetis buceratus Eaton,
1870, B. vernus and Rhithrogena semicolorata
(Curtis, 1834) showed low intraspecific divergence
but were highly divergent from their European con-
specifics. Specimens of B. vernus with high COI
divergence were also observed in Germany and
assigned to different BINs (13.94% intraspecific
divergence by Morinière et al. 2017). Since the

type localities of these three species are located in
the United Kingdom (Curtis 1834; Kimmins 1960),
it would be reasonable to assume that the Italian
samples belong to different species. However, no
sequences from the United Kingdom are available
to clear up affinity/divergence patterns with the con-
tinental species, except for R. semicolorata whose only
sequence available from United Kingdom (see
Vuataz et al. 2016) confirms the genetic divergence
from Italian specimens. The same conclusion is con-
ceivable for both the single Italian investigated sam-
ple assigned to Nigrobaetis digitatus (Bengtsson,
1912) and Torleya major (Klapálek, 1905) specimens
whose type localities are in Sweden (Müller-
Liebenau 1969) and Bosnia Herzegovina (Klapálek
1905), respectively, highly divergent from all other
European members of these species. Furthermore,
the highly similar (K2P < 0.005) Sicilian samples of
Electrogena lateralis (Curtis, 1834), very divergent
from French, British and Swiss sequences, could
belong to a different biological entity. In Ecdyonurus
venosus (Fabricius, 1775), the current unavailability
of the type locality hinders the nominal recognition
of the three lineages identified (roughly correspond-
ing to Italy, Germany and France; Supplementary
Figure S4), separated by medium-low K2P distances
(0.030–0.050). Finally, the possible occurrence of
crypticism in E. assimilis (intraspecific K2P distance
> 0.089), already discussed in Cardoni et al. (2015),
and in Baetis pavidus Grandi, 1951 (K2P > 0.109), is
supported by the high genetic divergence observed
from the European conspecific samples. For the 60
specimens (10 morphospecies) included in category
C (Table II; Supplementary Figure S4), the lack of
data from the type localities, the taxonomic uncer-
tainties and the very limited sequence availability in
GenBank prevent any inferences being made regard-
ing their status. For instance, with regard to
Acentrella sinaica (Bogoescu, 1931) there are too
few reference sequences available (see Table I;
Supplementary Table SI) and all collections are so
far from the type localities that no considerations
about its status can be made. In addition, naming
the Italian entities with seven gills identified within
Takobia, divergent from the European ones (K2P
> 0.162) but with high affinity with one COI
sequence from France (seq. no. 11, Supplementary
Table SI), is currently difficult due to the K2P dis-
tance bieng hardly interpretable (close to the 3%
conventional limit), and due to the type unavailabil-
ity (Müller-Liebenau 1969).
Somewhat unexpected is the presence of Rhithrogena

gr. hercynia in Sardinia. It was collected in the R. nur-
agica type locality (Gennargentu: Belfiore 1987). The
two taxa are clearly distinguished by morphological
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characteristics (i.e. Supplementary Figure S5), corrobo-
rated by a very high interspecific genetic diversity at the
COI locus (K2P > 0.100). Interestingly, the R. gr. her-
cynia samples showed 99% sequence similarity with R.
gratianopolitana Sowa, Degrange & Sartori, 1986 from
Germany (Morinière et al. 2017). In any case, it is a
species new to Sardinia. We also compared another
species of R. hercynia group, R. sp. cf. fiorii from
Latium, with R. gr. hercynia samples from Sardinia and
R. gratianopolitana. The high similarity detected
(K2P = 0.027–0.032 and K2P = 0.023–0.030, respec-
tively) requires further data (i.e. nuclear markers and
thorough morphological analyses) to clarify the taxono-
mical status of this second Rhithrogena in Sardinia. The
same investigation is necessary for other cases such as
Rhithrogena sp. fromEmiliaRomagna,Habroleptoides sp.
and Caenis gr. macrura. Specifically, in the latter group,
which also includes Caenis sp. cf. luctuosa (from Sicily),
three different Italian entities were found to be highly
different from each other (K2P > 0.139), in turn highly
separated from European sequences belonging to the
same group.

Nineteen COI sequences were deposited in
GenBank to increase the current availablity of the enti-
ties included in category C. Of these, nine sequences
represent three taxa for which no data were previously
available on GenBank: Quatica ikonomovi (Puthz,
1971), Habroleptoides pauliana and R. sp. cf. fiorii. In
future works, comprehensive surveys are required,
especially focusing on the type localities; detailed mor-
pho-ecological descriptions will obviously be essential
complements to clearly understand their species status.

In conclusion, the taxonomy of Italian mayflies
appears more complicated than what is currently
recognised. This can affect the actual evaluation of
territorial mayfly biodiversity with implications for the
compilation of Red Lists and running water quality
assessments. We concur with the opinion that the
synergy of disciplines which were once studied sepa-
rately, as taxonomy and molecular biology, will con-
tribute to elucidate some of the outstanding issues. In
this context, type material represents a fundamental
reference to drive species recognition, and as such it
should be adequately considered in subsequent DNA
barcoding campaigns. This integrated approach (cf.
Schlick-Steiner et al. 2010) may take a long time, but
it can provide a stronger and more reliable nomencla-
ture as compared to the traditional methods used so
far. This is expected to bring clarity and precision to
the classification of nominal species. Thus, by using
correct species names, official data reference becomes
more stable and univocal even for further studies and
future applications based on molecular approaches
with innovative techniques (i.e. next-generation
sequencing platforms with environmental DNA for

biomonitoring assessment). This study has shown
that there are taxonomic uncertainties in numerous
species, evidenced by the applied molecular and statis-
tical approaches. Given a sampling strategy that was
mainly concentrated on the selected species, it will be
necessary in further studies to increase the amount of
samples and species. It will also be necessary to take
advantage of a synergy of multiple data for each taxon,
including ecological, morphological, historical and
additional genetic descriptors.
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