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Abstract

Partial mitochondrial COI sequences (barcoding fragment) were explored for the understanding of the species boundaries of Baetis
vernus group taxa (Ephemeroptera, Baetidae) in northern Europe. We sampled all species of this group occurring in Finland, but focused
on taxa for which morphological and taxonomical confusion have been most apparent. The sequence matrix comprised 627 nucleotides
for 96 specimens, and was analysed using parsimony. Results provided strong evidence that Baetis macani Kimmins and B. vernus Curtis
comprise morphologically cryptic but molecularly distinct taxa, as intraspecific uncorrected divergences within haplogroups ranged
between 0.3% and 1.4% and interspecific divergences were from 13.1% to 16.5%. These interesting findings prompt for further taxonomic
studies of B. vernus taxa using more extensive specimen sampling from the known distributional areas in the Palaearctic/Holarctic region
for better understanding of haplotype distributions. We stress the importance of integration of morphological and molecular data, and

the necessity to employ additional nuclear DNA sequence data.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

From Finland 19 species of mayflies of the family Baeti-
dae are known, and 11 of these belong to the genus Baetis
(Engblom, 1996). The genus Baetis Leach, 1815 (Epheme-
roptera, Baetidae) is geographically widespread (Jacob,
2003), and many species are abundant, particularly in
northernmost Europe. Baetis nymphs, particularly those
of B. rhodani Pictet, are routinely used in aquatic biomon-
itoring (e.g. Fialkowski et al., 2003; Williams et al., 2006
and references therein). The Baetis vernus group was
defined by Miiller-Liebenau (1969) and comprises six spe-
cies in northern Europe, Baetis bundyae auctt. nec Lehm-
kuhl, 1973 (B. bundyae is sofar not reported from
Finland), B. liebenauae Keffermiiller, 1974, B. macani Kim-
mins, 1957, B. subalpinus Bengtsson, 1917, B. tracheatus
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Keffermiiller and Machel, 1967 and B. vernus Curtis,
1834. The morphological characters of Baetis vernus group
nymphs are subject to extensive, evidently environmentally
induced morphological variation (Bauernfeind and Hymp-
esch, 2001) which makes them notoriously difficult to sep-
arate even using the authoritative key to northern
European taxa by Engblom (1996) (Savolainen et al.,
2007). Other determination keys are based on central Euro-
pean material (Miiller-Liebenau, 1969) and therefore the
usefulness for northern European material is limited. In
particular, the nymphs of B. vernus and B. subalpinus are
difficult to separate.

The author Savolainen has studied the distribution and
the life history of the Baetis vernus group taxa in Finland
for over 30 years. The life history of these taxa is recently
discussed by Savolainen et al. (2007). Savolainen and
Saaristo (1981) pointed out that the taxon Baetis macani
Kimmins has two forms of nymphs in Finland, one form
occuring in lotic waters with narrow gills with invisible tra-
cheae, and another form living in lentic waters and with
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wider gills with conspicuous tracheae resembling B. trache-
atus Keffermiiller and Machel. Ingrid Miiller-Liebenau, an
authority of Baetis taxonomy, studied the morphs but
regarded both forms as belonging to B. macani. B. macani
was originally described from a pond 800 m ASL from
Mount Saana in Finnish Lapland (Kimmins, 1957; Macan,
1957). Outside of alpine ponds it is found in flowing water,
particularly in small brooks (Savolainen et al., 2007). B.
tracheatus was described from River Odra in western
Poland (Keffermiiller and Machel, 1967) and was later
found from an eutrophic Stratiotes river in Finnish Lap-
land (Savolainen and Saura, 1996).

Engblom (1996) recognized the two forms of Savolainen
and Saaristo (1980) and called the form with narrow gills
and invisible tracheae living in lotic waters B. bundyae
Lehmkuhl, 1973, a taxon described from tundra ponds in
arctic Canada. It has also been found in flowing water else-
where in arctic Canada (e.g. Cobb and Flannagan, 1980;
Harper and Harper, 1997) and the taxon has an extensive
distribution extending south along the Rocky Mountains.
Engblom (1996) gave small ponds above the tree line as
the typical habitat of B. bundyae in Europe. Morihara
and McCalfferty (1979) stated that the morphological char-
acters of B. bundyae Lehmkuhl overlapped with the ones of
B. macani Kimmins and consequently placed it as a subspe-
cies of B. macani Kimmins.

Engblom (1996) called the form with broader gills liv-
ing in lentic waters B. macani Kimmins. Recent studies
have shown that B. bundyae sensu Engblom (1996) is
conspecific with B. macani Kimmins, and B. macani sensu
Engblom (1996) is therefore another taxon, possibly a
new species (Savolainen et al., 2007), and here referred
to as sp. nov. B. macani occurs in northern Europe in
stony alpine ponds (Kimmins, 1957; Macan, 1957), and
in flowing water, particularly in small brooks (Savolainen
et al., 2007).

Savolainen et al. (2007) measured the reproductive isola-
tion between taxa of Baetis vernus group from northern-
most Europe using allele frequencies of enzyme loci. The
results indicated that the B. macani nymph form with nar-
row gills and invisible tracheae living in lotic waters was
reproductively isolated from the form with broader gills
and conspicuous tracheae living in lentic waters, but the
power of the method did not suffice to show reproductive
isolation of the other B. vernus group species. Savolainen
et al. (2007) called for the use of DNA characters (both
mitochondrial and nuclear sequences) to potentially
enhance the understanding of species boundaries within
this important group of mayflies.

We test here the informativeness of mtDNA COI
sequences (“COI barcodes”) for the understanding of the
species boundaries of Baetis vernus group taxa, particularly
for the taxa for which morphological and taxonomical con-
fusion has been most apparent. We sampled multiple spec-
imens from multiple populations of B. vernus group taxa
occurring in Finland, and included specimens of B. bund-
yae from the type locality (Rankin Inlet, Canada).

2. Materials and methods
2.1. Specimen collections

Mayfly nymphs of the Baetis vernus group were col-
lected by E. Savolainen and J. Viiri from 18 localities,
mainly in northern Finland (Fig. 1, Table 1) and stored
in individual tubes in 90-100% ethanol. The morphological
distinction of B. subalpinus and B. vernus nymph samples
followed the characters given by Engblom (1996), B. subal-
pinus with equally broad first and second mandibular teeth,
while B. vernus is distinguished by having the first mandib-
ular tooth twice as broad as the second. The specimen iden-
tification followed this character, but, during the sampling
it was noticed that the B. vernus samples showed variability
of the width of the first mandibular tooth, it being 1.5-3.5
times as broad as the second one.

2.2. Laboratory methods

Shape and structure of mandibles, abdominal gills and
abdominal tergites (and the membranous area between

Fig. 1. Map of sampling sites.
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Table 1
List of sampling sites

. Kuopio, Humalajoki

N62°41'36", E27°34'16"

2. Kuopio, Pélkkypuro N62°52/31", E27°37'18"
3. Kuopio, Kallavesi N62°53'47", E27°36'56"
4. Vesanto, Keitele N62°55'47", E26°04'45"
5. Kuhmo, Kytdpuro N64°06'3", E30°5'32"
6. Savukoski, Kuollutoja N67°18'20", E28°3'47"
7. Kittild, Jeesiojoki N67°39'24", E25°32/43"
8. Kittild, Myllyjoki N67°48'54" | E24°47'55"
9. Savukoski, Paskalomaoja N67°52'18", E28°10'50"
10. Muonio, Sarkijarvi N67°54'28" E23°55'36"
11. Muonio, Térméaslommol N67°56'59", E24°0/13"
12. Muonio, Kutuniva N67°57'1", E24°0'18"
13. Kittild, nameless brook N68°01'54", E25°43'12"
14. Kittila, Jalkajoki N68°5'57", E25°38'58"
15. Inari, Kaunispddnoja N68°26'27", E27°24'50"
16. Inari, Karvajoki N68°28'55", E26°4'22"
17. Utsjoki, Molkkijoki N69°30'0", E27°13/38"
18. Utsjoki, Kidesjoki N69°47'49", E27°5'42"

them) are important in morphological species identification
of the nymphs, therefore we used the thorax and legs for
DNA extraction. DNA was extracted from these parts of
single individuals of the ethanol preserved specimens using
the NucleoSpin Tissue DNA Extraction kit (Machery-
Nagel, Diiren, Germany) following manufacturer’s proto-
cols and resuspended in 50 pl ultra-pure water. Remnants
of the specimens were conserved for the purpose of further
morphological studies and are preserved as DNA voucher
specimens, deposited at Finnish Museum of Natural His-
tory (MZH).

We used the primer pair LCO1490 (5-GGTCAA
CAAATCATAAAGATATTGG-3) and HCO2198 (5-
TAAACTTCAGGGTGACCAAAAAATCA-3) (Folmer
et al., 1994) to amplify the ‘Folmer fragment’ of the 5'-
end of the mitochondrial gene cytochrome ¢ oxidase sub-
unit I (COI). PCR amplifications were carried out in
25 pl reactions containing 1-3 pl DNA extract, 1 pl of each
primer (at 10 pmol/pl), 0.25 pl of Tag DNA polymerase
(5U0/u), 2-3ul 2.5mM MgCl,, 2.5ul 10x Buffer 11
(Applied Biosystems, Foster City, CA, USA) and 4 pl
200 mM dNTP (GeneAmp) and ultra-pure water. Thermo-
cycler conditions were initial denaturing at 95 °C 2 min,
29 cycles of 30s denaturing at 94 °C, 30s annealing at
49 °C, 2 min extension at 72 °C, followed by a final exten-
sion of 8§ min at 72 °C.

PCR products were purified using the GFX PCR Purifi-
cation Kit (Amersham Biotech, Little Chalfont, UK).
Amplified PCR was checked for size and products (bands)
running 4 pl on a 1% agarose gel and then sequenced (with
the PCR primers) in both directions using the Big Dye Ter-
minator Cycle Sequencing Kit vs. 1.1 (Applied Biosystems)
at one-fourth of the recommended volumes on an ABI
PRISM 377 (Applied Biosystems) sequencer. The
sequences were inspected and edited for base-calling errors
and assembled using Sequence Navigator™ (version 1.01,
Applied Biosystems). All sequences were submitted to
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EMBL Nucleotide Sequence Database with Accession
Nos. AM494594-AM494688.

2.3. Parsimony analysis

We used the program NONA v2.0 (Goloboff, 1993) for
the parsimony analyses (command line: hold 100,000;
mult*1000; hold/200) and for calculating the Bremer sup-
port (branch support) values. All characters were equally
weighted, and gaps were treated as missing data. Baetis
(Nigrobaetis) niger (Linnaeus, 1761) was used as outgroup.

3. Results
3.1. Sequences

We obtained a molecular dataset of 627 nucleotides for
96 specimens of the B. vernus group, and four specimens of
the outgroup Buaetis (Nigrobaetis) niger. Mean base fre-
quencies were A =22.5%, C=182%, G =22.4% and
T =37.0%. Uncorrected pairwise divergences between
ingroup taxa ranged between 4.61% and 17.1%, and
between outgroup and ingroup taxa from 17.7-21.2%.

We also tested PCR amplifications of parts of the
nuclear ribosomal cluster with universal primers commonly
used for various insect orders. Primers for the ITS2, D2-3
domain of 28S rRNA gene and a fragment of the 18S
rRNA gene were tested. Amplification was not successful
for the ITS2 region. The highly conserved 18S fragment
amplified well, but showed nucleotide variation only
between the outgroup and the ingroup taxa, and was there-
fore not informative for the present study. The D2 region
of the 28S rRNA gene amplified poorly, and we failed to
produce good quality sequences with the primers that were
tested.

3.2. Parsimony analysis

No insertions or deletions occurred in the COI dataset
so alignment was unambiguous. Of the obtained 627 nucle-
otides, 208 sites were parsimony-informative. Parsimony
analysis produced 1620 equally parsimonious trees of 492
steps in length, with a consistency index (CI) of 0.63 and
a retention index (RI) of 0.96. The strict consensus is
shown in Fig. 2.

All B. liebenauae specimens from the sampled popula-
tion showed identical sequences and clustered together.
The sister group was a clade comprising part of the B. ver-
nus specimens (Kuopio, Kuhmo and Kittild, Jeesijoki
populations, sample sites 2, 5 and 7, Fig. 1). The intraspe-
cific variation of B. vernus clade 1 is low, at most four
nucleotide changes.

All included specimens sampled from five populations
(sample sites no 3, 4, 7, 10, 11) of the sp. nov. (the lotic
form of B. macani), were resolved in one clade. Again,
intraspecific variability was low. The uncorrected pairwise
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Fig. 2. Strict consensus based on parsimony analysis of COI sequences for Baetis vernus—group taxa, branch lengths relative to number of changes
(indicated above branches). Bremer (branch) support values indicated below nodes.

divergence between the sp. nov. and the true B. macani was
13.1-14.4%.

B. subalpinus was sampled from four populations (sam-
ple sites 6, 15, 16, 17) but showed identical sequences (with
the exception of one nucleotide change in sample ES108).

The second B. vernus clade shows higher intraspecific
divergence than B. vernus clade 1, with three specimens
from the Kittili Myllyjoki population (sample site no 8)
as most distinct. The uncorrected ““interspecific”’ diver-
gences between the two vernus haplogroups ranged from
15.8% to 16.5%.

Five specimens (from sample sites no 9 and 15) orig-
inally determined as macani (lotic form of macani) were
resolved into the B. bundyae clade. The B. bundyae

specimens showed ca. 4.6% sequence divergence, sug-
gesting cryptic diversity. B. hudsonicus is a taxon close
to B. bundyae, but whether one of the B. bundyae lin-
eages would belong to another species requires further
study. As five Finnish specimens of “B. macani” clus-
tered in the B. bundyae clade, albeit with some sequence
variability relative to the Canadian B. bundyae speci-
mens, it seems quite possible that the true B. bundyae
occurs also in Finland, although presently not con-
firmed. Further study of the morphology of the nymphs
of these taxa, and verification by additional loci
(nuclear) is necessary to resolve this question. The
Canadian B. bundyae specimens were sampled in the
type locality of the taxon.
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4. Discussion
4.1. The taxonomic status of B. vernus group taxa

The enzyme electrophoresis study of Savolainen et al.
(2007) showed that the lentic form of Baetis macani with
broader gills and conspicuous tracheae and the lotic form
B. macani with narrower gills and invisible tracheae were
reproductively isolated from each other, and in the NIJ-
phenogram consistently fell within separate clusters. Our
results support their conclusion of the lentic form being a
separate species, with average uncorrected pairwise diver-
gence of 14.3% between these taxa (Fig. 2).

Savolainen et al. (2007) found only low genetic differen-
tiation between B. macani/subalpinus/vernus, and hypothe-
sized that this could be a consequence of gene flow across
species boundaries (introgression). We found clear differ-
ences between these taxa, as measured with uncorrected
pairwise divergences ranging between 14.0% and 16.9%.
The new taxon (taxa) will be described elsewhere (Savolai-
nen, in preparation) Ball et al. (2005) recorded K2P dis-
tances between four Baetis species belonging to different
subgenera, and found a range between 8.5% and 24.6%
(mean 20.2%). Williams et al. (2006) in their study on
COI diversity of the geographically wide-spread Baetis rho-
dani Pictet, found that this taxon comprised seven distinct
COI haplogroups differing 8-19% .Williams et al. stated
that these haplogroups represent several evolutionary lin-
eages whose current species status is undefined, but they
proposed them as distinct taxonomic units from B. rhodani
sensu stricto and B. vernus. Noticeably, the uncorrected
pairwise divergence of three B. vernus specimens used by
Williams et al. (from UK, Wales) is closest to our B. liebe-
naue (3.67%), and differs from our B. vernus groups by 6.1-
12.4%.

Based on current knowledge of species level COI diver-
gences in insects, the levels reported by Williams et al. for
B. rhodani haplogroups strongly suggests separate, mor-
phologically cryptic, taxa. Their interspecific divergences
are consistent with the ranges we found for the two B. ver-
nus clades and the Baetis sp. nov in the present study, and
our hypotheses are congruent with those of Williams et al.
(2006). Interestingly, all above reported pairwise uncor-
rected sequence divergence values of COI for both closely
or more distantly related species pairs of mayflies belong
to the higher extreme, and surpassing maxima typically
reported in other insect species (e.g. Roe and Sperling,
2007).

4.2. Taxonomic utility of COI barcodes

Ball et al. (2005) tested the ability of COI profiles to gen-
erate correct species identifications for a representative set
of North American mayflies, and reported a highly success-
ful result of the test specimens being identified correctly to
species by comparisons the COI profiles. Their taxon sam-
pling did not, however, target cases of difficult or confused

morphological taxonomy, the cases where molecular infor-
mation frequently raises as many questions as it resolves.
Other aquatic taxa such as daphniid and rotifer species,
that exhibit marked phenotypic plasticity, have been distin-
guished reliably using COI (Derry et al., 2003; Adamowicz
et al., 2004). Problems using DNA barcodes in insects and
other invertebrates have been frequently observed, includ-
ing mitochondrial introgression between taxa, recent speci-
ation followed by incomplete lineage sorting or
interbreeding that obscures species identification and/or
delimitations (e.g. Croucher et al., 2004; Bachtrog et al.,
2006; Kaila and Stdhls, 2006).

Smith et al. (2006) test of the barcoding concept in Dip-
tera applied COI data to a diverse assemblage of Belvosia
Robineau-Desvoidy, 1830 parasitic flies (Tachinidae).
Their conclusion was that morphological concepts are lar-
gely supported by molecular data, but that morphology
alone does not discover the true diversity hidden within
some species groups. This finding is very clearly paralleled
by Williams et al. (2006) and by our results, as morpholog-
ically cryptic lineages show very distinct molecular
differences.

We observed some discrepancies between morphological
species assignment and the obtained COI sequence. This
was observed in one B. macani specimen (ES85) and one
B. liebenauae specimen (ES154) that were resolved into
the second vernus-clade. The identity of these specimens
was rechecked, and did not change in any of the cases.
Thus we suggest mitochondrial introgression in these sam-
pled individuals of sympatric populations of these closely
related taxa (see e.g. Bachtrog et al., 2006).

As taxonomic expertise in mayflies is limited, and mor-
phological identification often is difficult (e.g. damaged
specimens or fragments of specimens) we envision that a
DNA-based identification system based on COI profiles,
correlated with sequence data from other loci and infor-
mative morphological characters, could provide an impor-
tant tool for species identification in aquatic
biomonitoring of mayflies. The establishment of such a
system should be based on data from multi-locus data
of both mitochondrial and nuclear gene regions (for
avoiding the potential pitfalls of introgression or incom-
plete lineage sorting). Geographically widely sampled
specimens are vital to assess the potentially extensive
COI haplotype diversity, as this was observed by Williams
et al. (2006) and in many taxa of the present study. And
most importantly, a DNA-based system can not replace
the involvement and expertise of taxonomists to identify
specimens, and to deal with the formal taxonomical
descriptions of species new to science.

Our results highlight the utility of mtDNA sequence
characters for revealing the hidden diversity and thus
potentially also for the understanding of species bound-
aries of this group of mayflies, but we also acknowledge
the clear limitations of using a single molecule. A forth-
coming study aims at sampling specimens over a broad
geographic range in the Palaearctic (and in some cases Hol-
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arctic) area for molecular studies, and at adding DNA
characters from an independent nuclear gene region.
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