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Abstract

Genetic studies have highlighted cryptic diversity in many well-known taxa including aquatic insects, with the general implication that
there are more species than are currently recognised. Baetis rhodani Pictet are among the most widespread, abundant and ecologically
important of all European mayflies (Ephemeroptera), and used widely as biological indicators of stream quality. Traditional taxonomy
and systematics have never fully resolved differences among suspected cryptic species in the B. rhodani complex because morphological
characters alone do not allow reliable distinction. This is particularly true among larvae, the life-stage used most widely in monitoring.
Here, we assess the molecular diversity of this complex in one of the largest such studies of cryptic species in the order Ephemeroptera to
date. Phylogenies were constructed using data from the mitochondrial cytochrome oxidase subunit I (COI) gene. Two monophyletic
groups were recovered consisting of one major haplogroup and a second clade of 6 smaller but distinct haplogroups. Haplogroup diver-
gence ranged from 0.2-3% (within) to 8-19% (among) with the latter values surpassing maxima typically reported for other insects, and
provides strong evidence for cryptic species in the B. rhodani complex. The taxonomic status of these seven haplogroups remains unde-
fined. Their distributions across Western Europe reveal no obvious geographic pattern, suggesting widespread diffusion of genetic lin-
eages since the last glacial maximum. The implications of these findings are far-reaching given the ecological and bioindicator significance
of what now appears to be several taxa.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The abundance of morphologically unrecognised (or
cryptic) species, even in well-known taxa, suggests that
there are more species than are currently recognised or esti-
mated (Barratt et al,, 1997). While much of the effort to
resolve such species has involved terrestrial organisms (e.g.,
for insects: Packer and Taylor, 1997; Schonrogge et al.,
2002), cryptic diversity has also been highlighted in aquatic
insects from the orders Odonata, Hemiptera, Trichoptera,
Diptera, and Ephemeroptera. In the latter, four cryptic spe-
cies of Ephemerellidae have been discovered, six species of
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Heptageniidae, three species of Isonychiidae, and one spe-
cies of Behningiidae (Jackson and Resh, 1998). Even
though well-developed conventional morphological taxon-
omy underpins much current ecological research, the taxo-
nomic records of aquatic insects are generally considered to
be incomplete (Hogg et al., 1998).

The taxonomy of Ephemeroptera has been documented
for more than 100 years, with their identification and spe-
cies status frequently revised. The use of morphological
characters to separate imagines or immatures of different
species is still expanding, such as in the Heptageniidae
(Alba-Tercedor, 1998) and Siphlonuridae (Engblom et al.,
1993). As a result, genera have been reorganised and new
species described (Lugo-Ortiz et al., 1999) including within
the family Baetidae (Alba-Tercedor, 2002; Alba-Tercedor
and McCafferty, 2000). Nevertheless, some species have
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been consistently misidentified due to variation in puta-
tively distinguishing morphological characters (Engblom
et al., 1993). This is particularly true for larvae, which lack
external genitalia, and hence cannot always be reliably
linked to species recognised among adults. In addition to
the need for accurate taxonomy in this well studied and
ecologically important group, there are ramifications for
the assessment and conservation of biodiversity, for exam-
ple due to perceived endemicity in certain regions (South-
western France) from the Baetidae, Rhithrogena and Hab-
roleptoides (Thomas, 1996).

The ephemeropteran genus Baetis is cosmopolitan, and
probably originated as a clade in the Northern Hemisphere
(Lugo-Ortiz and McCafferty, 1998). Ogden and Whiting
(2003) found that Baetis was frequently supported as the
basal ephemeropteran lineage in their molecular study on
Paleoptera. Among the genus, Baetis rhodani Pictet is par-
ticularly well studied because it constitutes a major part of
the macroinvertebrate biomass in many European streams
and rivers throughout the entire year. B. rhodani is not only
important as a major grazer or prey species but its larvae
are used widely as indicators of water quality (Elliott et al.,
1988). Its commercial value includes its role as an indicator
of organic pollution and as one of the most important
model organisms in quantifying the recovery of streams
from acidification (Bradley and Ormerod, 2002; Rutt et al.,
1990).

Many taxonomists already consider B. rhodani a com-
plex of several forms of unknown taxonomic status. Since
the original description of B. rhodani by Pictet in 1843-45
there have been numerous records of species potentially
part of the B. rhodani complex, some of which have only
been found in specific countries or regions. In the early 20th
Century Bengtsson proposed that B. rhodani consisted of
three different species: B. rhodani Pictet, 1843-45, B. wal-
lengreni Bengtsson, 1912, and B. pusillus Bengtsson, 1912
(Elliott et al., 1988). In 1969 Muller-Liebenau re-amalgam-
ated these as the original species B. rhodani in a monograph
now widely used for nomenclature in the genus Baetis (Elli-
ott et al., 1988).

The most common morphological feature used to distin-
guish the larvae of B. rhodani from other baetids is the pres-
ence of marginal spines on the gills (Elliott et al., 1988).
Among adults, however, there are no clear characters that
separate forms of B. rhodani, particularly in females (Engb-
lom, 1996; Harker, 1989). Among at least four forms of
“rhodani” larvae are a B. rhodani-form, possibly the species
originally described by Pictet, 1843-45; a B. gemellus-form
that closely resembles the B. pusillus species described by
Bengtsson in 1912; a B. wallengreni-form; and an un-named
form that apart from adult male eye colour closely resem-
bles the “Baetidae A1” species identified in Kashmir (Engb-
lom, 1996; Engblom and Lingdell, 1999). At present, only
body size supposedly distinguishes these forms, but over-
laps exist. There may also be differences in mouthpart, ter-
minal tail filament, mandibles, and gill shape. Taken
together, we can infer that traditional morphological tax-

onomy has never clearly nor categorically resolved what
may be a cryptic species complex. In part, this reflects a lack
of definitive identification, and in part it reflects reliance on
subtle morphological differences, particularly in larvae.

Molecular methods have been valuable in discriminating
insect species that differ subtly morphologically (Jackson
and Resh, 1998; Pilgrim et al., 2002) and mitochondrial
(mt) DNA is a popular marker for studying systematics,
population genetics, and phylogeny in both terrestrial
(Kambhampati and Smith, 1995; Loxdale and Lushai,
1998; Lunt et al., 1996) and aquatic insects (Plague et al.,
2001; Schultheis et al., 2002). The cytochrome oxidase sub-
unit I (COI) region of mtDNA is particularly useful for
determining intra- and inter-specific phylogenetic relation-
ships at the genus and species level (Caterino and Sperling,
1999; Trewick, 2000) and within families (Logan, 1999).
Several phylogenies have been constructed for aquatic
insects, including studies on the order Trichoptera (e.g.,
Kjer et al, 2001; Kjer et al, 2002), the order Plecoptera
(Terry and Whiting, 2005), the order Odonata (e.g., Chip-
pindale et al., 1999; Rehn, 2003), and the order Ephemerop-
tera (e.g., McCafferty, 1998; Monaghan et al., 2005; Ogden
and Whiting, 2003; Ogden and Whiting, 2005), although
few of these have focused on cryptic species complexes.

Here, we address the systematics in the B. rhodani com-
plex within Western Europe using mtDNA. To investigate
localised patterns of diversity, we also include specimens
collected within and among three adjacent catchments in
Wales. This is the first large-scale study of the phylogeogra-
phy of a European Ephemeropteran.

2. Materials and methods
2.1. Specimen collections

Larval specimens (n=350) of “B. rhodani” were col-
lected or provided by collaborators from 11 countries
across Western Europe. The UK specimens originated from
31 different streams, some of which were adjacent (Fig. 1,
Table 1). In England and Scotland (sites 1-15 and 20-5)
specimens were taken from streams in different catchments.
Within-catchment sampling was carried out in three adja-
cent Welsh catchments, the Tywi, Wye, and Usk in mid-
south Wales (sites 17-19, Fig. 1). Two adjacent streams, and
one non-adjacent stream were sampled in each catchment
(insets in Fig. 1). In the Republic of Ireland and mainland
Europe, 27 streams in different catchments were sampled
from 24 sites in Ireland, Spain, Switzerland, France, Ger-
many, Denmark, Sweden, and Norway (Fig. 1, Table 1).

In the Tywi, 10 specimens of B. vernus Curtis larvae were
collected from stream LIS (Fig. 1, site 17a) as reference
samples for phylogenetic out-grouping. We attempted to
gather information from existing phylogenetic analyses,
based on morphological and/or molecular evidence, to
identify optimal outgroup taxa for rooting phylogenetic
trees (Smith, 1994). These data were extremely limited for
Ephemeroptera. B. vernus was identified since it is currently
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Fig. 1. Map of Western Europe showing the 49 different sites sampled for B. riodani in England, Scotland, Wales, Republic of Ireland, Spain, Switzerland,
France, Germany, Denmark, Sweden, and Norway. The insets illustrate the within-catchment sampling undertaken in the Tywi, Wye, and Usk catchments
covering an area from mid to South Wales, as represented by the closed circles (Table 1).

the only morphologically similar species to B. rhodani. The
topology of unrooted phylogenetic trees were studied to
confirm the suitability of assigning this species to an out-
group.

Specimens were preserved first in 70-100% ethanol, and
then transferred for long-term storage into 100% ethanol
(Fisher Scientific) at 4°C within 1-2 weeks of collection.
The larvae of both B. rhodani and B. vernus were identified
using Elliott et al. (1988). To distinguish B. rhodani from
other baetid species, the gills of each individual were
checked for the presence of marginal spines, clearly visible
under a light microscope at 40x magnification.

2.2. DNA extraction and amplification

DNA was extracted from decapitated larvae using the
PureGene™ DNA Isolation kit for Cell and Tissue (Gentra
Systems cat #: D-5000A), and PCR amplified in 25 pl reac-
tion volumes containing 40-100 ng template DNA, 0.625 U
of Tag DNA Polymerase with 1x Tag buffer containing
20mM Tris—HCI (pH 8.2) and 50mM KCI, 4mM MgCl,,
200 uM total dNTP concentration (Gibco Life Technolo-
gies), and 0.5 uM of each primer (MWG Biotech) made up
to 25ul with tissue culture water (Sigma). The conserved
primers C1-N-2191 (5'-CCC GGT AAA ATT AAA ATA
TAA ACT TC-3') and C1-J-1718 (5'-GGA GGA TTT
GGA AAT TGA TTA GTT CC-3') from Simon et al.
(1994) were used to amplify a region of COI mtDNA. Ini-
tial denaturation (2min at 94 °C) was followed by 35 cycles
of 70s at 94°C, 70s at 58°C, 90s at 72 °C, and a final exten-
sion of 72°C for 5min, using a Perkin-Elmer 9700 thermal
cycler. PCR conditions were optimised following proce-
dures outlined in Chippindale etal. (1998), Innis et al.

(1990), and Logan (1999). PCR products were visualised
under UV light on 1.3% ethidium-bromide stained agarose
electrophoresis gels.

2.3. Sequencing

PCR products were purified using the GeneClean®
Turbo for PCR kit, and sequenced in forward and reverse
directions using the ABI Prism® BigDye™ Terminator
Cycle Sequencing Ready Reaction Kit v2.0 (PE Biosys-
tems). Cycle sequencing was carried out in 5pl containing
2yl of purified DNA, 1ul of primer (MWG Biotech) at
0.8 uM concentration, 1 pl of the BigDye™ mix, and 1 pl of
2.5x buffer (PE Biosystems). Fragments were separated on
an ABI 3100 Automated Sequencer, following the re-sus-
pension of isopropanol purified products in Hi-Di™ form-
amide (PE Applied Biosystems).

DNA sequences were aligned and edited using the pro-
gram SEQUENCHER 3.1.2 (Gene Codes Corporation, 1995).
Ambiguous sequences were repeated. The Drosophila mau-
ritiana Tsacas & David (Diptera) complete mtDNA
sequence (GenBank Accession No. M57907) was used to
align and position the reading frame, after BLAsT analysis
revealed that this sequence corresponded most closely with
B. rhodani.

2.4. Nuclear copies

Nuclear copies of the COI region have been reported in
insects (Loxdale and Lushai, 1998). To avoid inclusion of
nuclear sequences into the data set, the guidelines outlined
in Zhang and Hewitt (1996) were followed. PCR amplifica-
tions displaying >1 band under optimised conditions were



H.C. Williams et al. | Molecular Phylogenetics and Evolution 40 (2006) 370-382

Table 1
Summary of the sample collections of Baetis rhodani analysed
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Country Map No. Latitude Longitude No. of samples  Collector Sample set ID
sequenced
Scotland 1 N 58°25" 30" W04°59' 05" 6 R. Kowalik (Cardiff University) NW35
2 N 57°32"42" WO05°28' 38" 6 R. Kowalik (Cardiff University) Nw2
3 N 57°58" 06" W 04°42"41" 6 R. Kowalik (Cardiff University) NWwW21
4 N 56°19" 57" W02°49' 58" 6 R. Milne (St. Andrews University) Kinnessburn
5 N 55°29" 48" WO03°16"32" 6 F. Edwards (University of Edinburgh) Little Yarrow
6 N 55°26"29" WO03°13'52" 6 F. Edwards (University of Edinburgh) Cranalt Burn
7 N 55°07" 10" W 04°55"45" 6 R. Kowalik (Cardiff University) GA22
8 N 54° 58" 28" W 03°53"59" 6 R. Kowalik (Cardiff University) GAS
N. England 9 N 54°34" 32" W03°25"45" 6 H.R. Wilcock (Cardiff University) Crossgates
10 N 54°32" 12" WO03°07" 19" 6 H.R. Wilcock (Cardiff University) Watendlath Tarn
11 N 53°49' 01" W 02°43"55" 6 A. Dunstan (Environment Agency) 355
12 N 53°47" 37" W02°20"40" 6 A. Dunstan (Environment Agency) 169
13 N 53°33702" W02°46"32" 6 A. Dunstan (Environment Agency) River Tawd
14 N 53°24' 01" WO00°15"35" 6 C. Dodd (Cardiff University) River Rase, Tealby
15 N 53°31" 16" WO01°36'38" 6 S. Crofts (Pennine Guide Services) River Don
N. Wales 16 N 52°59" 42" W 03°58 10" 10 H.C. Williams (Cardiff University) HP1
Wales (Tywi) 17a N 52°07" 55" WO03°43" 31" 10 H.C. Williams (Cardiff University) LIS
17b N 52°07" 55" W03°43" 15" 10 H.C. Williams (Cardiff University) LI6
17¢ N 52°07" 42" W 03°43"41" 10 H.C. Williams (Cardiff University) LI7
17d N 52°06' 05" W 03°43" 36" 10 H.C. Williams (Cardiff University) TA
Wales (Wye) 18a N 52°07" 49" WO03°18" 11" 10 H.C. Williams (Cardiff University) W48
18b N 52°08" 44" W 03°17' 20" 10 H.C. Williams (Cardiff University) WA
18¢ N 52°08" 38" WO03°16"37" 10 H.C. Williams (Cardiff University) WB
Wales (Usk) 19a N 51°52" 28" W 03°33"46" 10 H.C. Williams (Cardiff University) uUs0
19b N 51°53"23" W03°29'42" 10 H.C. Williams (Cardiff University) USla
19¢ N 51°53"29" W03°29"42" 10 H.C. Williams (Cardiff University) USlb
S. England 20 N 51°20" 53" WO01°06"29" 6 B. McFarland (Environment Agency) Silchester Brook
21 N 51°38" 07" W00°26"42" 6 Environment Agency (Herts) Collve
22 N 51°46' 21" W 00°07" 02" 6 Environment Agency (Herts) Lee @ Waterhall
23 N 51°48 05" WO00°00" 15" 6 Environment Agency (Herts) Ash @ Easneye
24 N 51°01" 17" E00°06' 06" 6 H.R. Wilcock (Cardiff University) Oldlands Hall
25 N 51°18'23" E00°29'05" 6 Z. Masters (Cardiff University) Tributary River Medway
Ireland 26 N 53°03" 50" W 08°25" 05" 6 D. Lowson (Galway) Woodford River
26 N 53°00" 20" W 08°26" 05" 6 D. Lowson (Galway) Coos River
Spain 27 N 40°01' 16" E03°28' 15" 6 J. Alba-Tercedor (University of Granada) Arroyo de Prada Negro, Granada
28 N 39°41" 12" E03°11'45" 6 J. Alba-Tercedor (University of Granada) Guadalfeo, Granada
29 N 39°40" 54" E 03°00" 29" 6 J. Alba-Tercedor (University of Granada) Junta Laroles-Bayarcal, Almeria
30 N 39°43" 09" E 03°15' 49" 6 J. Alba-Tercedor (University of Granada) Rio Trevelez, Granada
31 N 40° 24’ 30" E 02°47' 33" 6 J. Alba-Tercedor (University of Granada) Rio Castril, Los Laneros
France 32 N 48°29" 00" E 07°00" 00" 3 J. Skriver (NERI, Denmark) Halbach
33 N 47°48' 00" E 06° 55" 00" 3 J. Skriver (NERI, Denmark) Than/Thyr
Switzerland 34 N 46° 10" 45" E08°55'00" 6 F. Lepori (Cardiff University) Valle di Cugnasco
34 N 46° 02" 47" E08°55'25" 6 F. Lepori (Cardiff University) Vedeggio
34 N 46° 28’ 54" E 08°55'00" 6 F. Lepori (Cardiff University) Val Marolta
35 N 46°38 15" E10°11'05" 6 M. Monaghan (EAWAG) Spoel
36 N 47°24" 18" E08°36' 35" 10 M. Monaghan (EAWAG) Chriesbach
Germany 37 N 50°02" 06" E 09°25' 48" 6 S. Pauls (Frankfurt University) Aubach A2 (A2 230401 B)
Denmark 38 N 55°56" 07" E 10°06' 07" 6 J. Skriver (NERI, Denmark) Bilsbaek
39 N 56° 12" 23" E 09° 40" 35" 6 J. Skriver (NERI, Denmark) Voel Baek
40 N 56° 21" 07" E 09° 55’ 38" 6 J. Skriver (NERI, Denmark) Hadsten Lilleaa
Sweden 41 N 55°53" 11" E 13°04' 45" 6 L. Sandin (University of Uppsala) Svalovsbacken (S 05 0015)
42 N 61°56" 42" E15°15'49" 6 L. Sandin (University of Uppsala) Angeran (S 02 0067)
43 N 63°57' 53" E20°08'52" 6 B. Malmgvist (University of Umea) Lake Tavelsjon
Norway 44 N 58°19"47" E7°01' 15" 2 A. Fjellheim (University of Bergen) River Kvina
45 N 59°25" 53" E5°48' 19" 2 A. Fjellheim (University of Bergen) River Ogna
46 N 59°32' 34" E 5°52' 59" 2 A. Fjellheim (University of Bergen) River Rodne
47 N 60° 53" 22" E 5° 18’ 29" 2 G. Raddum (University of Bergen) loc. 9
48 N 61° 14’ 49" E 5°23' 55" 2 G. Raddum (University of Bergen) loc. 6
49 N 62° 15" 30" E 5°37' 38" 2 G. Raddum (University of Bergen) loc. 16
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not sequenced. Nucleotide sequences displaying ambigui-
ties, persistent background bands, frameshifts, stop codons,
unexpected insertions/deletions, or showing excessive differ-
ences from the expected results, were repeated and/or omit-
ted (Palsbell and Arctander, 1998).

2.5. Data analysis

The translation of nucleotide sequences, identification of
variable and parsimony informative sites, nucleotide base
composition, pairwise genetic distances, and transition/
transversion ratios, were all calculated using MEGA2
(Kumar et al., 2001). The uncorrected p distance was calcu-
lated when investigating amino acid and nucleotide substi-
tutions prior to phylogenetic analysis. Amino acid
substitutions were evaluated as in Graur and Li (2000). A
minimum spanning network (MSN) was constructed using
Tcs (Clement et al.,, 2000), and the parsimonious connec-
tions at the 95% confidence level were established using
ARLEQUIN version 2 (Schneider et al., 2000). A Chi-square
test of homogeneity of base frequencies was calculated in
Paur* b10 (Swofford, 1998).

2.6. Phylogenetic analysis

Phylogenetic relationships among haplotypes were esti-
mated using distance and maximum likelihood methods
implemented in PAur* b10 for Windows (Swofford, 1998),
and viewed using Treeview (Page, 1996). Models and
parameters of DNA evolution were selected using the hier-
archical Likelihood Ratio Tests (hLRTs) in MoDELTEST
version 3.06 (Posada and Crandall, 1998). Bootstrap resam-
pling was used to test support for tree nodes (Felsenstein,
1985). The consensus method used was 50% majority-rule,
and values of 70% bootstrap support were taken to corre-
spond to a 95% confidence level.

Neighbour joining (NJ) phenograms were constructed
using corrected distances and the NJ search algorithm,
based on the HKY85 model of DNA evolution (Hasegawa
et al., 1985) with a gamma distribution shape parameter of
24267, and a specified proportion of invariable sites of
0.6187. Bootstrap resampling was conducted on the com-
plete data set, with 1000 replicates and repeated 10 times.

A maximum likelihood (ML) tree was constructed also
based on the HKY85 model with a gamma distribution
shape parameter of 2.4267, 0.6187 proportion of invariable
sites, 4.5901 Ti/Tv ratio, and base frequencies of A =0.2244,
C=0.1687, G=0.1725, and T=0.4344. The ML method
was applied using the step-wise addition algorithm with the
“as 1s” option, followed by a branch-swapping heuristic
search using the methods of nearest neighbour interchange
(NNI), subtree pruning regrafting (SPR), and tree bisec-
tion-reconnection (TBR). The difference between the likeli-
hood values of these trees was evaluated using the Kishino
and Hasegawa (1989) two-tailed y> approximation test in
Paur* b10 (Swofford, 1998). The tree with the highest likeli-
hood score was assessed by fast step-wise heuristic boot-

strap for 1000 replicates. Data reduction taxon sampling
was undertaken to reduce the computation time for boot-
strapping. The most representative haplotypes were
selected from each monophyletic haplogroup by omitting
those with frequencies <3 (Hillis, 1998). In haplogroups
with less than 3 haplotypes no omissions were made.

3. Results

The 472 base pair (bp) region of the COI gene was suc-
cessfully sequenced for 360 specimens, and could be aligned
unambiguously with no insertions/deletions or missing
data. Seventy-eight haplotypes were identified (Genbank
Accessions AY265230 through AY265307) which clustered
into seven haplogroups not including B. vernus (see mini-
mum spanning network, Fig.2). The commonest haplo-
group (I) comprised one dominant haplotype and 40 others
that differed by 1-5bp. Haplogroups II-VII comprised 34
different haplotypes, although these represented only 88
individuals as opposed to 265 in haplogroup I. These
haplogroups differed from haplogroup I by between 39 and
150 substitutions, and several were divergent at least an
equivalent level to the 87 differences found with B. vernus.

Haplogroups I, 111, and VII were widespread across Brit-
ain and other European countries, whilst the remaining
four haplogroups displayed a more restricted geographic
range. A closer inspection of haplogroup frequencies
revealed the widespread occurrence of haplogroup I in 10
of 11 countries studied. Haplogroup VII was the second
most widespread, occurring in seven countries, followed by
haplogroup III in five. Haplogroup VI only occurred in
Denmark and France. The least variable samples were in
Germany and Spain, where only one haplogroup occurred
(I and VII, respectively). In the UK, haplogroup I occurred
most frequently, followed by haplogroups VII and III and
very similar frequencies were observed in the streams
within the Welsh catchments. The most variable samples
were from Denmark and Switzerland with four and five
haplogroups, respectively. In Switzerland three haplo-
groups (II, IV, and V) were not found in any other sample.

The reading frame and translation of the nucleotide
sequences was successfully carried out, with one sequence
identified as a potential nuclear copy, displaying a total of
eight stop codons, four insertions/deletions, and 68 amino
acid substitutions of which 29 where classed as radical
replacements. This sequence was removed from the data
set prior to phylogenetic analysis. Approximately 70% of
substitutions were at the 3rd codon position. Non-synon-
ymous substitutions occurred in only seven of 75 B. rho-
dani haplotypes and also B. vernus, and at just four
different sites. All 1st and 2nd codon substitutions were
non-synonymous with only one observed in the 3rd codon
position where an isoleucine was replaced by methionine
at position 33 in haplotypes 50 and 51 (haplogroup I). All
except one replacement were conservative. Non-synony-
mous substitutions within haplogroups were only found
in haplotypes 63 and 72 in haplogroup VII. COI is the
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Fig. 2. Minimum spanning tree of the 78 haplotypes of which 75 were detected in B. rhodani haplogroups I-VII, and three in the species B. vernus. The size
of the circles and lines are in proportion with the number of haplotypes and base substitutions, respectively. The number of base substitutions are repre-
sented by crossbars or italicised numbers, and the different shadings represent individual countries.

most conservative mitochondrial gene with respect to
amino acid evolution (Simon et al., 1994) and non-zero
values for uncorrected p distance were obtained only
between B. vernus haplotypes Bv1-Bv3, and B. rhodani
haplotypes 27, 50, 51, 54, 60, 63, and 72. Low amino acid
divergence values were observed, ranging between 0.006
and 0.019, although higher values were observed for com-
parisons with B. vernus.

The 1st codon position had the most evenly distributed
base composition, with a bias towards thymine at both 2nd
and 3rd positions. The sequences for all haplogroups and
B. vernus were A + T rich (60.3%), similar to the range (63%
and 88.4%) reported in the COI gene of many insect orders
(Brown et al., 1994; Litzenberger and Chapco, 2001). As
reported in many of these studies, a higher A+ T bias was
observed in 3rd codon positions (73.8%) compared to the
Ist and 2nd (51.5-54.8%). Base composition bias was not
significantly different among haplotypes including B. ver-
nus, regardless of codon position (y>=27.97; df=23I;
p <0.05). 0.4-8.5% of variable sites (vs) and 0-3.2% of parsi-
mony-informative sites (ps) were observed within haplo-
groups, similar to other insect species (Simon et al., 1994).
Higher ranges of 8.3-35.6% vs and 0-34.3% ps were
observed between haplogroups (Table 2), comparable to
the 19.0-67.1% vs and 18.6-23.8% ps ranges reported
between species in other insect orders, such as Hemiptera
(Dohlen et al., 2002).

Uncorrected p distance values ranged between 0.002 and
0.191 for all pairwise comparisons of nucleotide sequences.
Distances within haplogroups varied between 0.2-3%
(Table 2), and were within the <1-7% range typically
reported for other insects (Ross etal, 1997). However,
ranges of 8-19% among haplogroups and with B. vernus
surpassed these values, and such values have been inter-
preted as indicating cryptic species in other taxa (Buckley
et al,, 2001a). Divergences of 3-25% between species within
a family or genus, and 23-28% between genera, have been
published for insect orders (Chippindale et al., 1999; Lan-
dry et al., 1999; Simon et al., 1994).

The Ist and 3rd codon positions showed a linear rela-
tionship between the frequency of substitutions and p-dis-
tance (Fig. 3A). As in other insect orders (Morinaka et al.,
2002), the 3rd codon position evolved most rapidly, fol-
lowed by the 1st codon, with almost negligible substitutions
at the 2nd. Transition substitutions accumulated faster
than transversions, with no clear convergence between
transition and tranversion accumulation rates at the high-
est genetic distance (Fig. 3B). This suggested that the gene
sequences had not yet reached saturation (Rand et al.,
2000), and were therefore useful for developing phylogenies
(Logan, 1999; Weiblen, 2001). High transition rates are
widely reported in related species (Davies and Berming-
ham, 2002; Nei and Kumar, 2000; Weiblen, 2001), and
higher Ti/Tv ratios were observed at low sequence diver-
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Table 2

Summary of the sequence divergence, transition/transversion ratios (Ti/Tv), the number of variable sites (Vs) and the number of parsimony-informative
sites (Ps) for comparisons between individual haplogroups of B. rhodani and B. vernus, between multiple haplogroups, and within haplogroups with more
then two haplotypes. The Ti/Tv ratios are presented for 1st, 2nd, and 3rd codon positions, and also summarised across all codon positions

Haplogroups (haplotypes) Divergence (%) Ti/Tv 1st Ti/Tv 2nd Ti/Tv 3rd Ti/Tv all Vs Ps
Between individual haplogroups

I (7) and B. vernus 18.40 00 0.681 0.851 87 0
[(11)and II (27) 10.60 7.0 2.000 2.333 50 0
1(22) and 111 (40) 8.30 00 2.182 2.545 39 0
I (22) and VI (54) 15.50 00 1.952 2429 72 0
[(22) and V (25) 16.90 00 1.519 2.000 81 0
1(22) and VII (68) 14.20 00 1.147 1.444 66 0
I (22) and IV (30) 19.10 00 1.216 1.405 89 0
1 (5) and VI (54) 14.20 00 1.267 1.567 67 0
VI (54) and V (25) 9.10 00 3.250 4.375 43 0
II1 (5) and VII (68) 11.90 00 1.261 1435 56 0
11 (19) and 1V (30) 17.20 00 0.900 1.025 81 0
Between multiple haplogroups

Haplogroups I11I-VII 0.20-19.7 00 1.300 1.600 153 137
Haplogroups I-VII and B. vernus 0.20-22.72 00 1.300 1.600 168 162
Within haplogroups

Haplogroup I 0.20-2.12 00 00 00 49 15
Haplogroup 111 0.20-2.30 00 5.400 6.900 15 1
Haplogroup V 0.40-1.30 — 00 [’ 7
Haplogroup VII 0.20-3.40 00 3.700 4.300 30 15
B. vernus 0.20-0.42 — 00 00 2 0

gence levels (ie., within haplogroups) compared with
between haplogroups (Table 2; Fig. 3C). Overall, transver-
sions occurred more frequently (Ti/Tv all < 1) in only one
comparison involving B. vernus and haplogroup I (Table 2).

Four different bootstrap NJ phenograms were obtained
and all reflected the seven haplogroups observed in the MSN.
High bootstrap values of >95% were observed for clustering
within all haplogroups except I, which comprised only a sin-
gle haplotype (data not shown). For ML trees, all search
methods produced very similar likelihood scores (data not
shown) and NNI was chosen based on time efficiency, since
studies have suggested the SA+NNI search is usually as
efficient as the more extensive TBR search (Nei and Kumar,
2000). The choice of search method has been shown to have
little effect on bootstrap support (Buckley et al., 2001b). All
seven haplogroups and B. vernus formed separate monophy-
letic groups in the ML tree, reflecting the same clustering
observed in the MSN and NJ phenogram, and with only
slight differences in topology (Fig. 4). In contrast to the NJ
phenogram, haplogroup II did not diverge separately. A
diphyletic structure was observed with haplogroups IV, V,
VI, and B. vernus on one branch, and haplogroups II, I11, and
VII forming the other branch. The branching of these groups
from haplogroup I was supported by 100% bootstraps. Val-
ues of >70% bootstrap support were observed for all other
branches, except the divergence of haplogroups 111 and VIIL
The concordant ML and NIJ results suggested that taxon
sampling had not affected the main phylogenetic inference in
the former. B. vernus was not separated from the other
haplogroups by a single branch on unrooted trees, and so
was not suitable as an out-group taxon. Preferred out-groups
consist of sister taxa to the in-group, but the six haplogroups

that were revealed are of unknown taxonomic status. Root-
ing trees is generally considered difficult (Smith, 1994), and so
the probability of obtaining the correct tree was considered
higher for unrooted trees.

4. Discussion

The Baetis sequence data displayed patterns of variation
typical in the COI gene of other insects, including low
amino acid divergences, A + T richness, expected frequen-
cies of variable and parsimony-informative sites, and a
transition substitution bias with unequal weighting across
codon positions (Buckley et al., 2001b). The sequences do
not yet appear to have reached a saturated divergence level
and consequently the COI gene was considered useful for
developing phylogenies (Logan, 1999; Weiblen, 2001).

Haplogroup I was identified as the main cluster of hap-
lotypes in the MSN and in addition comprised the majority
of specimens sequenced. A recent demographic expansion
is suggested by the pattern of connections in haplogroup I
although the demographic structure of this species is inves-
tigated elsewhere (Slatkin and Hudson, 1991; Williams
et al., unpublished). A further six distinct haplogroups (II-
VII) were identified and were separate to the B. vernus spe-
cies group. Within haplogroups the sequence divergences of
0.2-3% are within the range reported in many other insect
species (Simon et al., 1994). However, between haplogroups
the divergences increased dramatically to 8—19%, with tran-
sition/transversion ratios approaching one. These values
exceed those typically reported in other insect species and
suggest that haplogroups II-VII are cryptic species
(Buckley et al., 2001a; Ross et al., 1997).
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Fig. 3. Series of scatter graphs illustrating the relationships between substitution type and genetic distance (uncorrected p) for all B. rhodani and B. vernus

haplotypes.

The clustering of sequences into haplogroups I-VII and
B. vernus was strongly supported by the NJ and ML meth-
ods. Haplogroup I was separated by a single branch from
the monophyletic group consisting of haplogroups 11-VII
and B. vernus, and this was supported by 100% bootstrap
support values. High bootstrap support values were also
obtained for branching within haplogroups I1I-VII and B.
vernus, but not between haplogroups. There is therefore
strong support for the presence of six distinct haplogroups
that were clearly separated from haplogroup I, but their
true branching order, including with respect to B. vernus
remains unclear. Future phylogenetic studies within the
order Ephemeroptera may reveal additional links within
and between the distinct haplogroups identified in this
study that will allow enhanced understanding of the phylo-
genetic relationships.

The distributions of the most frequently occurring
haplogroups across Western Europe were not clustered by

site. This suggests there has been widespread dispersal of
multiple genetic lineages since the last ice age, and a recent
range expansion was implicated in haplogroup I from the
MSN. Many insects, including the meadow grasshopper
Chorthippus parallelus Zetterstedt, have undergone south to
north range expansion during inter-glacial periods from
refugia in the south (Hewitt, 1996). The high divergence
between several co-existing haplogroups suggest they may
pre-date the time since the last glacial-interglacial cycles
(Ross et al.,, 1997), although no molecular clock calibra-
tions were attempted due to the lack of appropriate fossil
records to conduct divergence time analyses. Putative refu-
gia and/or hybrid zones could be present in Denmark, Swit-
zerland, and Spain, since these regions are characterised by
high haplotype and/or haplogroup diversity, and the pres-
ence of unique haplotypes. In many other organisms it has
been discovered that during inter-glacial periods, mountain
barriers such as the Pyrenees or Alps impeded northward
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Fig. 4. The maximum likelihood tree with bootstrap values for all B. rhodani and B. vernus haplotypes based on the HKY85 model with the following
parameters: gamma distribution shape parameter =2.4267, proportion of invariable sites=0.6187, Ti/Tv ratio=4.5901, and base frequencies of
A =0.2244, C=0.1687, G =0.1725, and T = 0.4344. Bootstrap support values are displayed where haplogroups branch.

expansions of genomes from southern refugia. Hybrid
zones formed in some of these areas due to subsequent mix-
ing with expanding genomes from other regions (Hewitt,
2000). Although historical glacial events appear to have
influenced the genetic structure of the B. rhodani species
complex, different patterns of colonization events and refu-
gia could exist between haplogroups. Further phylogeo-
graphic studies on individual haplogroups (I and VII) are
currently in preparation (Williams et al., unpublished).

Four of seven haplogroups had restricted geographic
distributions, including haplogroups II, VI, and V that were
found only in Switzerland, and in particular haplogroup VI
in Denmark and France. The low frequency of these haplo-
groups may reflect sampling. Careful taxonomic sampling
designed to ensure coverage of all monophyletic groups for
phylogenetic analysis (Hillis, 1998) was only partially
achieved here. This is a difficult problem when studying
morphologically undefined species complexes such as
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B. rhodani. The molecular identification of the cryptic
haplogroups II-VII provides a baseline for further work in
the B. rhodani complex.

4.1. Delimiting the haplogroups as species

The difficulty in defining new species from haplogroups I
to VII is in providing an accurate and consistent definition
in the absence of detectable morphological distinction. Spe-
cies are widely used as the fundamental recording units in
areas of ecology and biogeography (Riddle and Hafner,
1999). The ability to identify species is essential for distribu-
tion and habitat studies (Pilgrim et al., 2002), in determin-
ing biological diversity, and providing a framework for
conservation strategies (Zehr and Voytek, 1999). However,
using molecular data singly and in combination with other
approaches to defining species and other taxa can pose
problems in some instances (e.g., Templeton, 1989; Kozak
et al., 2006). Insect phylogenetic studies have indicated the
need for a thorough taxonomic revision of many taxa at the
family, genus and/or species level (Gentile et al., 2002),
although only a few species descriptions are at least partly
based on molecular data (Caterino et al., 2000; Kruse and
Sperling, 2001). However this and other studies demon-
strate that genetic data is a useful tool in revealing cryptic
species complexes, and with more studies combining genet-
ics and traditional taxonomy the classification of so called
“cryptic” species may be possible.

A phylogenetic species is a basal cluster of organisms
that are differentiated from other such clusters, and are
monophyletic (Packer and Taylor, 1997). Based on this
definition all of the haplogroups described here could be
phylogenetic species, even those containing only a few
sequences. The phylogenetic concept has been applied in
the past for identifying conservation units of various spe-
cies, including the tiger beetle Cicindela puritana Horn
(Vogler et al.,, 1993). The genetically divergent haplogroups
could also potentially be identified as evolutionary signifi-
cant units (ESUs) regardless of their taxonomic status.
ESUs are now being widely applied in conservation policies
(Riddle and Hafner, 1999). With respect to conventional
taxonomy they often correspond to species or subspecies
boundaries, but in some circumstances can extend to iso-
lated populations (Karl and Bowen, 1999).

Wiens and Penkrot (2002) discuss the advantages of
using only mtDNA to delimit species based on exclusive
haplotype monophyly. However, applying species defini-
tions to haplogroups II-VII, including the ESU or phyloge-
netic concepts, could be considered inappropriate without
combining evidence from other characters (Moritz, 1994;
Crandall et al., 2000; Goldstein et al., 2000; Hewitt, 1996;
Kelt and Brown, 2000). These haplogroups therefore repre-
sent several evolutionary lineages whose species status is
currently undefined, and they are proposed here as distinct
taxonomic units from B. rhodani and B. vernus worthy of
further study and characterisation at the morphological
and morphometric level. Extensive and rigorous morpho-

logical analysis has not been undertaken within this family,
and there are no known diagnostic characters to support
the proposed evolutionary taxa, although additional analy-
sis using haplogroup-defined individuals is a direct recom-
mendation of this study. Additional evidence from nuclear
molecular markers, alternative mtDNA genes, morphology,
physiology, and/or ecology, is necessary to corroborate or
falsify the taxon limits that have been suggested by mtDNA
(Hare, 2001; Hewitt, 1998; Leache and Reeder, 2002; Rod-
erick, 1996).

4.2. Potential implications of cryptic species on ecological
Studies

B. rhodani larvae have been used in many ecological and/
or toxicity studies dealing with the recovery of streams
from disturbance or pollution, for example phenol and
ammonium effluents (Khatami et al., 1998), inconsistent
flows in regulated rivers (Malmqvist and Englund, 1996)
and acidification (Fjellheim and Raddum, 1992; Fjellheim
and Raddum, 2001; Guerold et al., 2000; Raddum and
Fjellheim, 1987). Although there are no recognised mor-
phological differences within the B. rhodani complex, they
may vary biologically in life cycles and dispersal abilities,
ecologically in habitat and/or food preferences, and physio-
logically. One or a combination of these factors could cause
them to respond differently to disturbances within streams,
and without appropriate taxonomic resolution, interpreta-
tions could be misleading.

The potential implications of cryptic species in the B. rho-
dani complex on current and future ecological studies are
particularly far-reaching given the large number of studies
carried out on what now appears to be several possible dis-
tinct taxa. These results have wider relevance since cryptic
species have been detected in other aquatic insects (Jackson
and Resh, 1998), and the presence and diversity of several
taxa are widely used as biological indicators (Mason, 1996).
The presence of cryptic species also has ramifications for the
assessment of biodiversity in general, and the ability to
account for them in future studies emphasises the need to
correlate genetic differences from multi-locus data, with
identifiable morphological characters and/or other factors
including physiology. This will enable natural variations
that occur within species to be separated from those indicat-
ing distinct species, including how this may potentially con-
found interpretations of population genetic variation and
structure in this group (e.g., Rebora et al., 2005). Until the
degree of adaptive differentiation between cryptic species
can be established their effects on ecological studies remains
questionable. This phylogenetic analysis should provide an
appropriate reference for future studies within the B. rho-
dani complex and the group Ephemeroptera.
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