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The first molecular phylogenetic hypothesis for the aquatic beetle family Noteridae is inferred using DNA
sequence data from five gene fragments (mitochondrial and nuclear): COI, H3, 16S, 18S, and 28S. Our
analysis is the most comprehensive phylogenetic reconstruction of Noteridae to date, and includes 53
species representing all subfamilies, tribes and 16 of the 17 genera within the family. We examine the
impact of data partitioning on phylogenetic inference by comparing two different algorithm-based par-
titioning strategies: one using predefined subsets of the dataset, and another recently introduced method,
which uses the k-means algorithm to iteratively divide the dataset into clusters of sites evolving at sim-
ilar rates across sampled loci. We conducted both maximum likelihood and Bayesian inference analyses
using these different partitioning schemes. Resulting trees are strongly incongruent with prior classifica-
tions of Noteridae. We recover variant tree topologies and support values among the implemented par-
titioning schemes. Bayes factors calculated with marginal likelihoods of Bayesian analyses support a
priori partitioning over k-means and unpartitioned data strategies. Our study substantiates the impor-
tance of data partitioning in phylogenetic inference, and underscores the use of comparative analyses
to determine optimal analytical strategies. Our analyses recover Noterini Thomson to be paraphyletic
with respect to three other tribes. The genera Suphisellus Crotch and Hydrocanthus Say are also recovered
as paraphyletic. Following the results of the preferred partitioning scheme, we here propose a revised
classification of Noteridae, comprising two subfamilies, three tribes and 18 genera. The following taxo-
nomic changes are made: Notomicrinae sensu n. (= Phreatodytinae syn. n.) is expanded to include the
tribe Phreatodytini; Noterini sensu n. (= Neohydrocoptini syn. n., Pronoterini syn. n., Tonerini syn. n.)
is expanded to include all genera of the Noterinae; The genus Suphisellus Crotch is expanded to include
species of Pronoterus Sharp syn. n.; and the former subgenus Sternocanthus Guignot stat. rev. is resur-
rected from synonymy and elevated to genus rank.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

1.1. Overview of Noteridae

Noteridae Thomson (Coleoptera: Adephaga) is a family of aqua-
tic beetles that occurs worldwide (Nilsson, 2005, 2011). Often
called the burrowing water beetles, members of the family are
small to minute and superficially similar in appearance to their
better-known relatives, the Dytiscidae (diving beetles), but are
easily distinguished by the noterid platform: an elevated ventral
plate on the mesosoma, formed by expansions of the inner meta-
coxal lamellae (Miller, 2009). With approximately 270 described
species (Nilsson, 2011; García et al., 2012; Miller, 2013; Gómez
and Miller, 2013; Baca et al., 2014; Baca and Toledo, 2015;
Guimarães and Ferreira, 2015; Manuel, 2015), the family is not
very diverse, though they can be often found in abundance. Noteri-
dae has been poorly studied in comparison to other adephagan
families. Several genera are still in need of revision (Miller, 2009)
and many species remain undescribed or known only from their
original descriptions, making identifications difficult.

Noteridae was once classified as a subfamily of the Dytiscidae.
However, starting with Bertrand (1928:191), the 1900s saw a trend
of Noteridae being recognized as a distinct family. Recent phyloge-
netic analyses of Adephaga support this classification, with other
families such as Amphizoidae, Hygrobiidae and Aspidytidae found
more closely related to Dytiscidae than Noteridae (e.g. Balke et al.,
2008; McKenna et al., 2015; Toussaint et al., 2016).
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1.2. Phylogenetic studies of Noteridae

Noterid representatives have been included in more broadly
focused phylogenetic studies of Adephaga (e.g. Ribera et al.,
2002; Balke et al., 2008; Toussaint et al., 2016), but few have
included sufficient or appropriate sampling to have any bearing
on relationships within Noteridae, and nearly all were based on
morphology (Beutel and Roughley, 1987; Belkaceme, 1991;
Beutel et al., 2006; Miller, 2009; Kato et al., 2010; Dressler
et al., 2011; Gómez and Miller, 2013). Morphology-based recon-
structions (Figs. 1 and 2), recovered relatively consistent topolo-
gies, showing a phyletic grade of noterid tribes in the order of
Phreatodytini Ueno, Notomicrini Zimmermann, Tonerini Miller,
Neohydrocoptini Zalat et al., Pronoterini Nilsson and Noterini
Thomson. Within Noterini, Noterus Clairville, Synchortus Sharp
and Mesonoterus Sharp were consistently found to be sister
Fig. 1. Previous phylogenetic reconstructions/hypotheses of Noteridae (A) Beutel and Rou
(E) Balke et al. (2008); (F). Kato et al. (2010); (G) Alarie et al., 2011; and (H) Dressle
reconstruction; A + L indicates that both adult and larval morphological characters we
taxonomic actions.
linages to the rest of the noterine genera, for which relationships
were often conflicting or unresolved. Miller (2009) was arguably
the most comprehensive study of Noteridae. He performed a
morphology-based analysis that included some novel characters,
and diagnosed all noterid subfamilies, tribes, and genera. The
analysis was replicated by Gómez and Miller (2013; Fig. 2B) to
place the genus Prionohydrus as sister to Mesonoterus. Both stud-
ies found some slightly shifted or unresolved relationships in
Noterini, but otherwise his results were not in strong conflict
with previous work. Studies that included larval characters
(Beutel et al., 2006, 2008; Dressler et al., 2011; Fig 1) highlighted
the fact that immature stages of many noterid genera are
unknown, thereby restricting analyses to adult characters to infer
relationships.

Noterids have also been included in several molecular phyloge-
nies (e.g. Ribera et al., 2002; Balke et al., 2005, 2008 (Fig. 1E);
ghley (1987); (B) Belkaceme (1991); (C) Beutel et al. (2006); (D) Beutel et al. (2008);
r et al. (2011). Captions in parentheses denote type data inferred for respective
re used. Asterisks (⁄) indicates taxon name changed to follow recently published



Fig. 2. Previous phylogenies and classification of Noteridae. (A) synopsis of
phylogenetic hypotheses by Nilsson (2005); (B) Gómez and Miller (2013), adapted
from Miller (2009) to include Prionohydrus. Asterisks (⁄) indicates taxon name
changed to follow current classification.
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Maddison et al., 2009; Kato et al., 2010 (Fig. 1F); Toussaint et al.,
2016). Most of these investigations were focused on family-level
relationships within Adephaga. Kato et al. (2010) investigated the
phylogenetic position of the Japanese endemic subterranean genus
Phreatodytes Ueno by adding it to the dataset of Balke et al. (2008).
Phreatodytes was recovered as sister to Notomicrus Sharp rather
than sister to all noterids (e.g. Miller, 2009), a relationship also
found in later molecular-based studies (e.g. Toussaint et al.,
2016). Finally, both morphology- and molecular-based studies
recovered the Venezuelan monotypic family Meruidae Spangler
and Steiner as sister to a monophyletic Noteridae (Beutel et al.,
2006, 2008; Balke et al., 2008; Alarie et al., 2011; Dressler et al.,
2011; McKenna et al., 2015; Toussaint et al., 2016). Overall, mor-
phological data does not seem to have enough phylogenetic signal
to reconstruct a robust phylogenetic hypothesis for the family.
However, preliminary studies based on molecular sequence data
are promising and therefore a comprehensively sampled molecular
dataset is needed.

In this study, we infer the first comprehensive phylogenetic
reconstruction of Noteridae based on a multilocus molecular
dataset (Table A1), including representatives of all tribes and
all but one genus, the rare Indonesian cave-dwelling Speonoterus
Spangler.
1.3. The effects of partitioning data

Data partitioning followed by substitution model selection is
the most common method to account for heterogeneity in evolu-
tionary rates among sites in molecular datasets (Lanfear et al.,
2012, 2014; Kainer and Lanfear, 2015). As multilocus molecular
datasets continue to grow in size, accounting for model hetero-
geneity is becoming an increasingly important step in phylogenetic
methods (Brown and Lemmon, 2007; Blair and Murphy, 2011). If
the selection of substitution models can be performed in a compre-
hensive manner and in a comparative framework (e.g. Lanfear
et al., 2012), choosing the most appropriate number and composi-
tion of partitions among the theoretically infinite number of possi-
bilities is not straightforward (Blair and Murphy, 2011; Kainer and
Lanfear, 2015). Limitations in the application of theoretical
approaches have effectively bound investigators to few options
(Lanfear et al., 2012). The most common method is to define sub-
sets of the data a priori, usually based on the features of the
sequences in the alignment, e.g. by individual gene fragments,
codon positions, structures of rRNA, or some combination of these
features (Blair and Murphy, 2011; Lanfear et al., 2012). The cluster-
ing of these predefined partitions is then tested in a maximum
likelihood framework as implemented for instance in PartitionFin-
der (Lanfear et al., 2012). Specifically, the theoretic scores of the
different partitioning schemes are calculated using an information
theoretic criterion (e.g. Akaike Information Criterion, AIC, Bayesian
Information Criterion, BIC). However, this methodology is poten-
tially unsatisfactory because the predefinition of partitions is
somewhat subjective, and because more appropriate partitioning
schemes might exist.

Recently, Frandsen et al. (2015) implemented the k-means algo-
rithm for partitioning data. This method eliminates the need for
the investigator to partition the dataset a priori. Instead, the k-
means algorithm selects the best-fit partitioning scheme by subdi-
viding the data into partitions of similar sites based on the evolu-
tionary rate of these (Frandsen et al., 2015, see Section 2 for more
details). Although appealing, this newmethod has rarely been used
on empirical datasets to date (UCE data: Blaimer et al., 2015,
2016a,b; Hawkins et al., 2016; Tucker et al., 2016; Sanger sequenc-
ing data: Toussaint et al., in press) and never in a comparative
framework.

There is a growing body of literature supporting the view that
data partitioning and model selection can heavily influence phylo-
genetic inference (Yang, 1996; Buckley et al., 2001; Lemmon and
Moriarty, 2004; Lanfear et al., 2012; Frandsen et al., 2015; Kainer
and Lanfear, 2015). However, comparing the results of multiple
partitioning schemes applied to a single dataset is not a standard
practice in phylogenetic investigations (but see e.g. Miller et al.
(2009), Miller and Bergsten (2012), and Bukontaite et al. (2014),
as examples in aquatic beetles). A secondary objective of this study
is therefore to test the effect of different partitioning strategies on
the inference of phylogenetic relationships within Noteridae.
2. Material and methods

2.1. Taxon sampling

We assembled a comprehensive dataset for the Noteridae
including 76 specimens representing 53 species and all extant sub-
families and tribes (Table A1) following Miller (2009) and Nilsson
(2011). In a few instances, multiple representatives of a given spe-
cies were included when the taxon was geographically widespread
or exhibited morphological variation. For outgroups, we sampled
taxa belonging to the families most closely related to Noteridae fol-
lowing the most recent study on Adephaga systematics (Toussaint
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et al., 2016); Amphizoidae, Aspidytidae, Dytiscidae, Hygrobiidae
and Meruidae, as well as Haliplus lineaticollis (Haliplidae) to root
the tree.

2.2. DNA extraction and gene fragment amplification

Total genomic DNA was extracted from whole beetles kept in
96% ethanol using the DNeasy kit (Qiagen, Hilden, Germany). We
used the primers listed in Table 1 to amplify and sequence the fol-
lowing gene fragments: cytochrome oxidase subunit 1 (CO1,
801 bp), 16S (525 bp), 18S (2130 bp), 28S (1234 bp) and histone
3 (H3, 321 bp).

Polymerase chain reactions consisted of the following cycling
steps: initial denaturation for 4 min s at 95–98 �C; 30–40 cycles
of denaturation at 30 s for 95–98 �C, annealing for 30 s with differ-
ent temperatures depending on the primer pair (see below), and
extension for 1–1.5 min at 72 �C; final extension for 10 min at
72 �C. The annealing temperatures for each gene fragment were
as follows: 47–49 �C for COI, 50–51 �C for 16S, 52 �C for 18S, 52–
54 �C for 28S and 49 �C for H3. New sequences were deposited in
GenBank (Accession Nos. KY055841–KY056124).

2.3. Sequence alignment and data partitioning

Protein coding gene fragments were aligned in Geneious R 8.0.5
(Biomatters, http://www.geneious.com/) using MUSCLE (Edgar,
2004). The ribosomal gene fragments were aligned using MAFFT
7.017 (Katoh and Standley, 2013) with default settings (Algorithm:
Auto; Scoring matrix: 200 PAM/k = 2; Gap open penalty: 1.53; Off-
set value: 0.123). The reading frames of protein-coding gene frag-
ments CO1 and H3 were checked in Mesquite 3.0.2 (http://
mesquiteproject.org) to ensure the absence of stop codons or other
editing problems.

First, we inferred individual gene trees using the ML program
IQ-TREE (Nguyen et al., 2015) as implemented in W-IQ-TREE
(http://iqtree.cibiv.univie.ac.at/, Trifinopoulos et al., 2016). Protein
coding gene fragments were partitioned a priori by codon position
and individual ribosomal gene fragments (Lanfear et al., 2012)
were left unpartitioned. PartitionFinder 1.1.1. (Lanfear et al.,
2012) was used to select optimal partitioning schemes, and the
best-fit models of substitution (Table 1) were selected using the
Auto function on W-IQ-TREE based on the Bayesian Information
Criterion (BIC). We performed 1000 ultrafast bootstrap replicates
(Minh et al., 2013) to investigate nodal support across topologies.

Second, as we did not recover strongly supported inconsisten-
cies between gene fragment trees (see Section 3), we generated a
concatenated dataset in Geneious R 8.0.5 (Biomatters, http://
www.geneious.com/). We ran unpartitioned and partitioned anal-
yses to investigate the impact of partitioning and model selection
on phylogenetic resolution in both BI and ML frameworks. The con-
Table 1
List of primers and PCR conditions used to amplify the gene fragments used in this study

Gene Location Primer Direction S

CO1 Mitochondrial Jerry Forward C
CO1 Mitochondrial Pat Reverse A
16S Mitochondrial LR-N-13398 Forward C
16S Mitochondrial LR-J-12887 Reverse C
18S (50 end) Nuclear 18S50I Forward G
18S (50 end) Nuclear 18SB0.5 Reverse T
18S (30 end) Nuclear 18S30I Forward C
18S (30 end) Nuclear 18SA1.0 Reverse G
28S Nuclear NLF184-21 Forward A
28S Nuclear LS1041R Reverse T
H3 Nuclear H3aF Forward A
H3 Nuclear H3aR Reverse A
catenated dataset was treated with the same three partitioning
schemes for both BI and ML analyses (details below): (1) unparti-
tioned, in which the dataset was treated as a single partition, with
best fit model searched in PartitionFinder; (2) ‘greedy’, partitioned
a priori based on alignment features: by codon positions for protein
coding gene fragments and ribosomal gene fragments undivided,
each treated as a unique partition, with optimal subsets chosen
with the greedy algorithm in PartitionFinder; and (3) ‘k-means’,
partitioned using the k-means algorithm (Frandsen et al., 2015)
in PartitionFinder. This algorithm iteratively divides the alignment
in subsets of sites that share similar rates of evolution (Frandsen
et al., 2015). First, it infers a starting tree from the input data
and assigns all sites in the alignment to a single subset. It selects
a best-fit substitution model for the subset and calculates an infor-
mation theoretic score (user’s choice: via AIC, AICc or BIC). The
algorithm then divides the alignment into two subsets of sites clus-
tered by their calculated evolutionary rates. Best-fit substitution
models are selected for each subset and the information theoretic
score is again calculated. If the score is improved from the previous
step, the algorithm labels the two subsets for further division, gen-
erates them into new alignments, and for each, the process is reit-
erated. The algorithm continues to iteratively divide the dataset in
this fashion, stopping for each respective cluster when subsequent
division returns a lower information theoretic score. The resulting
clusters and best-fit models are then recovered as the partitioning
scheme to be implemented in the following phylogenetic analysis.
As such, the recovered partitions may largely consist of non-
sequential, individual sites. Two different approaches have been
developed to calculate site-specific rates for each site of a given
subset; a maximum likelihood approach (MLA) that relies on
branch lengths derived from a ML topology (branch lengths are
estimated de novo for each subset), and a non-tree method where
the similarity among site patterns is used as a proxy for the rates of
evolution. However, the MLA has been shown in Frandsen et al.
(2015) to present multiple issues such subset-specific trees signif-
icantly biased toward the ML starting tree. As a result, the non-tree
method preferred in Frandsen et al. (2015) was used in this study.
This method named relies on the Tree Independent Generation of
Evolutionary Rates algorithm (TIGER, Cummins and McInerney,
2011), to calculate the rates of evolution for each site at each
new step of the k-means iterative search.
2.4. Phylogenetic analyses

For the BI analyses, both optimal partitioning schemes and
models of substitution were selected using PartitionFinder as
described above, with the Bayesian Information Criterion (BIC),
and the ‘mrbayes’ set of models. For ML analyses, PartitionFinder
was used to select the optimal partitioning scheme with the ‘all’
set of models. However, the models of substitution were searched
.

equence Reference

AACAYTTATTTTGATTTTTTGG Simon et al. (1994)
TCCATTACATATAATCTGCCATA Simon et al. (1994)
GCCTGTTTAACAAAAACA Simon et al. (1994)
CGGTCTGAACTCAGATCACGT Simon et al. (1994)
ACAACCTGGTTGATCCTGCCAGT Shull et al. (2001)
AACCGCAACAACTTTAAT Shull et al. (2001)
ACCTACGGAAACCTTGTTACGAC Shull et al. (2001)
GTGAAATTCTTGGACCGTC Shull et al. (2001)
CCCGCTGAAYTTAAGCATAT Van der Auwera et al. (1994)
ACGGACRTCCATCAGGGTTTCCCCTGACTTC Maddison (2008)
TGGCTCGTACCAAGCAGACGGC Colgan et al. (1998)
TATCCTTGGGCATGATGGTGAC Colgan et al. (1998)

http://www.geneious.com/
http://mesquiteproject.org
http://mesquiteproject.org
http://iqtree.cibiv.univie.ac.at/
http://www.geneious.com/
http://www.geneious.com/
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independently inW-IQ-TREE using the ‘Auto’ function as part of the
ML analyses, as this function searches a wider selection of models.
This was also done under BIC, using the partitioning scheme recov-
ered from PartitionFinder. We performed 1000 ultrafast bootstrap
replicates (Minh et al., 2013) to investigate nodal support across
the topologies. The BI analyses were performed using MrBayes
3.2.3 (Ronquist et al., 2012). Two simultaneous and independent
runs consisting of eight MCMC (one cold and seven incrementally
heated) chains running for 30 million generations were used, with
trees sampled every 1000 generations to calculate posterior prob-
abilities (PP). We assessed convergence of the runs by investigating
the average standard deviation of split frequencies (ASDSF) and
Effective Sample Size (ESS) of all parameters in Tracer1.5 (http://
BEAST.bio.ed.ac.uk/Tracer). A value of ESS > 200 was acknowledged
as a good indicator of convergence. All posterior trees that pre-
dated the time needed to reach a log-likelihood plateau were dis-
carded as burn-in, and the remaining samples were summarized
to generate a 50% majority rule consensus tree. To assess and com-
pare the performance of partitioning schemes and models in the BI
analyses, we calculated Bayes factors (BF, Kass and Raftery, 1995)
using marginal likelihood estimates of the BI runs. Following
Kass and Raftery (1995), a value of 2 ⁄ loge(BF) greater than 10 is
considered strong support in favor of a hypothesis/model. Tradi-
tionally, harmonic means (HM) derived from Bayesian analyses
have been used as marginal likelihood estimates. However, the
HM has been proven a poor approximation of the marginal likeli-
hood, with a systematic overestimation of the marginal likelihood
(Lartillot and Philippe, 2006; Fan et al., 2011; Xie et al., 2011; Baele
et al., 2012). Therefore, much more accurate methods based on
thermodynamic integration (path sampling, Lartillot and
Philippe, 2006) and stepping-stone sampling (Fan et al., 2011;
Xie et al., 2011) have been developed to better estimate marginal
likelihoods. In this study, we used the stepping-stone sampling
method developed by Xie et al. (2011) which relies on importance
sampling to bridge prior and posterior distributions (see Xie et al.
(2011) for more details).

3. Results

3.1. Partitioning and models

The final concatenated molecular data set consisted of five gene
fragments for a total of 5011 bp. The greedy algorithm maintained
all a priori defined partitions with the exception of the H3 gene
fragment in the concatenated dataset, in which the partitions for
Table 2
Summary of support values recovered by Maximum Likelihood (ML) and Bayesian infe
treatments, and ML analyses of individual gene fragments used in the dataset. Numbers of
2013) support values are presented for ML; and posterior probability for BI.

Clade ’greedy’
(ML)

‘greedy’
(BI)

k-means
(ML)

1. Noteridae 72 – 77
– Noteridae +Meru – 0.65 –
2. Phreatodytes + Notomicrus 100 1.00 99
3. Noterinae 100 0.75 96
4. Noterus + Neohydrocoptus 94 0.56 97
5. Liocanthydrus + Tonerus 100 0.96 98
6. ‘Suphis clade’ 100 1.00 99
7. Canthysellus + Suphis 97 0.99 94
8. Suphisellus + Pronoterus 100 1.00 100
9. ‘Suphis clade’ + ‘Canthydrus clade’ 94 0.89 72
10. ‘Canthydrus clade’ 91 0.81 81
11. Sternocanthus 100 1.00 100
12. Hydrocanthus +Mesonoterus/

Prionohydrus
100 1.00 100

13. Node 13 75 0.56 43
14. Node 14 93 0.98 76
the first and second codon positions were combined into a single
subset for a total of 8 subsets. This scheme was recovered by Par-
titionFinder for both the BI and ML partition searches (‘mrbayes’ set
of models for BI; ‘all’ set of models for ML). The k-means algorithm
partitioned the concatenated dataset into 12 subsets comprised of
non-sequential sites. Partitions varied in size, i.e. the number of
sites per partition, with the smallest having only 34 sites, and
the largest, 2971 sites. Using this algorithm, PartitionFinder
recovered the same partitioning scheme for both the BI and ML
partition searches (‘mrbayes’ set of models for BI, ‘all’ set of models
for ML). Models between BI and ML analyses differed due to model
availability in the respective phylogenetic programs, wherein
W-IQ-TREE (ML) offers a much larger selection of models than
MrBayes (BI).

3.2. Trees and phylogenetic analyses

Individual gene trees showed some inconsistency between
topologies (Figs. A1–A5), however, areas of conflict among gene
trees were recovered with low nodal support (Table 2; Figs. A1–
A5). Genera were largely recovered as monophyletic, with some
exceptions. Most gene trees, particularly those of the ribosomal
gene fragments, were consistent with regard to intergeneric rela-
tionships within the various larger clades recovered, with the
majority of inconsistencies found in the relative positions of these
clades along the backbone of the trees.

Trees recovered from the concatenated data showed relatively
consistent topologies (Figs. 3 and A6–A11) and moderate to high
nodal support. All genera were recovered as monophyletic with
two exceptions: Pronoterus was found nested within Suphisellus
Crotch, and Mesonoterus and its sister Prionohydrus were found to
be nested within Hydrocanthus (Fig. 3). In both these exceptions,
there was unanimous consensus with high nodal support among
trees. The tribe Noterini, as previously classified was recovered as
paraphyletic (Fig. 3), with all other tribes of the Noterinae found
nested within it (Figs. 3 and A6–A11). This result was also recov-
ered in most gene trees (Figs. A1–A5). Areas of conflict between
our different reconstructions were recovered with low nodal sup-
port (Figs. 3 and A6–A11).

In the BI analyses, Bayes factors (2 ⁄ loge(BF), see Kass and
Raftery, 1995), calculated from the marginal likelihood estimates
obtained via stepping-stone sampling (Xie et al., 2011) strongly
favored the greedy partitioning scheme (vs. unparti-
tioned = 3458.80; vs. k-means = 12889.78, Table 3). In ML analyses,
the tree derived from the k-means partitioning scheme was
rence (BI) analyses of the concatenated dataset, subjected to different partitioning
left side of table correspond to labeled nodes in Fig. 3. Ultrafast bootstrap (Minh et al.,

k-means
(BI)

no partition
(ML)

no partition
(BI)

COI H3 16S 18S 28S

– 53 – 91 – 94 – 100
0.90 – 0.99 – ⁄ – 86 ⁄

0.99 100 0.99 – 68 98 89 ⁄

0.99 95 0.99 – – 81 86 95
0.99 94 1.00 – – – 87 95
1.00 100 1.00 – 37 99 99 –
1.00 100 1.00 – – 99 95 100
0.99 86 0.99 – – – 92 –
1.00 100 1.00 100 97 82 100 100
0.90 – 0.94 – – – – 44
0.99 69 0.99 – – – – 77
1.00 100 1.00 99 – 100 100 100
1.00 100 1.00 100 – 94 99 100

0.93 – 0.98 – – – 91 –
– – 1.00 – – – 92 47

http://BEAST.bio.ed.ac.uk/Tracer
http://BEAST.bio.ed.ac.uk/Tracer
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recovered with the highest likelihood score (log-
likelihood = �52288), followed by the one derived from the greedy
(log-likelihood = �53,181, Table 3) and the unpartitioned (log-
likelihood = �56,151) schemes (Table 3).

The respective partitioning strategies produced variant tree
topologies between some of the ML and BI analyses (Figs. 3 and
A6–11, Table 2). The monophyly of Noteridae excluding Meruidae
was not recovered with high support by any analysis (Fig. 3,
Table 2). Topologies are conflicting between the ML and BI analy-
ses, with ML recovering Noteridae as monophyletic with low sup-
port from all partitioning schemes, and BI recovering Meru as
nested, sister to Phreatodytes, with high support from analyses
using the unpartitioned scheme, moderate support (posterior
probability > 0.90) from k-means, and low support from the greedy
scheme. Relationships within Noteridae were recovered with more
consistency between analyses. In ML, the two partitioned treat-
ments (greedy, k-means) recovered the same topologies however
with low to moderate nodal support for some of the backbone
nodes. The unpartitioned scheme resulted in a different topology,
with moderate support along the backbone, the major change
being the placement of Synchortus in a more derived part of the
tree compared to the other scheme topologies. In the BI analyses,
the greedy and unpartitioned schemes resulted in consistent tree
topologies. These were also the ones with the highest support from
Bayes factors. The trees recovered from these two schemes were
also consistent with the above partitioned ML analyses (greedy,
k-means), with the exception of the placement of Meru and some
species level relationships. The BI tree resulting from the k-means
scheme varies from these, finding Renotus Guignot sister to Tonerus
Miller and Liocanthydrus Guignot rather than sister to (Suphis clade
+ Canthydrus clade). While it was recovered with the highest poste-
rior probabilities along the backbone, Bayes factors strongly
favored the greedy and unpartitioned treatments (Table 3).
4. Discussion

4.1. Performance of analyses

Despite utilizing various methods of partitioning, the trees
inferred from the concatenated dataset showed relatively consis-
tent results with most clades highly supported except for a series
of backbone nodes (Fig. 3). Gene tree discordance could potentially
explain some of these inconsistencies. For example, in the case of
Meru both COI and 16S (Figs. A1 and A3) support Noteridae as
monophyletic, while 18S (Fig. A4) recovers a nested relationship
of Meru. However, with gene tree discordance apparent in other
areas of the tree, this does not seem to fully explain our results.
Another factor is the missing data for Meru, as we were unable to
amplify 28S or H3 despite repeated attempts on several specimens.
As this lineage is a very divergent member of the Dytiscoidea with
Meru recovered on long branches in this and prior studies, long
branch attraction (LBA) may also explain the conflicting results.
However, there is no doubt regarding the close relationship of
Noteridae and Meruidae, as substantiated by previous workers
(Beutel et al., 2006; Balke et al., 2008; Dressler et al., 2011;
McKenna et al., 2015; Toussaint et al., 2016). The other areas of
conflict between trees involve the genera Synchortus and Renotus,
whose placements differ among analyses (Figs. 3 and A6–A11),
and some species level relationships within genera, such as in
Suphisellus. The tree presented in Fig. 3 summarizes the results of
the different analyses performed on the concatenated dataset.
The cause of conflict between analyses in the backbone of the tree
might be caused by ambiguous phylogenetic signal in the gene
fragments that were sampled. This could be due to the evolution-
ary rate of some genes, e.g. COI or H3, in which the rate may be too
high for adequate signal at deeper divergences. However further
testing would be required to confirm this. Additional sampling of
genes of different evolutionary rates may be necessary to over-
come the poor resolution of these nodes and shed light on the dee-
per level relationships in the family.

4.2. Effect of partitioning

The results of our analyses show that partitioning can signifi-
cantly influence the results of ML and BI phylogenetic analyses,
affecting topology and/or nodal support. This is easily seen in the
variable topologies recovered, despite using the same alignment
and analytical methods (Figs. 3 and A6–A11).

It is difficult to pinpoint a single cause for the uneven fit of the
‘k-means’ clustering scheme in the BI and ML analyses. Partitioning
has been shown to have a strong impact on phylogenetic accuracy
as well as on nodal support (e.g. Brandley et al., 2005; Brown and
Lemmon, 2007; Li et al., 2008; Ward et al., 2010; Kainer and
Lanfear, 2015). Here, we suspect a problematic behavior of the k-
means algorithm. When trying to divide the initial alignment in
subsets of sites evolving under a same evolutionary fashion, the
k-means algorithm systematically generates a very large subset
comprised of all the invariant sites present in the dataset. In our
case, this subset was comprised of 2971 bp (i.e. �60% of the entire
matrix). Because the subset is composed of invariant sites, its fit to
a given model is strongly biased toward a very high likelihood
(Lanfear, pers. comm.). We believe this may explain the idiosyn-
cratic results of analyses based on this partitioning strategy (Lan-
fear pers. com.). Bayesian analyses have been shown to be more
sensitive to partitioning strategies than those employing ML (e.g.
Kolaczkowski and Thornton, 2009). Therefore, our results in BI
using the k-means partitioning scheme could also be partly
accounted for by the particular sensitivity of Bayesian analyses to
suboptimal partitioning. The effects of using IQ-TREE (Nguyen
et al., 2015) for the ML analysis, which recalculates the models of
substitution for each partition, must also be considered. Overall,
it is likely that the inconsistency between ML and BI using the k-
means method is due to a combination of variables, such as
ambiguous phylogenetic signal and the influence of partitioning
strategies, as well as possible algorithmic issues that need further
investigation including simulations (Lanfear, pers. comm.).

The k-means algorithm (Frandsen et al., 2015) offers a partition-
ing strategy that is theoretically more objective than a priori subdi-
vision of the dataset. However, with conflicting results between
our ML and BI analyses, and the poor model fit recovered in the
BI analyses, it seems that this may not be the optimal partitioning
strategy in all situations. Moreover, the systemic behavior of k-
means to lump invariant sites in a large subset of data is a matter
of concern. This is especially true considering that all studies but
one (Toussaint et al., 2016, in press) that used this algorithm so
far have been focusing on ultra-conserved element datasets
(Blaimer et al., 2015, 2016a,b; Hawkins et al., 2016; Tucker et al.,
2016). In such molecular matrices, the ratio of invariant sites to
phylogenetic informative sites can be severely biased toward a
lower proportion of the latter (possibly well above the 60% in this
study). In that case, the results of the k-means algorithm should be
taken with great caution and ideally compared with a different a
priori partitioning strategy. Given the theoretical considerations,
and performance in our ML analyses, the k-means algorithm may
be appropriate for partitioning molecular data in certain cases.
However, based on our results, we advocate caution in using the
k-means algorithm, especially if the dataset in question contains
large amounts of invariable sites.

Here, we found that even when subjected to different analytical
strategies, the data were relatively unequivocal in almost all areas
of the tree. The differences that were recovered were restricted to



Fig. 3. Phylogeny of Noteridae imposed with previous tribal classification imposed. The tree was recovered by the ‘greedy’ Maximum Likelihood analysis of the concatenated
COI, H3, 16S, 18S and 28S gene fragments. Support values are indicated by colored boxes. Top key specifies analysis and partitioning schemes indicated by boxes; boxes on left
indicate ultrafast bootstrap (Minh et al., 2013) support values for Maximum Likelihood (ML) analyses, boxes on right indicate posterior probability for Bayesian Inference (BI)
analyses. Middle key indicates color coding for bootstrap support/ posterior probability value ranges. Bottom key indicates color coding for tribal classification imposed on
tree. Numbered nodes correlate to Table 2, where listed are the respective support values recovered by each analyses. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Table 3
Likelihood scores for ML and BI analyses of partitioning treatments. Log-L = log-likelihood recovered for Maximum Likelihood (ML) analyses; HM = Harmonic mean estimate of
marginal likelihood for Bayesian Inference (BI); MLE = Marginal likelihood estimate of model fit for BI analyses recovered by stepping-stone sampling (Xie et al., 2011). Right three
columns depict a symmetrical matrix comparing Bayes factors (2 ⁄ Loge(BF); Kass and Raftery, 1995) of respective partitioning treatment. Bayes factors were calculated using
marginal likelihood estimates from stepping-stone sampling. Bold values indicate favoring Bayes factors.

Partitioning strategy Log-L (ML) HM (BI) MLE (BI) 2 ⁄ Loge(BF)

vs. ‘greedy’ vs. k-means vs. no partitions

‘greedy’ �53363.43 �50854.53 �51663.95 0 12889.78 3458.80
k-means �52288.29 �57378.66 �58108.84 �12889.78 0 �3458.80
No partitions �56151.33 �52794.68 �53393.35 �4715.49 9430.98 0
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the backbone of the tree, with respect to the placement of two gen-
era (Figs. 3 and A6–A11). Therefore, it seems crucial to compare
different partitioning strategies, not only to find the optimal strat-
egy for a given dataset, which may change from case to case, but
also to help identify problematic areas of trees and test the phylo-
genetic signal in the dataset. For this reason, such comparisons in
multigene phylogenetic investigations should be encouraged.

4.3. Noteridae: molecules vs. morphology

The relationships recovered from our molecular study strongly
contradict those based on morphology. The most apparent differ-
ences lie along the backbone of the tree, where we find Noteridae
to be comprised of several clades of multiple genera, (Figs. 3 and 4)
rather than most genera sequentially diverging in a grade (Figs. 1
Fig. 4. Summarized phylogeny of Noteridae based on our results with recovered generi
taxa. ⁄ Specimens of Speonoterus were unavailable for this study. ⁄⁄ Suphisellus here inclu
and 2). Several genera were also recovered in positions rendering
many currently recognized tribes and subfamilies paraphyletic.
The representative genera of the tribes Tonerini, Pronoterini and
Neohydrocoptini (Tonerus, Pronoterus and Neohydrocoptus Satô)
were found nested with or within genera of the tribe Noterini
(Fig. 3). This was also the case of the clade Mesonoterus + Prionohy-
drus, which was found to be nested within Hydrocanthus. These
relationships were recovered with high support.

The most likely reason our results differ from past morpholog-
ical studies relates to the limited number of informative morpho-
logical characters found within the family. In general, noterids
are morphologically homogeneous, and while genera are diagnos-
able by various character combinations, some structures have
evolved in ways that make character states challenging to homol-
ogize or define, as was discussed by Miller (2009: 194). The studies
c relationships and proposed classification depicted. Dashed lines indicate missing
des the synonymized genus Pronoterus.
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of Beutel et al. (2006) and Dressler et al. (2011), which included
larval characters, highlighted the fact that the larvae of most lin-
eages of Noteridae are unknown, eliminating a broad swath of
potentially informative characters for several key taxa. Overall,
the limited suite of characters makes tree reconstruction sensitive
to homoplasy, and subjective interpretation of characters and
states, which has changed somewhat from study to study (Miller,
2009). Despite the latter, previous investigations showed little con-
flict in their recovered reconstructions of Noteridae (Figs. 1 and 2).
This is likely due to the use of the same characters, many based on
those historically used in noterid classification.

5. Classification

With our analyses recovering high nodal support for tree
topologies that are incongruent with prior studies and current clas-
sification, we propose the following classification changes within
Noteridae. These changes are reported following recent taxonomic
acts that occurred after prior studies were conducted (Gómez and
Miller, 2013; Baca et al., 2014; Baca and Toledo, 2015).

5.1. Classification changes within Noteridae

At the generic level, Suphisellus is found paraphyletic with
respect to Pronoterus. As a result, we synonymize Pronoterus Sharp
syn. n. as a junior synonym with Suphisellus Crotch. Hydrocanthus
is also found in two distinct clades with respect to Mesonoterus
Sharp and Prionohydrus (Gómez and Miller, 2013). These two
clades of Hydrocanthus are biogeographically distinct, with one
confined to the Old World, while the other is endemic to the
New World. The subgenus Sternocanthus Guignot is resurrected
from synonymy with Hydrocanthus Say stat. rev. to accommodate
the Old World members of Hydrocanthus. Hydrocanthus Say sensu
n. is thus restricted to include only its New World members.

At higher levels, the subfamily Notomicrinae Zimmerman sensu
n. is expanded to include the Phreatodytinae Uéno syn. n. Noteri-
nae Thomson retains its current status, but as the classification of
the tribe Noterini was found to be paraphyletic with respect to all
other tribes, the concept of Noterini Thomson sensu n. is expanded
to include all genera of the Noterinae, thus rendering the following
tribes junior synonyms: Neohydrocoptini Zalat et al. syn. n, Prono-
terini Nilsson syn. n., and Tonerini Miller syn. n. The concept of
Noterini is expanded in this way as the potential tribes resulting
from the further splitting of Noterinae would be difficult to charac-
terize morphologically without further study.

6. Relationships within Noteridae

6.1. Meruidae (Spangler and Steiner, 2005) and Noteridae (Thomson,
1860)

With Meruidae recurrently found to be sister to a monophyletic
Noteridae in this (ML analyses) and previous studies, and a general
consensus between morphology and molecular sequence data
(Beutel et al., 2006; Balke et al., 2008; Alarie et al., 2011;
Dressler et al., 2011; McKenna et al., 2015; Toussaint et al.,
2016); see also (Short et al., 2012), Meruidae and Noteridae are
retained as distinct families.

6.2. Subfamily Notomicrinae (Zimmermann, 1919)

Previous studies based on morphology recovered or hypothe-
sized the subterranean genus Phreatodytes as sister to all other
Noteridae (Fig. 1; Beutel and Roughley, 1987; Belkaceme, 1991;
Beutel et al., 2006; Miller, 2009; Dressler et al., 2011). Our results
are in concordance with that of the molecular analysis of Kato et al.
(2010) and Toussaint et al. (2016), finding Phreatodytes sister to the
genus Notomicrus in a monophyletic clade sister to the remaining
Noteridae. Morphology provides strong support for the monophyly
of Notomicrus and Speonoterus (Miller, 2009), but no specimens
were available to test this with molecular evidence.
6.3. Tribe Noterini Thomson sensu n

Our study found the tribe Noterini to be paraphyletic with
respect to the tribes Tonerini, Neohydrocoptini and Pronoterini.
Several intriguing and strongly supported relationships were
recovered within this new expanded concept of the Noterini. Of
particular interest is the recovered sister relationships of several
genera that were not found in past morphological studies. These
include Noterus Clairville and Neohydrocoptus Satô, and the nesting
of Mesonoterus Sharp and Prionohydrus Gómez and Miller within
Hydrocanthus. Other surprising relationships recovered by our
study have some morphological support, including Tonerus Miller
and Liocanthydrus Guignot, which, for example, share a similar
prosternal process (Miller, 2009), while other uniting characters
remain elusive. The last case of note is the unexpected nesting of
Pronoterus Sharp with Suphisellus Crotch. Pronoterus was recovered
as an early diverging lineage in morphological studies, even occu-
pying its own tribe. However, while Pronoterus lacked several
synapomorphies for Noterini sensu priori, studies based on mor-
phology (e.g. Miller, 2009) showed that Pronoterus shared several
characters with Suphis Aube and Suphisellus including an unusual
retractable claw on the pygidium. We recovered Pronoterus at the
end of a long branch, suggesting a large amount of genetic evolu-
tion which may explain the secondary loss of other uniting
characters.
7. Conclusion

Our analyses recovered a well-resolved phylogenetic hypothe-
sis for the family Noteridae. Additionally, we have shown the
effects of implementing a suite of partitioning schemes in a phylo-
genetic analysis. Our results are in agreement with previous stud-
ies (e.g. Yang, 1996; Brown and Lemmon, 2007; Lanfear et al.,
2014; Frandsen et al., 2015; Kainer and Lanfear, 2015), that found
partitioning a dataset is far more appropriate than not doing so,
especially in the case of larger, more heterogeneous alignments
(Brown and Lemmon, 2007). Based on our results, namely the vary-
ing performance and somewhat hazardous behavior of the k-
means algorithm, we suggest caution and advocate for compara-
tive frameworks when conducting partitioning analyses, in partic-
ular with this algorithm. In their original paper, Frandsen et al.
(2015) concluded that the k-means algorithm was a better fit to
a variety of empirical datasets when compared to unpartitioned
and greedy schemes. Here, we show that this is not necessarily
the case, and despite developing a promising methodology, this
algorithm likely needs further investigation before being used in
an empirical framework.
8. Summarized Noterid classification

The following classification of Noteridae reflects classification
changes made here. Included are generic synonyms. For more
detailed information on names and classification history, see the
catalog prepared by Nilsson (2011). One asterisk (⁄) indicates gen-
era not included in this study. Two asterisks indicate a change in
placement (⁄⁄)
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Noteridae (Thomson, 1860)
Notomicrinae (Zimmermann, 1919) sensu n.
= Phreatodytinae (Uéno, 1957) syn. n.

Phreatodytini (Uéno, 1957)
Phreatodytes (Uéno, 1957)

Notomicrini (Zimmermann, 1919)
Notomicrus (Sharp, 1882)
Speonoterus (Spangler, 1996)⁄

Noterinae (Thomson, 1860)
Noterini (Thomson, 1860) sensu n.
= Eunoterinae (Belkaceme, 1991)
= Neohydrocoptini (Zalat et al., 2000) syn. n.
= Hydrocoptini auctorum nec. (Van den Branden,
1885) (Syn. of Hydroporini, Dytiscidae)

= Pronoterini (Nilsson, 2005) syn. n.
= Tonerini (Miller, 2009) syn. n.
Noterus (Clairville, 1806)
Neohydrocoptus (Satô, 1972)⁄⁄

= Hydrocoptus auctorum nec (Van den Branden,
1885) (Syn. of Hydroporus Clairville, Dytiscidae)

Synchortus (Sharp, 1880)
Tonerus (Miller, 2009)⁄⁄

Liocanthydrus (Guignot, 1957)
= Siolius (Balfour-Browne, 1969); syn. (Baca et al.,
2014)

Renotus (Guignot, 1936)
Suphis (Aubé, 1836)
= Colpius (LeConte, 1861)
Canthysellus (Baca and Toledo, 2015)
= Liocanthydrus (Guignot, 1957) auctorum nec
(Miller, 2009; Nilsson, 2011) (see Gómez and
Miller, 2013; Baca et al., 2014; Baca and Toledo,
2015)

Suphisellus (Crotch, 1873)
= Pronoterus (Sharp, 1882) syn. n. ⁄⁄

Canthydrus (Sharp, 1882)
Sternocanthus (Guignot, 1948) stat. n.
Hydrocanthus (Say, 1823)
= Guignocanthus (Young, 1985)
Mesonoterus (Sharp, 1882)
Prionohydrus (Gómez and Miller, 2013)
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