
                          Cai, C., Tihelka, E., Pisani, D., & Donoghue, P. C. J. (2020). Data
curation and modeling of compositional heterogeneity in insect
phylogenomics: a case study of the phylogeny of Dytiscoidea
(Coleoptera: Adephaga). Molecular Phylogenetics and Evolution, 147,
[106782]. https://doi.org/10.1016/j.ympev.2020.106782

Peer reviewed version
License (if available):
CC BY-NC-ND
Link to published version (if available):
10.1016/j.ympev.2020.106782

Link to publication record in Explore Bristol Research
PDF-document

This is the author accepted manuscript (AAM). The final published version (version of record) is available online
via Elsevier at https://doi.org/10.1016/j.ympev.2020.106782 . Please refer to any applicable terms of use of the
publisher.

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the
published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Explore Bristol Research

https://core.ac.uk/display/287656489?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1016/j.ympev.2020.106782
https://doi.org/10.1016/j.ympev.2020.106782
https://research-information.bris.ac.uk/en/publications/76336e99-05af-4ea3-b684-fb2c7e00bc21
https://research-information.bris.ac.uk/en/publications/76336e99-05af-4ea3-b684-fb2c7e00bc21


1 
 

Data curation and modeling of compositional heterogeneity in insect phylogenomics: a case 1 
study of the phylogeny of Dytiscoidea (Coleoptera: Adephaga) 2 
  3 
Chenyang Caia,b,*, Erik Tihelkac, Davide Pisanib, Philip C. J. Donoghueb,* 4 
 5 
a State Key Laboratory of Palaeobiology and Stratigraphy, Nanjing Institute of Geology and 6 
Palaeontology, and Centre for Excellence in Life and Paleoenvironment, Chinese Academy of 7 
Sciences, Nanjing 210008, China 8 
b School of Earth Sciences, University of Bristol, Life Sciences Building, Tyndall Avenue, Bristol, BS8 9 
1TQ, UK 10 
c Department of Animal Science, Hartpury College, Hartpury, GL19 3BE, UK 11 
 12 
*Corresponding authors: 13 
E-mail addresses: cycai@nigpas.ac.cn (C.C.), phil.donoghue@bristol.ac.uk (P.C.J.D) 14 
 15 
Keywords: Hydradephaga, Hygrobiidae, Transcriptomics, compositional heterogeneity, site-16 
heterogeneous model 17 
  18 



2 
 

Abstract 19 
Diving beetles and their allies are a virtually ubiquitous group of freshwater predators. Knowledge of 20 
the phylogeny of the adephagan superfamily Dytiscoidea has significantly improved since the advent 21 
of molecular phylogenetics. However, despite recent comprehensive phylogenomic studies, some 22 
phylogenetic relationships among the constituent families remain elusive. In particular, the position 23 
of the family Hygrobiidae remains uncertain. We address these issues by re-analyzing recently 24 
published phylogenomic datasets for Dytiscoidea, using approaches to reduce compositional 25 
heterogeneity and adopting site-heterogeneous mixture models. We obtained a consistent, well-26 
resolved, and strongly supported tree, robust to analyses of various sizes of datasets. Consistent with 27 
previous studies, the monophyly of the geographically disjunct Aspidytidae is strongly supported. 28 
Our analyses support that Aspidytidae are the sister group of Amphizoidae, and more importantly, 29 
Hygrobiidae are sister to the diverse Dytiscidae, as convincingly demonstrated by morphology-based 30 
phylogenies. Our new results are congruent with recent morphology-based phylogenies. The 31 
phylogeny of Dytiscoidea can be resolved by reducing the effect of among-site compositional 32 
heterogeneity and adopting a better-fitting model accommodating site-specific amino acid 33 
preferences. Our analyses provide a backbone phylogeny of Dytiscoidea, which lays the foundation 34 
for better understanding the evolution of morphological characters, life habits, and feeding behaviors 35 
of dytiscoid beetles. 36 
  37 
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1. Introduction 38 
The adephagan superfamily Dytiscoidea (Amphizoidae, Aspidytidae, Dytiscidae, Hygrobiidae, 39 

Meruidae, and Noteridae) is a well-established group of beetles (e.g. Baca et al., 2017; Beutel et al., 40 
2013; Dressler et al., 2011; but see López-López and Vogler, 2017). Dytiscoid species occur in 41 
various freshwater habitats, including springs, rivers, acidic swamps, lakes, and even in hypersaline 42 
and hygropetric habitats. Bell (1966) suggested a clade, Dytiscoidea, comprising aquatic (or semi-43 
aquatic) families such as Noteridae, Amphizoidae, Hygrobiidae, and Dytiscidae. The monophyly of 44 
Dytiscoidea has been confirmed in many phylogenetic analyses of morphological characters (Beutel 45 
and Haas, 1996; Beutel, 1998; Beutel and Haas, 2000) as well as analyses of molecular data (Ribera 46 
et al., 2002a,b; McKenna et al., 2015). 47 

Although the phylogenetic relationships of dytiscoids have been extensively investigated based 48 
on morphology, gland chemical compounds, fossils, and molecular data (e.g. Alarie et al., 2011; 49 
Alarie and Bilton, 2005; Baca et al., 2017; Balke et al., 2008; Beutel et al., 2006, 2008, 2013; Beutel 50 
and Haas, 1996; Burmeister, 1976; Dettner, 1985; Kavanaugh, 1986; López-López and Vogler, 2017; 51 
McKenna et al., 2015; Ribera et al., 2002b; Toussaint et al., 2015), these different datasets do not 52 
yield a congruent topology (Vasilikopoulos et al., 2019). Both morphology and molecular based 53 
phylogenies have indicated that Meruidae + Noteridae represent the sister clade of the remaining four 54 
dytiscoid families (summarized in Vasilikopoulos et al., 2019). The phylogenetic relationships 55 
among Amphizoidae, Aspidytidae, Dytiscidae and Hygrobiidae, however, remain unresolved. A 56 
recent phylogenomic study based on transcriptomes provided new insights into the backbone 57 
phylogeny of Dytiscoidea (Vasilikopoulos et al., 2019): Aspidytidae (cliff water beetles) was 58 
recovered as a monophyletic group, which is sister to the relictual family Amphizoidae. However, 59 
this phylogenomic study could not present conclusive evidence for some of the interfamilial 60 
relationships. After accounting for potential tree confounding factors, it has been considered that 61 
Hygrobiidae (squeak beetles) is most likely a sister group to a clade comprising Amphizoidae, 62 
Aspidytidae, and Dytiscidae (Vasilikopoulos et al., 2019). Such a relationship between Hygrobiidae 63 
and other dytiscoid families has also been supported by previously published Sanger sequence data 64 
and a combination of molecular and morphological data (Balke et al., 2005, 2008), but this particular 65 
relationship strongly contradicts the conventional hypothesis inferred from comparative 66 
morphological studies. For example, a clade consisting of Dytiscidae and Hygrobiidae is strongly 67 
supported by some critical morphological features (Beutel et al., 2006; Dressler and Beutel, 2010) 68 
such as the presence of prothoracic glands (Beutel, 1986, 1988). Despite extensive sampling of genes 69 
and some rare species, the phylogenomic study of Dytiscoidea with an evaluation of phylogenetic 70 
conflict and systematic error recently published by Vasilikopoulos et al. (2019) failed to resolve the 71 
phylogenetic position of the peculiar family Hygrobiidae. Other recent phylogenomic-scale studies 72 
have arrived at yet different results. The largest phylogeny of beetles published to date, based on 73 
4,818 genes (McKenna et al., 2019), and an analysis of Adephaga based on ultraconserved elements 74 
(Gustafson et al., 2019) have both recovered Hygrobiidae as a sister to Amphizoidae + Aspidytidae. 75 

One of the key sources of uncertainty and error in inferring phylogenies is compositional and 76 
rate heterogeneity (Bleidorn, 2017). Some of the most popular inference methods used in 77 
phylogenomics operate under the assumption that the rate of evolutionary change is equal for every 78 
position of a sequence alignment (Sheffield et al., 2009). However, this assumption is unrealistic and 79 
does not reflect the high compositional and rate heterogeneity observed in metazoan genomes 80 
(Lartillot and Philippe, 2008); not only does mutation rate vary among bases (Hodgkinson and Eyre-81 
Walker, 2011), but different parts of the genome are under selection pressures of different intensities 82 
(Xing and Lee, 2006), resulting into what typically is a highly unequal evolutionary rate across any 83 
given sequence. Models which assume compositional and rate homogeneity can consistently recover 84 
incorrect topologies, albeit often with high statistical support (Ho and Jermiin, 2004; Jermiin et al., 85 
2004; Cox et al., 2008; Sheffield et al., 2009). To combat these problems, an arsenal of methods has 86 
been developed to reduce site compositional heterogeneity in datasets, such as various data filtering 87 
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and data recoding approaches (Bleidorn, 2017). Moreover, some recent complex site-heterogeneous 88 
models can account for both compositional and rate heterogeneity across sites. These models, such as 89 
CAT-GTR, have been shown to fit real data better than conventional site-homogeneous models and 90 
suppress common sources of phylogenetic error such as long branch attraction (Lartillot et al., 2007; 91 
Blanquart and Lartillot, 2008; Wang et al., 2008; Foster et al., 2009). In fact, when reanalyzed with 92 
these methods, some of the most controversial debates in evolutionary biology in the past decade 93 
such as the origin of eukaryotes and metazoans seem to boil down to problems caused by 94 
compositional and/or rate heterogeneity (Cox et al., 2008; Feuda et al., 2017; Williams et al., 2020). 95 

To understand the systematic position of Hygrobiidae and the backbone phylogeny of 96 
Dytiscoidea, we re-analyzed the recently published phylogenomic data for Dytiscoidea, based on 97 
multiple datasets with significantly reduced compositional heterogeneity using site-heterogeneous 98 
mixture models (CAT-GTR in PhyloBayes and LG+C20 in IQ-TREE). We also investigated the 99 
effects of different approaches of reducing the compositional heterogeneity of large datasets by the 100 
data block mapping and gathering using entropy (BMGE) method and Dayhoff recoding. 101 
 102 
2. Materials and methods 103 
2.1. Dataset selection 104 

We used the amino acid transcriptome alignments from Vasilikopoulos et al. (2019). The 105 
authors produced and analyzed different variants of nucleotide and amino acid alignments of their 106 
data. Among the eleven amino-acid supermatrices they generated, their focal analyses were 107 
principally based upon the full dataset (Supermatrix A: 14 taxa, 1,661,023 amino-acid sites), and two 108 
reduced datasets to increase data coverage and phylogenetic information (Supermatrix E: 14 taxa, 109 
948,772 amino-acid sites), and to reduce the negative effects of among-species compositional 110 
heterogeneity (Supermatrix H: 14 taxa, 211,275 amino-acid sites) (Vasilikopoulos et al., 2019). Here 111 
we focused on exactly the same three supermatrices download from MENDELEY DATA 112 
(http://dx.doi.org/10.17632/j8xwxdtbyb.1) to understand the back bone phylogeny of Dytiscoidea. 113 

To reduce among-site compositional heterogeneity and ease the convergence of runs under site-114 
heterogeneous models (CAT-GTR and LG+C20), we compared the performance of two data 115 
transformation methods: data block mapping and gathering using entropy (BMGE) and Dayhoff 6-116 
state recoding. 117 

BMGE identifies phylogenetically informative sites by computing entropy-like scores weighted 118 
with BLOSUM similarity matrices in order to distinguish among biologically expected and 119 
unexpected variability for each aligned character (Criscuolo and Gribaldo, 2010). BMGE can select 120 
characters associated with a score value below a fixed threshold. The entropy score cut-off can be 121 
modified with the option ‘-h’. For example, the ‘-h 0.3’ command used for Supermatrix A’’ can select 122 
more conserved (or slower-evolving) sites in an amino acid sequence alignment (Criscuolo and 123 
Gribaldo, 2010). We prepared four stringently filtered datasets (Supermatrices A’, A’’, E’ and H’) by 124 
trimming the previously published supermatrices A, E and H using BMGE v.1.1 (Criscuolo and 125 
Gribaldo, 2010), which selects phylogenetically informative regions suitable for phylogenetic 126 
inference: BMGE -m BLOSUM95 -h 0.4 for supermatrices A’, E’ and H’ and -m BLOSUM95 -h 0.3 127 
for a more conserved supermatrix A’’. (Criscuolo and Gribaldo, 2010). BLOSUM95 (Henikoff and 128 
Henikoff, 1992) was used as the studied taxa belonging to a single superfamily are represented by 129 
closely related amino acid sequences. To test the performance of different BMGE models we also 130 
reanalyzed supermatrix A with BLOSUM62 -h0.4 which uses an alignment of proteins with 62% 131 
identity.  132 

We furthermore tested the effect of Dayhoff 6-state recoding. This method aims to buffer the 133 
effects of saturation and compositional bias by converting the 20 amino acids into 6 groups based on 134 
their shared chemical and physical properties (Dayhoff et al., 1978; Hrdý et al., 2004). As such, only 135 
changes between categories are considered as substitutions. Dayhoff 6-state recoding was 136 
implemented for datasets A’, E’, and H’ in PhyloBayes. We reanalyzed the Dayhoff recoded data 137 
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using the CAT-GTR model. 138 
 139 
2. Phylogenetic analyses of amino-acid sequence 140 

We employed both site-heterogeneous (CAT-GTR and LG+C20) and site-homogenous 141 
(LG4X+R) models to evaluate competing hypotheses on the phylogenetic relationships among the 142 
main groups of Dytiscoidea. Two site-heterogeneous models were used: the CAT-GTR model as 143 
implemented in PhyloBayes for all trimmed datasets and LG+C20 implemented in IQ-TREE for 144 
supermatrix H’. CAT-GTR models compositional heterogeneity among sites incorporating the 145 
gamma distribution (Lartillot and Philippe, 2004; Lartillot et al., 2009), while LG+C20 represents a 146 
maximum likelihood (ML) variant of the CAT-GTR model (Si Quang et al., 2008). In addition, all 147 
trimmed alignments (supermatrices A’, A’’, E’ and H’) were used for maximum-likelihood 148 
phylogenetic reconstruction under the LG4X+R model (Le et al., 2012) as implemented in IQ-TREE. 149 

For the CAT-GTR analyses, two independent Markov chain Monte Carlo (MCMC) chains were 150 
run until convergence (maxdiff < 0.3). For each PhyloBayes run, we used the bpcomp program to 151 
generate output of the largest (maxdiff) and mean (meandiff) discrepancy observed across all 152 
bipartitions. The ML models LG+C20 and LG4X+R were run using IQ-TREE v.1.6.10 with 1,000 153 
ultra-fast bootstraps (Nguyen et al., 2015). All analyses were performed on the University of Bristol 154 
BlueCrystal Phase3 Cluster. 155 
 156 
3. Results 157 

Using the BMGE filtering method we obtained four new datasets, which represent subsets of 158 
the more conserved amino acid sites of the original supermatrices A, E, and H. The amino acid 159 
occupancy of all matrices was significantly improved, especially for larger datasets such as 160 
Supermatrices A and E: the data occupancy of Supermatrix A (1,661,023 sites) increased from 161 
59.76% to 92.98% in Supermatrix A’ (542,493 sites) and to 95.48% in Supermatrix A’’ (399,769 162 
sites), Supermatrix E (948,772 sites) increased from 66.54% to 91.97% in Supermatrix E’ (334,457 163 
sites), and Supermatrix H (211,275 sites) increased from 85.92% to 95.22% in Supermatrix H’ 164 
(156,395 sites) (Fig. 1). 165 

The largest discrepancies (maxdiff) in all PhyloBayes runs equal to 0 (maxdiff < 0.1), indicating 166 
they all represent ‘good’ runs (Lartillot et al., 2013). Like the analyses of amino acid sequence data 167 
in Vasilikopoulos et al. (2019), all analyses in the present study supported the monophyly of 168 
Dytiscoidea and of each dytiscoid family, and indicated a sister group relationship between Noteridae 169 
and the other families of Dytiscoidea, including Amphizoidae, Aspidytidae, Dytiscidae, and 170 
Hygrobiidae. All the above relationships received maximal statistical support (Bayesian Posterior 171 
Probabilities [BPP]=1) in all analyses (Fig. 2). Our PhyloBayes analysis of the original amino-acid 172 
supermatrix H, which were not trimmed using BMGE to reduce the compositional heterogeneity of 173 
amino acids, suggested Hygrobiidae as the sister group to Dytiscidae + (Aspidytidae + Amphizoidae) 174 
with maximal support (BPP=1), a topology identical to the one based on the same dataset 175 
(Supermatrix H) but under a site-homologous model (Fig. 2a in Vasilikopoulos et al., 2019). In 176 
addition to this analysis based on the original supermatrix (Supermatrix H), the PhyloBayes analyses 177 
based on our new filtered datasets (Supermatrices A’, A’’, E’ and H’) all resulted in an identical and 178 
fully supported topology: Noteridae + ((Amphizoidae + Aspidytidae) + (Dytiscidae + Hygrobiidae)) 179 
(Fig. 2). Trimming supermatrix A with BLOSUM62 -h 0.4 and subsequently analyzing this dataset 180 
with the CAT-GTR model yielded the same topology as the CAT-GTR analysis of BLOSUM95 data 181 
in Fig. S1. Analyzing the trimmed dataset with the simplistic ML model LG4X+R yielded the same 182 
topology as the LG+C20, again with a poorly resolved position of Hygrobiidae (Fig. S2). 183 

In all tree reconstructions based on filtered datasets under a site-heterogeneous model, 184 
Noteridae was supported as the sister group to all remaining Dytiscoidea. Both clades of Aspidytidae 185 
+ Amphizoidae and Dytiscidae + Hygrobiidae were strongly supported by all analyses based on the 186 
amino-acid datasets. We observed a confounding signal in the original amino-acid dataset 187 
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(Supermatrix H), which is probably negatively affected by the compositional heterogeneity. The 188 
position of Hygrobiidae within Dytiscoidea (as a sister group to Dytiscidae) was stable and 189 
consistent in all analyses of filtered amino acid datasets. 190 

The analysis of supermatrix H’ using the site-heterogeneous LG+C20 recovered Dytiscidae as a 191 
sister group to a clade comprising Amphizoidae, Aspidytidae, and Hygrobiidae, albeit this clade 192 
received low support. Aside from the position of Dytiscidae and Hygrobiidae, the latter of which was 193 
not supported (Maximum Likelihood Bootstrap [MLB] = 52, Fig. S3), other relationships were 194 
identical to those recovered by the CAT-GTR analysis. 195 

Our maximum likelihood (IQ-TREE) LG4X+R analyses of the amino-acid supermatrices E’ and 196 
H’ resulted in identical topologies (Fig. 3) to those based on the original supermatrices E and H 197 
under optimized schemes, respectively (Fig. 2a,b in Vasilikopoulos et al., 2019). Moreover, the 198 
support values are interestingly correlated to those yielded in the original analyses. For instance, for 199 
the supermatrices A’, A’’ and H’, the nodes uniting Amphizoidae + Aspidytidae and Dytiscidae were 200 
weakly supported (MLB = 73 for supermatrix H’). Similarly, within the family Dytiscidae the node 201 
between Liopterus haemorrhoidalis and Cybister lateralimarginalis + Thermonectus intermedius 202 
was moderately supported (MLB = 90 for supermatrix H’). Unlike the 10-partitioned ML tree of the 203 
original supermatrix A (Supplementary Fig. 45 in Vasilikopoulos et al., 2019), our maximum 204 
likelihood analyses of the filtered supermatrices A’ and A’’ both yielded a topology identical to the 205 
one under supermatrix H’ or supermatrix H, in which Hygrobiidae is the sister group to the weakly 206 
supported (MLB = 54 in supermatrix A’ and 58 in supermatrix A’’) clade (Aspidytidae + 207 
Amphizoidae) + Dytiscidae (Fig. 3). Based on the maximum likelihood analyses of supermatrices A’ 208 
and A’’, we found that a more conserved dataset with slower-evolving sites can produce an identical 209 
but better supported topology under the same model (Fig. 3). 210 

Dayhoff recoding of datasets A’, E’, and H’ that were subsequently analyzed with CAT-GTR 211 
recovered Hygrobiidae as a sister group to a clade comprising Amphizoidae, Aspidytidae, and 212 
Dytiscidae (Fig. S4–S6). 213 
 214 
4. Discussion 215 

Despite extensive analyses of both morphological and molecular data, it has proven challenging 216 
to achieve a congruent reconstruction of dytiscoid phylogeny (e.g. Baca et al., 2017; Balke et al., 217 
2005, 2008 Beutel et al., 2008, 2013; Toussaint et al., 2015; Vasilikopoulos et al., 2019). To tackle 218 
this phylogenetic problem, we used a large published phylogenomic dataset representing all 219 
dytiscoid families except Meruidae. Unlike the inconsistent and equivocal results under various 220 
datasets in Vasilikopoulos et al. (2019), our analyses based on a complex and better-fitting model and 221 
multiple datasets with reduced compositional heterogeneity yielded a consistent and fully supported 222 
tree of Dytiscoidea. We suggest that Noteridae (plus most likely Meruidae, Vasilikopoulos et al., 223 
2019) is the basal-most lineage within Dytiscoidea, sister to a clade comprising Amphizoidae, 224 
Aspidytidae, Dytiscidae, and Hygrobiidae (McKenna et al., 2015; Vasilikopoulos et al., 2019). As 225 
confirmed in the recent phylogenomic study of Vasilikopoulos et al. (2019) and other morphological 226 
and/or molecular phylogenies (e.g. Balke et al., 2005, 2008), Aspidytidae is monophyletic and sister 227 
to Amphizoidae with strong support in all Bayesian analyses of the amino-acid sequence data. 228 

The phylogenetic position of Hygrobiidae is well resolved by our re-analyses, unlike the results 229 
in Vasilikopoulos et al. (2019), in which the phylogenetic position is affected by a highly conflicting 230 
phylogenetic signal. A clade encompassing Hygrobiidae and Dytiscidae, as suggested by some 231 
studies based on the analysis of morphological characters (e.g. Beutel et al., 2013; Beutel and 232 
Roughley, 1988; Dressler et al., 2011), is strongly supported in all analyses of filtered datasets. 233 
Despite several obvious anatomical differences between Hygrobiidae and Dytiscidae (Alarie et al., 234 
2004; Dettner, 2016), many studies including an analysis of molecular data (Shulsl et al., 2001) 235 
suggest that these families are sister groups. A close relationship between Hygrobiidae and 236 
Dytiscidae is also supported by a combined phylogenetic analysis (Ribera et al., 2002a), larval 237 
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morphology (Alarie and Bilton, 2005), and traces of antimicrobic pygidial gland compounds such as 238 
benzoic acid and p-hydroxybenzaldehyde (Dettner, 1987). More importantly, they share a similar 239 
prothoracic defensive gland (Forsyth, 1970), which is another potential synapomorphy of the two 240 
families (Dettner, 2016). 241 

Previous simulation studies showed that site trimming using BMGE produces datasets leading 242 
to accurate trees, and this method has been widely applied to inferring deep phylogenies (e.g. 243 
Zaremba-Niedzwiedzka et al., 2017; Martijn et al., 2018; Lahr et al., 2019; Philippe et al., 2019; 244 
Strassert et al., 2019). Our filtered datasets, with a significantly improved signal/noise ratio, are 245 
suitable for phylogenetic analyses, and the phylogenetic trees are less affected by phylogeny 246 
reconstruction artefacts due to compositional heterogeneity (e.g. Feuda et al., 2017; Lozano-247 
Fernandez et al., 2019a). Regardless of the BLOSUM method used for trimming, the topologies were 248 
identical further demonstrating the robustness of our analyses. Unlike the tree reconstructing 249 
methods used in Vasilikopoulos et al. (2019), we employed the more complex site-heterogeneous 250 
CAT-GTR model implemented in PhyloBayes, which can account for potential site-specific amino 251 
acid preferences (or compositional heterogeneity) (e.g. Lozano-Fernandez et al., 2019a; Schwentner 252 
et al., 2017; Wolfe et al., 2019). The CAT-GTR model is mostly regarded to be best suited to 253 
suppress artefacts in phylogenetic estimation such as long-branch attraction, especially for large-254 
scale analyses (Feuda et al., 2017; Lartillot et al., 2007; Lozano-Fernandez et al., 2019b). In addition, 255 
based on the comparative analyses of both amino acid and nucleotide sequence data by 256 
Vasilikopoulos et al. (2019), amino acids should be preferred to nucleotides in phylogenomic 257 
analyses of ancient relationships (e.g. Inagaki and Roger, 2006; Rota-Stabelli et al., 2013; 258 
Schwentner et al., 2017). 259 

When all datasets (even filtered using BMGE) are analyzed using maximum likelihood (ML) 260 
under the less fitting LG4X+R model, a tree is supported where Amphizoidae is the sister group to 261 
Aspidytidae, but the systematic position of Hygrobiidae is, as observed in the previous study 262 
(Vasilikopoulos et al., 2019), not stable. It is noteworthy that, in all ML trees of the filtered amino 263 
acid datasets the support values of the nodes between Hygrobiidae and other dytiscoid families are 264 
always not well supported (LG+C20: MLB = 52 in Supermatrix H’; LG4X+R : MLB = 54 in 265 
Supermatrix A’ and 58 in Supermatrix A’’, MLB = 82 in Supermatrix E’, and MLB = 73 in 266 
Supermatrix H’). Similar weakly supported results, also obtained in Vasilikopoulos et al. (2019) 267 
under the simplistic site-homogeneous model, are probably artefactual. As indicated in 268 
Vasilikopoulos et al. (2019), the systematic position of Hygrobiidae cannot be resolved 269 
unambiguously under the ML analyses with the model they adopted. This difficulty is probably, in 270 
part, due to a lack of sufficient phylogenetic signal for the Hygrobiidae and Dytiscidae clade, since 271 
the internode between these two families is very short under the CAT-GTR model, perhaps reflecting 272 
early rapid diversification of these beetles. Such a problem is also found in other phylogenomic 273 
studies of other pancrustacean animals (e.g. Schwentner et al., 2017; Lozano-Fernandez et al., 274 
2019b), where the sister group of Hexapoda, Remipedia, can only be recovered under a site-275 
heterogeneous model (CAT-GTR) but not a homogeneous model. Recent studies that have recovered 276 
Hygrobiidae as a sister to a clade containing Amphizoidae and Aspidytidae (Gustafson et al., 2019; 277 
McKenna et al., 2019) have likewise both relayed on time-saving site-homogeneous models or their 278 
ML extensions which do not account for compositional heterogeneity and can lead to the recovery of 279 
misleading topologies, as demonstrated in our analyses. 280 

Dayhoff recoding led to the recovery of Hygrobiidae as a sister group to a clade comprising 281 
Amphizoidae, Aspidytidae, and Dytiscidae. While the relationship received full support when the 282 
recoded datasets were analyzed with CAT-GTR (BPP = 1), we view this relationship as highly 283 
unlikely. It was suggested by Vasilikopoulos et al. (2019) with uncertainty over the placement of 284 
Hygrobiidae but was never recovered by any other formal phylogenetic analysis specifically 285 
addressing the phylogeny of Dytiscoidea (Ribera et al., 2002a; Balke et al., 2005, 2008; Beutel et al., 286 
2006, 2013, 2019; Toussaint et al., 2015; Baca et al., 2017; López-López and Vogler, 2017; 287 
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Gustafson et al., 2019) and is incongruent with morphological evidence discussed below. While in 288 
theory Dayhoff-6 recoding should alleviate the effects of compositional heterogeneity, recoding also 289 
reduces genuine phylogenetic signal. Trees inferred from Dayhoff-6 recoded data often have low 290 
support values and oft-times recover surprising relationships (e.g. Rota-Stabelli et al., 2012; Lozano-291 
Fernandez et al., 2019b). Indeed, the loss of phylogenetic signal in Dayhoff recoding may in some 292 
cases outweigh the benefits of suppressed compositional heterogeneity (Hernandez and Ryan, 2019), 293 
and so the decision whether to use 6-state recoding has to be made with this caveat in mind. 294 

Overall, our results are consistent with morphology-based views of dytiscoid relationships. The 295 
sister-group relationship between Hygrobiidae and Dytiscidae was proposed by Burmeister (1976) 296 
based on morphology of the ovipositor and by Ruhnau (1986) based on larval morphology. Both 297 
adult Dytiscidae and Hygrobiidae also share the presence of prothoracic glands, among other 298 
characters (Forsyth, 1970; Beutel, 1986; Beutel, 1988). A clade comprising the two families was 299 
recently recovered by a maximum parsimony analysis of morphological data (Beutel et al., 2019). 300 
This same analysis also recovered Aspidytidae as a sister to Amphizoidae, in congruence with our 301 
CAT-GTR trees. It should be noted however that some deeper nodes in Beutel et al. (2019) did not 302 
receive high bootstrap support values, which is a common problem in morphological phylogenies 303 
(Fig. S7). With the relationships among Dytiscoidea strongly supported in our analyses (Fig. 2), our 304 
results confirm Beutel and colleague’s morphology-based phylogeny of Dytiscoidea. 305 
 306 
5. Concluding remarks 307 

The phylogenetic relationships presented here provide an updated hypothesis about the 308 
evolution of Dytiscoidea and the systematic position of the relictual family Hygrobiidae. By careful 309 
filtering of the original supermatrices and employing a site-heterogeneous mixture model (CAT-310 
GTR), the interrelationships of the five dytiscoid families can be resolved with confidence. Our 311 
phylogenomic result is congruent with the conventional morphology-based phylogenetic tree of 312 
Dytiscoidea. Tackling potential sources of systematic error strengthens support for a relationship 313 
between Hygrobiidae and Dytiscidae. Integrating various previous studies of the systematic position 314 
of the small family Meruidae (Balke et al., 2008; Baca et al., 2017; Beutel et al., 2013, 2019; 315 
Toussaint et al., 2015; McKenna et al., 2015), we propose an integrated phylogenetic framework for 316 
the six extant families of Dytiscoidea: (Meruidae + Noteridae) + ((Aspidytidae + Amphizoidae) + 317 
(Dytiscidae + Hygrobiidae)) (Fig. 4). Based on this tree of Dytiscoidea, it will now be possible to 318 
address and test a series of hypotheses regarding the evolution of many critical morphological 319 
innovations in Dytiscoidea. 320 
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 516 

 517 
Fig. 1. Data occupancies and amino acid site numbers of original (Matrices A, E and H) and trimmed 518 
(Matrices A’, A’’, E’ and H’) supermatrices that were used in the present study. 519 
  520 
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 521 
Fig. 2. Phylogenetic tree based on the PhyloBayes analysis of supermatrix A’ with the site-522 
heterogeneous CAT-GTR model. Supermatrix A’ comprises 14 taxa (11 in-group taxa) and 542,493 523 
amino acid positions. Support values for all analyses are plotted below respective branches as 524 
specified in the legend at the bottom-left corner. * denotes strongly supported clades in all analyses 525 
(BPP > 0.98 or MLB > 95).  526 
 527 
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 529 
Fig. 3. Different phylogenetic hypotheses deduced from the analysis of amino-acid sequence data 530 
(Supermatrices A’, E’, H’ and H) under the simplistic LG4X+R model. Branch support (MLB) is 531 
denoted based on 1,000 ultrafast bootstrap replicates; MLB values equal to 100 are not shown). 532 
  533 
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 534 
Fig. 4. Phylogenetic hypothesis on family phylogenetic relationships among Dytiscoidea based on 535 
the present study and previously published data. 536 


