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Abstract  Habitat shift is a key innovation that has contributed to the extreme diversification of insects. Most groups are 

well-adapted to more or less specific environments and shifts usually only happen between similar habitats. To colonize a pro-

foundly different habitat type does not only present ecological opportunities but also great challenges. We used Hydrophiloidea 

(water scavenger beetles) as a system to study transitions between terrestrial and aquatic environments. We estimated the diversi-

fication rate of different clades using phylogenetic trees based on a representative taxon sampling and six genes. We also investi-

gated possible evolutionary changes in candidate genes following habitat shifts. Our results suggest that the diversification rate is 

relatively slow (0.039‒0.050 sp/My) in the aquatic lineage, whereas it is distinctly increased in the secondarily terrestrial clade 

(0.055‒0.075 sp/My). Our results also show that aquatic species have a G (Glycine) or S (Serine) amino acid at a given site of 

COI, while terrestrial species share an A (Alanine) amino acid with terrestrial outgroups. This indicates that habitat factors may 

create selection pressure on the evolution of functional genes and cause homoplasy in molecular evolution [Current Zoology 60 

(5): 561–570, 2014 ]. 
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Biologists have long been fascinated by habitat shifts 
occurring as profound evolutionary novelties in some 
groups, notably in the exceptionally successful and 
complex vertebrates and arthropods. The colonization of 
a new environment often brings new ecological oppor-
tunities and may have strong effects on the diversifica-
tion (Gavrilets and Losos, 2009). Evidence for lineage 
diversification promoted by moderately profound 
changes of the environment has been presented, for 
example, in terrestrial systems, from a continent to is-
lands (Hughes and Eastwood, 2006), and in aquatic 
systems, from saline to freshwater (Hou et al., 2011). 
However, a shift to a totally new habitat does not only 
open ecological opportunities but implies enormous 
challenges. Water and land are totally different envi-
ronments for insects and other organisms. Although 
many shifts between them obviously occurred, it has not 
been rigorously tested yet whether such habitat changes 
can have an effect on diversification rates. 

Beetles are by far the most diverse group of insects 

with estimated 350,000 described species (Grimaldi and 
Engel, 2005). Changes from terrestrial to aquatic envi-
ronments occurred at least in 10 groups independently, 
either in the larval stages or as adults or both (Beutel, 
1997; Hunt et al., 2007). One of the largest of them is 
Hydrophiloidea (s.str.), also known as water scavenger 
beetles. It includes approximately 3300 species de-
scribed from both terrestrial and aquatic habitats (Short 
and Fikáček, 2011). It was proposed that the evolutio-
nary trend in the group is “terrestrial to aquatic and back 
again” (Bernhard et al., 2006; 2009). This scenario 
suggests that Hydrophiloidea may be a suitable system 
to study evolutionary shifts between distinctly different 
environments. 

Here we predict that an adaptive radiation is induced 
by the habitat shift. As a first step tribe-level phyloge-
netic trees of Hydrophiloidea were constructed based on 
a representative sampling of taxa and several genes. 
Using this, divergence times and diversification rates of 
the major lineage were estimated. Finally, it was tested 
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whether parallel molecular evolutionary changes fol-
lowed the habitat shift.  

1  Materials and Methods 

1.1  Taxon sampling 
To reconstruct a reliable phylogenetic tree and to 

trace the habitat shift pattern, almost all aquatic, semi-   
terrestrial and terrestrial representatives at family-, sub-
family- and tribal level were included in the analysis. In 
more recent phylogenetic studies and classifications 
(Hansen, 1991, 1997b; Short and Hebauer, 2006; Short 
and Fikáček, 2011) Hydrophiloidea were divided into 
six extant families: Helophoridae (1 genus), Epimeto-
pidae (3 genera), Georissidae (1 genus), Hydrochidae (1 
genus), Spercheidae (1 genus) and Hydrophilidae (169 
genera). 

The only large family Hydrophilidae was subdivided 
into four subfamilies by Hansen (1991): Horelophinae 
(1 genus), Horelophopsinae (1 genus), Hydrophilinae 
(61 genera and 8 tribes) and Sphaeridiinae (106 genera 
and 9 tribes). However, it was pointed out by (Mino-
shima et al., 2010) that the status of Horelophopsinae as 
a subfamily is questionable and this may also apply to 
Horelophinae (Fikáček et al., 2012). In our study, a total 
of 41 taxa was included representing all six extant fami-
lies, three hydrophilid subfamilies (incl. Horelophinae 
but excl. Horelophopsinae), and 13 out of 17 tribes of 
the two larger subfamilies (Hydrophilinae, Sphaeridii-

nae). Only one tribe (Protosternini in Sphaeridiinae) 
was not included (based on Short and Fikáček, 2013, a 
six-subfamily classification was suggested: Hydrophi-
linae, Chaetarthriinae, Enochrinae, Acidocerinae, Ryg-
modinae and Sphaeridiinae). Samples of 20 species 
were collected by the authors. Information on the biolo-
gy was taken from Jäch and Ji (1995, 1998, 2003) and 
Jäch and Balke (2008), and was also provided by M. 
Fikáček (pers. comm. to K.Q. Song).     
1.2  DNA extraction, PCR amplification, and 
sequencing 

DNA was isolated from the head and forelegs by 
puncturing and soaking the samples in extraction buffer 
overnight, using the TIANamp Genomic DNA Kit 
(Tiangen, Shanghai, China). After DNA isolation, vou-
chers preserved in absolute ethanol were deposited at 
the Institute of Zoology, Chinese Academy of Sciences, 
Beijing, China.  

Six genes with a total of 5037 base pairs were ob-
tained. Four single-copy mitochondrial genes: a frag-
ment of mitochondrial cytochrome oxidase I gene (COI, 
704bp, 3' terminal), a fragment of mitochondrial cytoch-
rome oxidase II gene (COII, 693bp, nearly full-length), 
a fragment of the 12S rDNA (12S, 370bp, nearly full-   
length), and a fragment of the 16S rDNA (16S, 506bp, 
nearly full-length); two nuclear ribosomal genes: 28S 
(876bp, 5' terminal) and 18S (1888bp, nearly full-length). 

Primers and PCR conditions are listed in Table 1.  
 

Table 1  Primer and PCR conditions 

Gene 
Name 

PCR Primers Primer sequence (5-->3) Length
Expected 
Band Size

Annealing T 
(°C) 

Elongation T 
(°C) 

Reference 

28S 
28S-01 GACTACCCCCTGAATTTAAGCAT 23 

700bp 48 (1 min) 72 (2 min) Kim et al., 2000
28SR-01 GACTCCTTGGTCCGTGTTTCAAG 23 

18S 

18e-S CTGGTTGATCCTGCCAGT 18 

950 
52(1 min) 72 (2 min) Brian D. Farrell 

lab (pers. comm.)
r1138 CGCCTTCGAACCTCTAAC 18 

18S 1d2f* TGCTTGTCTCAAAGATTAAGC 21 

18S 
f1094 GGATCGTCGCAAGACGGACAGAAG 24 

950 
52(1 min) 72 (2 min) Brian D. Farrell 

lab (pers. comm.)18P-C TAATGATCCTTCCGCAGGTTCACCT 25 52(1 min) 72 (2 min) 

12S 
12S-SR-J14197 GTACAYCTACTATGTTACGACTT 23 500 48 (1 min) 72 (2 min) 

Simon et al., 2006
12S-SR-N14745 GTGCCAGCAGYYGCGGTTANAC 22 500 48 (1 min) 72 (2 min) 

16S 
16S-LR-J12888 CCGGTTTGAACTCARATCATGTAA 24 1000 48 (1 min) 72 (2 min) 

Simon et al., 2006
16S-LR-N13889 ATTTATTGTACCTTKTGTATCAG 23 1000 48 (1 min) 72 (2 min) 

COII 
TL2-J-3037 TAATATGGCAGATTAGTGCA 20 700 52(1 min) 72 (2 min) Bernhard et al., 

2006 TK-N-3785 GTTTAAGAGACCAGTACTT 19 700 52(1 min) 72 (2 min) 

COI 

C1-J-1751 GGATCACCTGATATAGCATTCCC 23 1200 52(1 min) 72 (2 min) 
Simon et al., 1994

TL2-N-3014 TCCAATGCACTAATCTGCCATATTA 25 1200 52(1 min) 72 (2 min) 

C1-J2195* TGATTCTTTGGWCACCCWGAAGT 23 
Simon et al., 2006

C1-N2353* GCTCGTGTATCAACGTCTATWCC 23 

*Only for sequencing. 
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DNA sequencing was performed on ABI 3730xl se-
quencers (Beijing Sunbiotech Co., Ltd.). The sequence 
data were aligned and edited using CodonCode Aligner 
4.2.3 (www.codoncode.com/aligner/download.htm). Se-
quence data for 21 taxa were downloaded from Gen-
Bank (two as ourgroups: Sphaerites glabratus (Sphae-
ritidae), Dendrophilus punctatus (Histeridae)). Newly 
acquired sequences were deposited in GenBank under 
accession Nos. (KF128908-KF128927; KF131540-   
KF131639). 
1.3  Phylogenetic analysis 

Phylogenetic analyses with Bayesian inference, 
maximum parsimony (MP) and maximum likelihood 
(ML) were performed using different data sets, a matrix 
covering four mitochondrial genes, one including two 
nuclear ribosomal genes, and a complete super-matrix 
with all 6 genes combined. jModelTest 0.1.1 (Posada, 
2008; Guindon and Gascuel, 2003) was used for every 
single gene for the statistical selection of models of 
nucleotide substitution and BIC Module Selection was 
used in the parameter importance calculation (all six 
genes have a similar model setting in phylogenetic re-
construction: Lset nst=6 rates=gamma).  

Bayesian analysis was conducted using MrBayes 3.1 
(Huelsenbeck and Ronquist, 2001; Ronquist and Huel-
senbeck, 2003), which was set to run 6000000 genera-
tions, with a sampling frequency of 100 generations. 
The first 15,000 trees of the 60,000 finding trees were 
discarded when MrBayes had reached stability (the 
standard deviation of split frequencies is below 0.01 
after 6,000,000 generations, three independent repeats 
were carried out to ensure a stable final support value). 
Log likelihood plots of trees from the Markov chain 
samples were also examined in TRACER version 1.5 
(Rambaut and Drummond, 2010) to determine conver-
gence to a stable log likelihood value. 

MP analysis and bootstrap support evaluation were 
conducted using PAUP* 4.0 (Swofford, 2002) with de-
fault settings: 1000-bootstrap, “Parsimony” criterion, 
bootstrap index>50% setting. 

ML analysis was carried out using GARLI 2.0 (Zwickl, 
2006) with a 300-bootstrap assigned. PAUP* was used 
in calculating the bootstrap proportions or the bootstrap 
consensus tree from the set of trees found over the 
bootstrap replicates. In order to confirm the optimal 
topology, each analysis was repeated at least 5 times 
until two independently derived topologies of the high-
est likelihood were identical. 

To infer the habitat preference of the hypothetical 
ancestors, a RASP approach was used to map the habi-

tat type onto the phylogenetic tree (Yu et al., 2010, 
2012). Three character states for habitat usage were 
introduced for all 41 taxa included in our final data set 
based on published data (e.g., Jäch and Balke, 2008) 
and information provided by M. Fikáček (pers. comm. 
to K.Q. Song). Terrestrial species are those commonly 
found in leaf litter or decaying material (dung, rotting 
vegetation etc.); aquatic species are those inhabiting 
lakes, pools, springs or rivers; hygropetric species and 
species living along edges of water bodies are addressed 
as semi-terrestrial (M. Fikáček, pers. comm. to K.Q. 
Song). The reconstruction of habitat changes was based 
on the Bayesian tree. 

The divergence times were obtained by applying a 
Bayesian method implemented in BEAST 1.6.1 
(Drummond and Rambaut, 2007). The 6-gene sequence 
data matrix and two fossil species were used for the 
molecular clock calibration. Two fossil taxa of Hydro-
philidae were chosen for the calibration of the molecu-
lar clock analyses (nod 1 in Fig. 3: Polysitus minutus, 
227.4–220.7 million years ago (Ma); nod 2 in Fig. 3: 
Enochrus striatus, 33.7–23.8 Ma) after screening the 
EDNA fossil insect database. The Relaxed Clock: Un-
correlated Lognormal molecular clock model with GTR 
for the substitution model, a Yule process for the specia-
tion model and normal option for prior distribution with 
mean value of fossil were used for the calibration. The 
Markov chain Monte Carlo was assigned to run 
60,000,000 generations and sampled every 1,000 genera-
tions. Three independent runs were performed to con-
firm the convergence of the analysis. The effective 
sample sizes (ESSs) analyses was tested in Tracer 
v1.4.1 (in BEAST package) to confirm the logged quan-
tities are reasonable (ESS>200). The first 6,000 genera-
tions were discarded in the construction of the maxi-
mum clade credibility tree and the associated 95% 
highest posterior density distributions. 

Speciation rates estimation was performed under a 
series of possible relative extinction rates (0~0.9) with 
giving a crown group age and a number of extant spe-
cies of a clade in R environment with the package LA-
SER 2.3 (Rabosky, 2006). The speciation rate was esti-
mated for the primarily aquatic Hydrophiloidea s. str 
(groundplan, reversal in Sphaeridiinae) and for the se-
condarily terrestrial clade Sphaeridiinae. In the former 
case the aquatic diversification began 140.53 Ma 
(BEAST) and in the latter 82.16 Ma. The numbers of 
described species are from the most recent record (Short 
and Fikáček, 2011). 

The molecular evolution of habitat adaptation analy-
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sis was performed in MEGA 5 (Tamura et al., 2011). All 
acquired six genes were aligned using Muscle module 
and screened carefully for relatively nucleotide muta-
tions potentially related with habitat shifts. Furthermore, 
amino acids of the protein-coding genes COI and COII 
were also aligned and screened.   

2  Results 

2.1  Phylogenetic analysis and ancestral state  
reconstruction 

The parsimony and maximum likelihood analyses 
yielded topologies with well-supported clades similar to 
the tree based on Bayesian inference. The resolution is 
rather low in analyses based on data sets comprising the 
4-mitochodrial or 2-nuclear ribosomal gene sequences, 
respectively, but the well supported clades show a to-
pology similar to the cladogram obtained with all six 
genes (Fig. 1). The ancestral range reconstruction is 
shown in Fig. 2. The first branch of Hydrophiloidea s. 
str. (Spercheidae) is aquatic, whereas some of the fol-
lowing lineages can be considered as semi-terrestrial 
(e.g., Georissidae) (Fig. 2, also mapped in Fig. 3). The 
bulk of the secondarily terrestrial (or semi-terrestrial) 
species forms a clade Sphaeridiinae (node a in Fig. 2), 
which originated from an one-monophyletic grade 
(Hansen, 1991) comprising almost exclusively aquatic 
genera. The few secondarily terrestrial (or semi-terre-
strial) hydrophilidae taxa include for instance the non-   
related genera Chaetharthria and Oocyclus. Several 
minor secondary shifts to terrestrial habitats also oc-
curred in the basal clades, for instance in some species 
of Helophorus (Angus, 1973). Within the primarily non-   
aquatic Sphaeridiinae several semi-terrestrial species 
occur and also species specialized on soft dung (Holter, 
2004).  
2.2  Divergence time estimation with molecular da-
ta and fossils calibration 

The presumptive ages for nodes are shown in Fig. 3. 
The origin of Hydrophiloidea s.l. (incl. the histerid fami-
lies) was estimated as ~232 Ma (Middle Triassic), and 
the beginning diversification of the primarily aquatic 
Hydrophiloidea s.str. as ~140.5 Ma (Lower Cretaceous). 
The start of the diversification of the secondarily terre-
strial Sphaeridiinae, which is nested within the aquatic 
groups, is estimated as ~82.2 Ma (Upper Cretaceous). 
2.3  Diversification rate analyses and detection of 
protein coding gene mutation 

The diversification rate is comparatively slow rate 
among the aquatic groups (0.039~0.050 species per 
million years, sp/My). After the main shift (from aquatic 

to terrestrial, node A in Fig. 3), the colonization of semi-   
terrestrial (e.g., moist riparian sites) or terrestrial habi-
tats, the rate accelerated (0.055~0.075sp/My) (Fig. 4). 

Nucleotide mutations possibly related with habitat 
shifts were only detected in the COI gene. In the amino 
acid sequence we found that Alanine (A) is consistently 
present at a specific site in the terrestrial species like in 
the terrestrial outgroups, whereas aquatic species have a 
Glycine (G) or Serine (S) at the same position. Most of 
the semi-terrestrial species have the same pattern as the 
aquatic ones (with exceptions in Helophorus). The 
changed amino acid site was mapped in Fig. 3. The 
corresponding mutation is located at the nucleotide sites 
2781–2783 of the complete mitochondrial genome se-
quence of Tropisternus sp. (NC_018349).  

3  Discussion 

The results of the phylogenetic analysis based on all 
six genes are largely in agreement with earlier molecu-
lar studies (Bernhard et al., 2006; Bruvo-Mađarić et al., 
2013). Some results are also in agreement with mor-
phology-based studies (e.g., Hansen, 1991; Archan-
gelsky, 1998; Beutel, 1999), such as the monophyly of 
Hydrophiloidea s.str., and the monophyly of Hydrophi-
lidae and its subfamily Sphaeridiinae (e.g., Hansen, 
1991; Bernhard et al., 2009). In a recent study a revised 
classification of Hydrophilidae was proposed based on 
DNA sequence data (3 mitochondrial genes, 3 nuclear 
genes) and an extensive taxon sampling with 151 ter-
minals (Short and Fikáček, 2013). The topology of our 
phylogenetic tree is very similar to the results of these 
authors. The enigmatic monospecific New Zealand ge-
nus Horelophus, for instance, is deeply nested within 
the traditional Hydrophilinae (in Chaetarthriinae sensu 
Short and Fikáček, 2013), suggesting that its subfamily 
rank (Hansen, 1991) is not justified phylogenetically. 
Like in Short and Fikáček (2013) and earlier studies 
(e.g., Bernhard et al., 2009; Bruvo-Mađarić et al., 2013) 
it was confirmed that monophyletic Sphaeridiinae are 
nested within a paraphyletic hydrophiline lineage (s. 
Hansen, 1991) which also includes Horelophus.  

The main purpose of the present study was to test 
possible correlations between shifts of habitats and di-
versification rates, and to identify homoplasy in mole-
cular evolution. A reliable phylogenetic reconstruction 
is a necessary prerequisite for such an investigation, 
whereas the used classification does not affect the con-
clusions. Therefore, we did not use the recently sug-
gested concept of Short and Fikáček (2013). 

Hansen (1997a) suggested terrestrial habits as ance- 



 

 
 

Fig. 1  Phylogenetic tree based on combined data matrix and Bayesian inference 
The values above the branches represent Bayesian posterior probabilities, Maximum Parsimony and Maximum Likelihood bootstrap support values, respectively, “-” indicates the value nodes with <50% 
bootstrap value or posterior probability. 
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Fig. 2  Ancestral range reconstruction to show habitat shift pattern 
Major ancestral state reconstructions based on RASP. Terminal small circles are in reddish brown for terrestrial species, green for aquatic species, 
and purple for semi-terrestrial species. 

 
stral for Hydrophiloidea s.l. and a primary preference of 
larvae and adults for leaf litter or the upper soil layer. 
The terrestrial origin was also supported by analyses of 

molecular data (Bernhard et al., 2006; Hunt et al., 2007) 
and our topology is consistent with this hypothesis. Our 
molecular dating suggested an origin of the primarily  



 
 

Fig. 3  Divergence time estimation performed in BEAST (on the left side) 
Grey horizontal bars indicate the 95% highest posterior density interval; nodes 1 and 2 (yellow circle) are fossil records used for calibration; node a indicates the main habitat shift event. Terminal 
branches red for terrestrial species, green for aquatic species, and brown for semi-terrestrial species. The pattern of amino acid substitution in COI (on the right side). Red A and green S or G are 
marked for terrestrial and aquatic groups, respectively. 
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extant aquatic Hydrophiloidea s.str. in the lower Creta-
ceous and again a shift to terrestrial habitats (incl. moist 
riparian sites) during the Upper Cretaceous (~93.3 Ma). 
Our ancestral state reconstruction also suggests that the 
aquatic habits of some Coelostoma species are due to 
reversal in this genus, which is nested within Sphaeri-
diinae (see above). 

 

 
 

Fig. 4  Diversification rate analysis 
Absolute net diversification rates were calculated with LASER, be-
tween two extremes of the relative extinction rate (speciation rate / 
extinction rate = 0 to 0.9) following the whole-clade method. eps: the 
relative extinction rate (speciation rate/extinction rate = 0 to 0.9), r: 
the net diversification rate. 

 

The diversification rate in the paraphyletic aquatic 
“Hydrophilinae” was relatively slow according to our 
assessment (0.039‒0.050 sp/Myr). The rate was appa-
rently increased in the “back to terrestrial” monophylet-
ic Sphaeridiinae (0.055‒0.075 sp/Myr), but remains still 
below what was estimated for ground beetles (0.10 
sp/My, Ober and Heider, 2010). A link between habitat 
change and accelerated evolutionary radiation of Hy-
drophiloidea s.str. is conceivable, even though the evi-
dence we provide is still not robust enough to support 
this unequivocally. In any case, the moderate morpho-
logical modifications in the adult stage (antennae as 
accessory breathing organs, ventral plastron) did not 
impede several secondary changes to life in soft dung 
(e.g., Sphaeridium), very moist substrates at the edges 
of water bodies, or truly terrestrial environments. It is 
more surprising that adaptations of hydrophilid larvae, 
which are characterized by a highly specialized stig-
matic atrium and a hyperprognathous orientation of the 
mouthparts for feeding on snails or other small inverte-
brates, omnivorous, or phytophagous (Staines, 2008), 
were no obstacles for these changes. In any case there 
are few groups of insects, if any at all, with such a ca-

pacity to change between terrestrial and aquatic habitats 
(see Fig. 3) as adult or larvae (adults of Helophoridae, 
for instance, are usually aquatic as adults and terrestrial 
as larvae) as Hydrophiloidea s.str.   

Habitat changes are apparently a great challenge not 
only involving visible behavioral and structural modifi-
cations (e.g., use of the antennae as accessory breathing 
organs and presence of a ventral plastron in Hydrophi-
lidae) but the related selective pressure likely also af-
fects the evolution of functional genes. It was shown 
that similar habitat factors often cause more or less simi-
lar sets of adaptations (Keller et al., 2013), and patterns 
of parallel molecular evolution were also demonstrated 
(Shen et al., 2010, 2012; Zhen et al., 2012). This is also 
supported by our results in the context of habitat 
changes. We observed a mutation in the protein coding 
gene COI, which is relatively conserved and plays an 
important role in the energy metabolism (Sheffield et al., 
2008; Gray, 2012). The replacement of Alanine by Gly-
cine or Serine in the aquatic species is apparently a de-
rived condition linked with the primary habitat shift, 
whereas the seemingly ancestral condition in Sphaeri-
diinae (Alanine like in the outgroup taxa) is very likely 
homoplasious, i.e. due to reversal. Water scavenger 
beetles and their larvae have to deal with challenges like 
breathing, feeding, and moving under water. A change 
in the mitochondrial energy metabolism is possibly part 
of a strategy to cope better with a profoundly changed 
life style. After further analyses of the COI gene of ad-
ditional 26 terminals of Hydrophiloidea and related 
outgroup species (downloaded from GenBank), the 
modification pattern of COI in terrestrial and aquatic 
remained remarkably stable. More extensive sampling 
and thorough genome scans will likely reveal more 
evidence related to parallel evolution on the genetic 
level. Future investigations of interrelationships be-
tween habitat changes, gene evolution, and increased 
selective pressure may produce more insights into habi-
tat-related evolutionary transformations, which have 
apparently played an important role in the evolution of 
insects and other groups of organisms. 
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