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Flea beetles (Alticini) represent one of the most diverse groups within the family Chrysomelidae and are asso-
ciated with more than 100 different plant families. Conspicuously, only 10 genera account for about a quarter 
of flea beetle diversity, whereas about 380 genera each comprise less than 10 species, indicating different 
rates of diversification within the Alticini. Here, we reconstructed the phylogenetic relationships of 608 spe-
cies in 101 Alticini genera using mitogenomes and cytochrome oxidase I, and applied several frameworks of 
clade-specific diversification rate analyses. Increased diversification rates were consistently detected in the 
cosmopolitan genera Altica Goffroy, Longitarsus Berthold, and Phyllotreta Chevrolat, and in neotropical taxa 
of the subtribe Oedionychina. In addition, we tested whether the evolution of specialized interactions with 
plants of the order Brassicales influenced the diversification of Phyllotreta and Psylliodes Berthold flea beetles. 
Specialization on Brassicales was only associated with increased diversification rates in Phyllotreta but not in 
Psylliodes. Our results indicate that host associations per se do not explain different diversification rates and 
lay the groundwork for investigating the evolutionary drivers of rapid radiations in Alticini.
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Introduction

Flea beetles (Alticini) form by far the largest tribe within leaf beetles 
(Chrysomelidae), comprising ca. 8,000 described species in over 534 
genera worldwide (Nadein 2013, Nadein and Bezděk 2014). More 
recent studies suggest that there are about 10,000 species in 601 
genera (Douglas et al. 2023, Konstantinov et al. 2023). Within the 
subfamily Galerucinae, Alticini are traditionally defined by a meta-
femoral spring in the hindlegs that allows them to jump and effect-
ively escape from predators (Furth 1988, Schmitt 2004, Nadein and 
Betz 2016, Ruan et al. 2020). However, the monophyly of leaf bee-
tles with a jumping organ is challenged by other morphological char-
acters, such as the shape of the spermatheca and the venation of the 
wings, that contradict the phylogenetic signal of the meta-femoral 
spring (Furth and Suzuki 1992, 1994). The placement of several 
genera that possess a jumping organ into Galerucini by recent phylo-
genetic analyses, corroborates the hypothesis that the ability to jump 

has evolved several times independently in Galerucinae (Ge et al. 
2011, 2012, Nie et al. 2018, Douglas et al. 2023). Here we focus 
on Alticini sensu stricto, i.e., not including genera placed within 
Galerucini.

The current distribution of Alticini includes all continents ex-
cept Antarctica, with their center of diversity in Central and South 
America (Scherer 1988). Worldwide, they are associated with more 
than 100 different plant families. Most Alticini genera and species 
live mono- or oligophagously on a restricted group of plant spe-
cies, belonging to the same genus or family, usually characterized 
by a common secondary chemistry (Jolivet 1988). However, within 
Alticini, species richness of subgroups is extremely biased, with a 
quarter of flea beetle diversity being accounted for by only 10 species-
rich genera. These include the cosmopolitan genera Longitarsus, 
Chaetocnema Stephens, Altica, Phyllotreta, and Psylliodes, as well as 
the mainly Neotropical genera Asphaera Duponchel and Chevrolat 
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and Alagoasa Bechyné. In contrast, about 380 genera comprise less 
than 10 known species (Nadein 2013).

Differential diversification in groups of herbivores is frequently 
explained by the insects’ host plant association, as adaptation to a 
specific host or a specific plant defense mechanism might establish a 
whole new spectrum of ecological opportunities, which may lead to 
accelerated speciation rates (e.g., Ehrlich and Raven 1964, Winkler 
and Mitter 2008, McKenna et al. 2009). However, the role of host 
plants in the diversification of Alticini has not yet been analyzed, 
although physiological adaptions to host plant defenses have been 
intensively studied in several alticine genera (e.g. Dobler et al. 2000, 
Dobler 2001, Beran et al. 2014, 2018). For example, 2 species-rich 
genera, Phyllotreta (about 300 species) and Psylliodes (about 200 
species) are mainly associated with cruciferous plants of the order 
Brassicales (Jolivet 1988, Gikonyo et al. 2019), which are protected 
against herbivores by characteristic phytochemical defense com-
pounds, the mustard oil glucosides (glucosinolates). Upon herbivory, 
glucosinolates are hydrolyzed by β-thioglucosidase enzymes 
(myrosinases) to unstable aglucones that spontaneously rearrange 
to deterrent isothiocyanates well known for their toxicity to herb-
ivorous insects (Jeschke et al. 2016, Blažević et al. 2020). Psylliodes 
and Phyllotreta have evolved several different strategies to cope with 
the “mustard oil bomb” of their cruciferous host plants. These in-
clude the detoxification of isothiocyanates via the mercapturic acid 
pathway, the desulfation of glucosinolates to prevent their activation 
by myrosinases, and the sequestration of glucosinolates (Beran et al. 
2014, 2018, Ahn et al. 2019). Species of the genus Phyllotreta fur-
ther deploy sequestered glucosinolates for their own defense using 
intrinsic myrosinase activity (Beran et al. 2014, Sporer et al. 2021).

A host shift to Brassicales has led to significant diversifica-
tion in the butterfly subfamily Pierinae and the weevil subfamily 
Ceutorhynchinae, although an increased speciation rate following 
the host shift was only detected in Pierinae (Wheat et al. 2007, Edger 
et al. 2015, Letsch et al. 2018). However, within Alticini, the evo-
lutionary history and consequences of specialization on Brassicales 
have not yet been investigated. Previous attempts to elucidate the 
phylogeny of Alticini resulted in differing hypotheses on the re-
lationships of Psylliodes and Phyllotreta (Ge et al. 2012, Gomez-
Rodriguez et al. 2015, Nie et al. 2018, 2020, Zhang et al. 2022, 
Douglas et al. 2023). More recent studies recovered both genera 
within the same clade but never as sister groups, which makes a 
common origin of feeding on Brassicales unlikely. To date, none of 
these studies could infer diversification dynamics in Alticini due to 
limited taxon sampling.

In the present study, we investigate the diversification dynamics 
among Alticini, with a specific focus on the crucifer-feeding genera. 
In particular, we address the following questions: (Q1) Do diversifi-
cation rates in particular groups or genera of Alticini differ from the 
mean diversification rate across all Alticini? Unequal diversification 
rates could indicate that different ecological adaptations or inter-
actions have shaped the diversification dynamics in Alticini. (Q2) 
Do diversification rates differ between Psylliodes and Phyllotreta? 
Different diversification rates between these genera would suggest 
that different adaptation strategies rather than the general associ-
ation with crucifers would have fueled diversification in both genera.

To obtain a robust hypothesis on the phylogenetic relationships 
of Alticini, as well as a sufficient taxon sampling to infer diversi-
fication pattern, we applied a 2-step approach. Initial tree recon-
struction analyses on 113 mitogenomes provided the phylogenetic 
backbone of Alticini. The resulting mitogenomic tree subsequently 
served as a constraint to reconstruct a “diversity tree” including 608 
Alticini species, represented by complete cytochrome-c-oxidase I 

(COI) sequences. This tree is intended to represent the diversity in 
the included subtribes and genera. We then estimated the divergence 
times for the “diversity tree” and applied several clade-specific evo-
lutionary models to investigate the diversification dynamics within 
Alticini and the potential impact of adaptation to Brassicales on the 
diversification of Psylliodes and Phyllotreta.

Materials and Methods

Mitogenome Data Set
The mitogenomes of 100 Alticini species in 44 genera and 4 
Galerucini outgroup species were downloaded from the NCBI 
Genbank database (Supplementary Table S1a). Gene and RNA an-
notations of all mitogenomes were individually generated using the 
MITOS2 server of the University Leipzig (Bernt et al. 2013, Donath 
et al. 2019) and manually refined in Geneious Prime 2022.0.2. For 
9 species of Phyllotreta and Psylliodes, the mitogenomes were as-
sembled de novo from transcriptome data (Supplementary Table 
S1b). For this purpose, the raw reads in fastq format were corrected, 
trimmed, and assembled to the template mitogenome of Psylliodes 
chlorophana (NC_053362) in Geneious. The newly generated con-
sensus sequences were annotated by MITOS2 and manually refined.

The protein coding genes of all 113 taxa were translated into 
amino acid sequences, which were subsequently aligned with Mafft 
v7.496 (Katoh and Standley 2013). The amino acid alignments were 
used as templates to align the corresponding nucleotide sequences 
using PAL2NAL (Suyama et al. 2006). The ribosomal small and 
large RNA sequences were aligned with the L-INS-i algorithm in 
Mafft (Katoh and Standley 2014). In order to extract only unam-
biguously aligned portions and to eliminate potentially randomly 
aligned regions of both the rRNA and protein coding gene align-
ments, we used Gblocks (Talavera and Castresana 2007) with the 
following settings: sequence type either codon (protein coding genes) 
or DNA (rRNA), a minimum of 5 positions for a block, allowed gap 
positions in half of the sequences and otherwise defaults. Masked 
protein coding gene and rRNA alignments were then concatenated 
with AMAS v0.96 (Borowiec 2016).

Tree reconstruction analyses For maximum likelihood (ML) tree 
reconstruction, we used the software IQ-TREE v1.7.18 (Nguyen 
et al. 2015, Chernomor et al. 2016, Kalyaanamoorthy et al. 2017). 
For the nucleotide data set, we a priori generated a partition scheme 
with all protein coding genes separated into codon positions and 
the rRNA genes separated into single partitions, resulting in 41 
partitions in total. The best-fitting partition scheme and nucleotide 
substitution model for each partition was estimated with the 
ModelFinder algorithm in IQ-TREE. Subsequently, we conducted 
10 independent ML analyses with an increased number of stop 
iterations (-stop 200). Branch support values were estimated with 
1,000 ultrafast (UF) bootstrap replicates (Minh et al. 2013), an 
increased maximum number of iterations to stop (-nm 5000), and 
the “bnni” option (Hoang et al. 2018) to reduce the risk of branch 
support overestimation. For the amino acid data set, the partitioning 
and model schemes, as well as tree search were applied in a similar 
manner, employing the genes as single partitions.

We additionally conducted Bayesian Inference (BI) tree recon-
structions, using the software PhyloBayes (MPI version 1.8c; Lartillot 
et al. 2013). PhyloBayes implements the CAT mixture models that 
were developed to account for across site heterogeneities in sequence 
evolution and to reduce potential effects of compositional and mu-
tational bias (Lartillot et al. 2007). Previous studies have shown 
that these models are well suited to suppress potential long-branch 
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attraction artifacts in tree reconstruction (e.g. Struck et al. 2011, 
Boussau et al. 2014). We applied BI analyses in PhyloBayes using the 
CAT-GTR model, which allows rate variation across sites under the 
GTR model. Constant positions were included, as their exclusion 
might affect likelihood calculations (Whelan and Halanych 2017). 
We ran 2 independent chains with a minimum of 25,000 cycles 
with 1 tree sampled for each generation. We then evaluated the con-
vergence of model parameters and tree space with the PhyloBayes 
tools tracecomp and bpcomp using a 20% burn-in. Convergence 
of topologies was ensured by calculating the maximum difference 
(maxdiff) in the bipartition frequencies of the 2 chains.

Cytochrome-c-Oxidase 1 (COI) Data Set
To reconstruct the “diversity tree”, we downloaded an additional 
499 sequences from the NCBI Genbank and the Barcode of Life 
Database (BOLD) respectively (Supplementary Table S2). Taxa were 
selected so that each available species was presented by 1 individual 
COI sequence. If sequences assigned to the same species show more 
than 3% sequence divergence, both sequences were retained to pre-
sent different species. This resulted in a final alignment of 612 spe-
cies in total, including all species from the mitogenome data set.

Tree reconstruction analyses Tree reconstruction analyses using the 
612 taxa COI data set was performed in IQ-TREE, using either the 
best tree from the ML tree search on the mitogenomic nucleotide 
data set, or the MCC tree from the BI analyses of the mitogenomic 
amino acid data set as topological constraints. The COI data set was 
applied on nucleotide level and partitioned according to the codon 
positions. 50 independent ML analyses were conducted using tree 
search and node support parameters similar to the mitogenome ML 
tree reconstruction analyses. Subsequently, we ran additional 50 
independent ML runs, using model parameters of the best run in the 
previous analyses.

Divergence time analyses Divergence time estimation analyses 
were conducted by Bayesian Inference (BI) in the software BEAST 
v2.6.7 (Bouckaert et al. 2019). The best tree as inferred in the 612 
taxa COI data set tree reconstructions was used as fixed input tree 
topology. The root age was calibrated by †Crepidocnema yantarica 
(Moseyko et al. 2010) from the Oise amber of France (55.8–48.6 
Ma), representing the oldest reliable appearance of flea beetles in 
the fossil record. As the position of the genus †Crepidocnema within 
Alticini is not defined, we applied it as stem fossil, thus calibrating 
the split Galerucini + Alticini (i.e., Galerucinae = root). The age of 
Galerucinae has been estimated between 95–55 Ma in previous 
analyses (Gómez-Zurita et al. 2007, Wang et al. 2014), suggesting 
that the clade might be older than †Crepidocnema. We therefore 
applied the fossil as a normal prior distribution with its youngest age 
used as lower bound and calibrated so that 95% of the distribution 
lay between the fossil age and a maximum of 95 Ma. Within 
Alticini, the genus Crepidodera was calibrated by †Crepidodera 
svetlanae (Bukejs 2014) from Baltic amber (37.2–33.9 Ma). As this 
fossils’ position within the genus is not defined, we also applied 
†Crepidodera svetlanae as a stem fossil. Here we used a lognormal 
prior distribution with the fossils’ youngest age as lower bound and 
calibrated so that 95% of the distribution lay between the fossil age 
and a maximum of 50 Ma.

Prior to the divergence time estimations, we tested the fit of 2 
clock models, the uncorrelated lognormal relaxed clock (UCLN; 
Drummond et al. 2006), and the random local clock (RLC; 
Drummond and Suchard 2010). Both clock models were combined 
with either a Yule pure birth tree model and a Birth-Death tree model. 

The log marginal likelihood of all 4 candidate models was estimated 
by path sampling (PS) as implemented in BEAST 2.6.7 (Baele et al. 
2012). PS analyses were run for 100 steps of each 100,000 gener-
ations, and the best-fitting tree model was selected according to BF 
based on the interpretation of Kass and Raftery (1995). The best-
fit substitution model was implemented by bModelTest (Bayesian 
model test package for BEAST 2.6.7). Using the best-fitting model 
setup, we conducted 2 BEAST runs for 175 million generations each 
(sampling every 5,000 generations). The quantity of generations dis-
carded as burn-in, the convergence and mixing of parameters and 
the effective sample sizes (ESS), were assessed by the Tracer soft-
ware v1.7.1 (Rambaut et al. 2018). Post-burn-in samples were used 
to construct a maximum clade credibility (MCC) tree with median 
node heights in TreeAnnotator v2.6.7 (Bouckaert et al. 2019).

Diversification rate analyses To test for differential diversification 
among alticine groups, we applied several frameworks of clade-
specific diversification rate analyses. We first estimated speciation 
and extinction rate dynamics over time and across branches in 
the MCC tree with the BAMM v2.5.0 software (Rabosky 2014) 
and the BAMMtools v2.1.9 package (Rabosky et al. 2014) for 
R (R Development Core Team 2019). Prior distributions on 
speciation (lambda) and extinction (mu) rates were calculated 
with BAMMtools (lambdaInitPrior = 2.03, lambdaShiftPrior = 
0.02, muInitPrior = 2.03) and the incomplete taxon sampling for 
Alticini was taken into account using a global sampling fraction 
(ρ = 608/7,917). The BAMM analyses employed a reversible jump 
MCMC (rjMCMC) run of 8 chains and 10,000,000 generations 
sampled every 10,000 steps and a burn-in of 25%. Subsequently, we 
assessed ESS of the log-likelihood and the number of shift events, 
as well as the visualizations of rates and shifts with BAMMtools. 
Mean diversification rates along the branches of the tree were 
depicted as a phylorate plot, which represents the phylogeny with its 
branches colored to reflect diversification rates. The best overall shift 
configuration was shown by the maximum shift credibility (MSC) 
configuration, which maximizes the marginal probability of rate 
shifts along individual branches.

However, BAMM has been criticized due to potentially biased 
modeling of the probability of rate shifts in extinct lineages, which 
can lead to incorrect likelihood estimations (Moore et al., 2016, 
Laudanno et al., 2020). We therefore used an additional method 
to infer clade-specific diversification rates in the software RevBayes 
v1.1.1 (Höhna et al. 2016). The implemented lineage-specific birth–
death shift model (LSBDS) principally relies on algorithms origin-
ally developed for state-dependent speciation and extinction (SSE) 
branching processes (Maddison et al. 2007, FitzJohn et al. 2009). 
It estimates branch-specific diversification rates independently from 
a focal trait and thus allowed us to infer diversification dynamics 
throughout the tree without a priori assigning the taxa to specific 
traits. We applied the LSBDS model according to the developers’ sug-
gestions (see https://revbayes.github.io/tutorials/divrate/branch_spe-
cific.html), using a discretized lognormal prior with 6 rate categories 
for estimation of diversification rate regimes. Missing species were 
accounted for by a global sampling fraction (ρ = 608/7,917) and 2 
chains with 100,000 generations were run. Net diversification rate 
changes were finally visualized using the R package RevGadgets 
v1.0.0 (Tribble et al. 2022), by coloring the branches of the MCC 
tree.

To further test for specific diversification rates of crucifer-
feeding and noncrucifer-feeding alticine groups, we conducted 
additional clade-specific diversification rate analyses with the 
software BayesRate v1.6.5 (Silvestro et al. 2011). This approach 
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estimates the fit of different models in which the rates vary be-
tween predefined clades. It employs a thermodynamic integration 
approach to calculate marginal likelihoods of different diversifi-
cation models, and uses Bayes Factors (BF) to evaluate the best 
model, as well as clade‐specific taxon sampling proportions to 
account for missing taxa. Based on the previous RevBayes ana-
lyses we subdivided our data set in 6 clades and tested 3 different 
rate regimes in BayesRate: (i) all clades have a single common di-
versification rate; (ii) Altica, Longitarsus, Phyllotreta, Psylliodes 
(crucifer-feeding species), Oedionychina, and the remaining species 
evolve under different diversification rates; and (iii) Phyllotreta, 
Longitarsus, and Oedionychina evolve at one rate, Altica evolves 
at a one rate, and Psylliodes and the remaining species evolve at 
one rate. The parameters for speciation and extinction (pure‐birth 
vs. birth‐death model for each clade) were estimated separately for 
all rate regimes and BF were calculated and compared according to 
Kass and Raftery (1995) to indicate the best-fitting model combin-
ation and rate regime. All MCMC analyses were run for 1 million 
generations, with sampling every 100 generations and discarding 
the first 100,000 generations as burn‐in. Subsequently, Tracer was 
used to assess ESS and parameter convergence. Diagrams showing 
the 95% credibility intervals for individual (post-burn‐in) net di-
versification rates were produced with the R‐package diversitree 
v0.9.9 (FitzJohn 2012).

Explicit tests for the impact of crucifer-feeding on the diversifi-
cation dynamics of Alticini were carried out in R using the package 
hisse v1.9.5 (Beaulieu and O’Meara 2016). The HiSSE (Hidden 
State Speciation and Extinction; Beaulieu and O’Meara 2016) ap-
proach is an extension of the popular BiSSE model (Binary State 
Speciation and Extinction; Maddison et al. 2007), which calcu-
lates the impact of an observed single character on diversifica-
tion rates, as well as transitions between the characters’ states. 
However, the BiSSE model is prone to Type 1 errors, meaning it 
is biased towards the detection of character-dependent diversifica-
tion, although the observed character has evolved independently 
from diversification (Rabosky and Goldberg 2015). In contrast, 
HiSSE calculates potential correlations between the observed 
(focal) trait (here: state 0, noncrucifer-feeding; state 1, crucifer-
feeding) by considering the presence of unobserved (hidden) traits 
(state 0A, 1A, hidden trait absent; state 0B, 1B, hidden trait pre-
sent). In our case, a correlation between crucifer-feeding and high 
diversification rates in the presence of a hidden trait would sug-
gest that other traits in combination with the host associations 
would trigger higher diversification rates. HiSSE also provides dif-
ferent null models that assume character-independent diversifica-
tion without constraining diversification rates to be homogenous 
across the tree. These character-independent models (CID-2 and 
CID-4) have the same number of distinct parameters that can 
vary across the tree as their BiSSE and HiSSE counterparts, but 
model diversification unlinked to the observed character (Beaulieu 
and O’Meara 2016). In total, we fitted 15 different HiSSE models 
that estimated speciation, extinction, and transition rates be-
tween states 0 (noncrucifer-feeding) and 1 (crucifer-feeding) in 2 
rate classes A and B (see SupplementaryTable S2). We included 
4 BiSSE-like models without hidden states, 4 constrained models 
with hidden states either associated with crucifer-feeding (0A, 1A, 
1B), or noncrucifer-feeding (0A, 1A, 0B), and 1 full HiSSE model 
with 2 hidden states and thus 4 different rate classes 0A, 1A, 0B, 
1B. We also tested 8 character-independent model sets CID-2 and 
CID-4. We accounted for incomplete taxon sampling by providing 
a uniform sampling fraction for both crucifer‐feeding and non‐
crucifer‐feeding clades.

Results

Phylogenetic Relationships as Inferred by 
Mitogenomes
The backbone of the Alticini tree could only partly be resolved by 
the ML and BI analyses of the mitogenome data sets, which is re-
flected by the variable relationships with low node support among 
distinct groups in both ML and BI analyses (Fig. 1, Supplementary 
Figs. S1–4). All phylogenetic analyses consistently recovered highly 
supported sister group relationships of Longitarsus, Aphthona 
Chevrolat + Bikasha Maulik (“Longitarsus group”), Altica, 
Macrohaltica Bechyné and Syphrea Baly (“Altica group”), and 
Dibolia Latreille, Argopistes Motschulsky + Apteropeda Chevrolat 
(“Dibolia group”). We could furthermore consistently recover a 
clade that includes the genus Blepharida Chevrolat and its relatives, 
as well as Nisotra Baly and its relatives (“Blepharida group”), which 
appeared as sister group to most other alticine groups. Additionally, 
all analyses recovered the mainly neotropical subtribe Oedionychina, 
including the genera Asphaera, Omphoita Chevrolat, and Philopona 
Weise, as well as Hemipyxis Dejean and Hyphasis Harold. ML and 
BI analyses of the mitogenomic data sets were mostly consistent 
in recovering a highly supported clade comprising Phyllotreta and 
Psylliodes together with Crepidodera Chevrolat + Xuthea Baly, 
Epitrix, and Chaetocnema Stephens (Fig. 1, Supplementary Figs. 
S1–4). According to Ge et al. (2012), we refer to this clade as the 
“Chaetocnema group”. However, within this group, the relation-
ships differed between ML and BI analyses. While the former shows 
Psylliodes as sister to Crepidodera + Xuthea and Phyllotreta as sister 
to Epitrix, the latter shows Phyllotreta as sister to Chaetocnema and 
Psylliodes as sister to a clade consisting of Epitrix and Phyllotreta + 
Chaetocnema. The only exception were the ML analyses of the amino 
acid data set, which recovered Phyllotreta outside the “Chaetocnema 
group”, as sister to Phygasia Baly. However, the ML analyses of the 
amino acid data set using the CAT-PSMF pipeline also showed a 
monophyletic “Chaetocnema group” including Phyllotreta. Within 
Psylliodes, all crucifer-feeding species formed a monophyletic group 
(Fig. 1).

Divergence Time Estimations
The best “diversity tree” was inferred with the constraint from 
the ML tree reconstruction of the mitogenome nucleotide data set 
(Supplementary Fig. S5), which was then applied as a fixed topology 
for the divergence time estimations. Bayes factor analyses suggested 
that the model with a pure birth tree model and a RLC fits the data 
best (Supplementary Table S4). The analyses based on this model 
(Fig. 2, Supplementary Fig. S5) recovered the emergence of Alticini 
at 62.7 Ma (median age; 95% height posterior density [HPD] = 
76.8–49.0 Ma) and the onset of diversification of extant Alticini at 
57.9 Ma (95% HPD = 70.9–46.5 Ma) in the Paleocene. Our estima-
tions further recovered the origin of major Alticini groups in the 
Eocene. The “Chaetocnema group” diversified in the early Eocene at 
51.0 Ma (95% HPD = 63.0–41.6 Ma). Within this group, the genera 
Psylliodes and Phyllotreta diversified at 45.9 Ma (95% HPD = 
56.5–36.4 Ma) and 31.1 Ma (95% HPD = 39.6–24.1 Ma), respect-
ively and the genera Chaetocnema and Epitrix diversified both in the 
middle Eocene at 40.9 Ma (95% HPD = 50.4–32.3 Ma) and 41.7 
Ma (95% HPD = 53.1–32.7 Ma), respectively. In the “Longitarsus 
group”, the early split between Longitarsus and Aphthona + Bikasha 
appeared in the middle Eocene at 44.7 Ma (95% HPD = 55.3–35.3 
Ma). Both Oedionychina and the “Altica group” originated in the 
early Eocene at 38.0 Ma (95% HPD = 47.1–29.3 Ma) and 36.0 
Ma (95% HPD = 45.3–27.8 Ma), respectively. Within the latter, the 
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diversification of the genus Altica started in the early Miocene at 
19.7 Ma (95% HPD = 24.7–15.5 Ma).

Diversification Rate Analyses
Both the BAMM and the LSBDS model analyses in RevBayes indicated 
increased net diversification in several groups of Alticini, as shown 
by the heat maps plotted on the MCC tree in Fig. 2a. Besides high 

diversification rates in some smaller clades near the tips, highest diver-
sification was recovered in the genus Altica. Higher diversification rates 
were further predicted in Oedionychina and the genera Longitarsus 
and Phyllotreta, whereas no increased diversification was predicted for 
Psylliodes, except for a small clade of 5 crucifer-feeding Psylliodes spe-
cies. The BayesRate analyses principally corroborated these results, as 
the best model identified by BF comparisons had different speciation and 

Fig. 1.  Tree reconstruction results of the 113 taxa mitogenome data set. a) Maximum likelihood tree inferred from nucleotide data set using IQ-TREE. Node 
numbers show bootstrap support values. b) Bayesian tree inferred from the amino acid taxa data using PhyloBayes under the site-heterogeneous CAT-GTR 
model. Node numbers show the posterior probability values. Alticini representatives (from top to bottom): Blepharida sacra, Altica bicarinata, Chaetocnema 
angustula, Oedionychis cincta, Dibolia alpestris, and Longitarsus gruevi. Picture copyright: Lech Borowiec, Wroclaw, Poland, used with permission.

D
ow

nloaded from
 https://academ

ic.oup.com
/isd/article/7/5/2/7274708 by M

ax Planck Institute for C
hem

ical Ecology user on 18 Septem
ber 2023



6 Insect Systematics and Diversity, 2023, Vol. 7, No. 5

extinction rates for all focal clades and the background (Table 1). This 
model indicated highest diversification in Altica (d = 0.23) and higher 
rates in Oedionychina (d = 0.15), as well as in the genera Longitarsus (d 
= 0.12) and Phyllotreta (d = 0.13). In contrast, diversification in crucifer-
feeding Psylliodes species (d = 0.08) was recovered even lower than in 
the remaining Alticini (d = 0.11). The state-dependent analyses in HiSSE 
showed a CID-2 model fitting best to the data (Supplementary Table 
S5). Among the 15 models we compared in total, this model alone had 
a high AICw value (w = 0.99), thus indicating that crucifer-feeding in 
principle had no impact on diversification dynamics in Alticini.

Discussion

Diversification rate shifts in Alticini occurred at different times in 
several unrelated clades that are associated with different groups 

of host plants. Besides crucifer-feeding Phyllotreta, we could de-
tect increased net diversification rates in Longitarsus, Oedionychina 
and most prominently in Altica (Q1). In contrast, we could not de-
tect increased diversification rates in Psylliodes. This indicates that 
adaptation to Brassicaceae per se is not a driver of diversification in 
crucifer-feeding Alticini (Q2). The timing and pattern of diversifica-
tion we recovered in our analyses rather implies different causes for 
the increased diversification in the respective groups. It is nevertheless 
conspicuous that the increase of diversification rates found in the 3 
groups Phyllotreta (31.1 Ma; HPD = 39.6–24.1 Ma), Oedionychina 
(29.3 Ma; HPD = 36.9–22.8 Ma), and Longitarsus (29.5 Ma; HPD 
= 36.9–23.4 Ma), all occurred shortly after the transition from the 
Eocene to the Oligocene at 33.9 Ma. This time was characterized by 
a significant global cooling, including the development of permanent 
continental ice sheets in Antarctica (Zachos et al. 2001). While this 

Fig. 2.  Results of diversification rate analyses. a) Results of the branch-specific diversification rate analyses as inferred in BAMM, based on a uniform sampling 
strategy. Colors indicate relative speciation rates along each branch on the chronogram (increasing from blue to red). The red circles on the branches indicate 
regime shifts in the maximum shift credibility (MSC) configuration. b) Results of the branch-specific diversification rates as indicated by the LSBDS model 
in RevBayes. Colors indicate relative speciation rates along each branch on the chronogram (increasing from violet to yellow). c) Net diversification rates as 
indicated by the best BayesRate model. Alticini representatives (right to left): Psylliodes chalcomera, Phyllotreta armoraciae, Oedionychis cincta, Longitarsus 
gruevi, and Altica bicarinata. Picture copyright: Lech Borowiec, Wroclaw, Poland, used with permission.
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cooling was probably responsible for the overall global decrease in 
floral richness and the extinction of humid-adapted clades in higher 
latitudes (Wolfe 1992, Morley 2003), it also induced radiations in 
more deciduous/dry-adapted floras in these regions (Jacobs et al. 
1999, Bouchenak-Khelladi et al. 2014).

In Brassicaceae, the Eocene–Oligocene transition also marks the 
beginning radiation of the cool-adapted clades (Couvreur et al. 2009, 
Edger et al. 2015, Huang et al. 2015). Their radiation in Europe, 
the Mediterranean, and the Saharo-Arabian regions (Cardinal-
McTeague et al. 2016) coincided with the emergence and radiation of 
the crucifer-adapted species of the genus Psylliodes, as well as the di-
versification of the genus Phyllotreta. Beside these flea beetle genera, 
also the weevil genus Ceutorhynchus Germar and butterflies of the 
subfamily Pierinae adapted to Brassicaceae in the Early Oligocene. 
Similar to Phyllotreta, Pierinae butterflies also experienced increased 
diversification rates after their colonization of Brassicaceae (Edger et 
al. 2015, Letsch et al. 2018). This pattern corroborates the hypoth-
esis that climatic shifts favoring insect host plants indirectly induce 
diversification in clades adapted to these plant groups (Peña and 
Wahlberg 2008, Winkler et al. 2009, Letsch et al. 2018).

Within Oedionychina, the inferred diversification rate shift is 
also associated with the colonization of Central and South America 
in this group at 31.6 Ma (HPD = 39.9–24.9 Ma). It has previously 
been proposed that the endemic Alticini fauna of the Neotropics di-
versified after the breakup of the Gondwanan supercontinent in the 
Late Cretaceous with the separation of South America from Africa 
(Scherer 1988). However, our analyses show a much younger colon-
ization of the Neotropical regions. Its timing and the early relation-
ships in Oedionychina, with the Asian taxa Hemipyxis, Hyphasis, 
and Philopona as sister to the New World taxa, indicate that Central 
and South America was colonized via Asia and North America. The 
observed higher diversification rates in Neotropical taxa might be 
the result of new ecological opportunities after entering this con-
tinent. Alternatively, this pattern could also be primarily due to a 
lower extinction rate in these areas, compared to the Palearctic, 
where the Eocene–Oligocene boundary marks the decline of previ-
ously tropical warm and humid-adapted floras.

The availability of new resources due to climate changes in 
favor of insect host plants raises the question if specific adaptation 
modes to hosts are responsible for differential diversification pat-
tern among Alticini. In our analyses, Phyllotreta and Psylliodes were 
not recovered as sister groups, and crucifer-feeding appeared as a 
derived character state in Psylliodes (Fig. 1). These patterns indi-
cate that associations with Brassicales have evolved independently 
in both genera. This is also reflected by the different strategies in 
both genera to cope with the crucifers’ defense system. Psylliodes 
metabolize isothiocyanates mainly via the mercapturic acid 
pathway, which probably plays only a minor role as a detoxifica-
tion strategy in Phyllotreta (Beran et al. 2018, Sporer et al. 2021). 

A lineage-specific diversification of sulfatases is associated with the 
evolution of glucosinolate sulfatase activity in Psylliodes, but not in 
Phyllotreta (Ahn et al. 2019).

The ability to sequester glucosinolates has been demonstrated 
in both Phyllotreta and Psylliodes, but only Phyllotreta can benefit 
from sequestered glucosinolates using their own myrosinase enzymes 
(Beran et al. 2014, 2018, Sporer et al. 2020). Together, the observed 
differences in adaptations to glucosinolates support our finding that 
Phyllotreta and Psylliodes have adapted independently from each 
other to crucifers. Since we could only detect increased diversifica-
tion rates for Phyllotreta, the mode of adaptation to Brassicaceae, 
i.e., the ability to exploit plant defense compounds for protection 
against natural enemies, might be associated with differential di-
versification among crucifer-feeding flea beetles. Indeed, there is a 
growing body of evidence that selection pressure from higher trophic 
levels has been an important driving force in coevolutionary inter-
actions between herbivorous insects and their host plants (Beran and 
Petschenka 2022). Nevertheless, due to the successful diversification 
of Brassicaceae itself in the Late Eocene and Miocene in the Northern 
hemisphere (Cardinal-McTeague et al. 2016), the general adaptation 
of Psylliodes to Brassicaceae may have facilitated speciation events 
over time that led to their recent species richness, without a distinct 
pattern of rapid diversification. However, within Psylliodes, a small 
cluster of crucifer-feeding species also displayed slightly higher spe-
ciation rates. In addition to morphological differences, these species 
are known to differ in host use, habitat preference, and overall geo-
graphic distribution (Cox 2007, Rheinheimer and Hassler 2018), 
which could have been drivers of reproductive isolation. However, it 
is also notable that 3 of these species (P. crambicola, P. luridipennis, 
and P. marcida) are associated with coastal habitats.

The accumulation of secondary plant compounds for de-
fense is also well known for the genus Longitarsus, but is centered 
around completely different metabolite classes and plant taxa. Host 
plants used by many species of this genus frequently contain either 
pyrrolizidine alkaloids (Boraginaceae and the tribes Eupatorieae and 
Senecioneae of the Asteraceae), or iridoid glycosides (Lamiaceae, 
Scrophulariaceae, and Plantaginaceae), which are generally deter-
rent and/or toxic for nonadapted herbivores (Bernays and Chapman 
1977, Bowers and Puttick 1988, van Dam et al. 1995, Pentzold et al. 
2014). In Longitarsus, sequestration is common in species adapted 
to plants containing pyrrolizidine alkaloids or iridoid glycosides 
(Dobler et al. 2000, 2011, Dobler 2001, Narberhaus et al. 2003, 
Pankoke and Dobler 2015). Other species in the same beetle genus 
only tolerate these defense compounds, but do not sequester them 
(Dobler 2001). In addition, certain species with host plants that do 
not contain pyrrolizidine alkaloids, or that only occasionally feed 
on hosts with pyrrolizidine alkaloids, are still able to sequester them 
(Dobler 2001, Narberhaus et al. 2003). The origin of adaptations 
to pyrrolizidine alkaloids and iridoid glycosides is so far equivocal. 
Previous attempts to elucidate the deep phylogenetic relationships 
within Longitarsus provided inconsistent results (Dobler 2001, Salvi 
et al. 2019) and although the mitogenome data of our study shows 
well supported clades, the COI data was not sufficient to provide ro-
bust hypotheses of deeper relationships within Longitarsus.

Adaptation to iridoid glycosides might also play a role in the anti-
predator defense mechanisms of representatives of Oedionychina. 
Species of this subtribe often display a contrasting coloration pattern 
with a combination of dark and light spots or stripes (Konstantinov 
et al. 2022), which has been interpreted as warning colors to deter 
potential predators (Begossi and Benson 1988). Besides body col-
oration, unpalatability of several species of Alagoasa, Omphoita 
and Aspheara has been documented (Begossi and Benson 1988). 

Table 1.  Results of Bayes factor tests in the BayesRate analyses

# Model Marginal lnL BF

1 |BG + Ps + Ph + Oe + Lo + Al| −2505.15 30.14

2 |BG + Ph|Ps + Oe + Lo|Al| −2441.43 20.08

3 |BG|Ps|Ph|Oe|Lo|Al| −2304.89 0

Marginal likelihood values (lnL) and relative Bayes Factors (BF) are pre-
sented for each individual model scheme. Group abbreviations: Psylliodes 
(Ps), Phyllotreta (Ph), Oedionychina (Oe), Longitarsus (Lo) Altica (Al), Back-
ground, i.e., remaining taxa (BG).
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Species of these genera, as well as the genera Capraita Bechyné, 
Walterianella Bechyné, and Kuschelina Bechyné are specialized on 
members of the plant families that contain iridoid glycosides, such 
as Lamiaceae, Verbenaceae, Bigoniaceae, and Buddlejaceae. Data on 
sequestration of these compounds by oedionychine beetles is rare, 
but has been documented in Walterianella bucki Bechyné feeding on 
Buddleja Bartling (Duckett and Casari 2002).

The highest diversification rate was found in the genus Altica, 
which turned out to be younger than most other genera, emerging 
only at about 17 Ma in the Early Miocene. Nevertheless, Altica under-
went a rapid radiation, and now presents one of the most speciose 
extant flea beetle genera. Altica species feed primarly on members of 
the Onagraceae and Lythraceae (Myrtales), as well as the Vitaceae 
and Haloragaceae, but a number of other plant families may be col-
onized as well (Jolivet and Hawkeswood 1995, Rheinheimer and 
Hassler 2018). Studies with 3 sympatric Altica species that have di-
verged very recently but are associated with distantly related host 
plants suggest that host plant switching led to reproductive isola-
tion (Xue et al. 2011). Recently, candidate gene families involved 
in in the detection of chemical cues and in common detoxification 
pathways have been annotated in a draft genome assembly of Altica 
viridicyanea (Xue et al. 2021). While some gene families or subfam-
ilies appear to be specifically expanded in A. viridicyanea compared 
to those in chrysomelid species belonging to other genera, compari-
sons with the genomes of the closely related species A. cirsicola and 
A. fragariae may provide deeper insights into the molecular basis of 
host switching and rapid adaptation in this genus. Moreover, infec-
tion with Wolbachia, a reproductive parasite that can induce cyto-
plasmic incompatibility, is thought to have influenced the evolution 
of Altica flea beetles (Jäckel et al. 2013). This genus thus represents 
an interesting model to study evolutionary drivers of rapid speci-
ation in the Alticini.

Diet Breadth in Alticini
Diet breadth, the number of plant species used by an insect as 
hosts, has also been proposed as a possible driver of insect diver-
sification. For example, alternating phases of host expansion and 
specialization may lead to an increase in net speciation rate, a scen-
ario known as the oscillation hypothesis (Janz and Nylin 2008, Janz 
2011). Although the number of host plant families may vary con-
siderably between Alticini genera, the diet breadth of species within 
these genera may still be similar. For example, in both Phyllotreta 
and Psylliodes, most species feed on several species of the same 
plant family, whereas a few species have either more restricted or 
broader host use (Gikonyo et al. 2019). This pattern of diet breadth 
appears to be frequent also in other genera of Alticini. For ex-
ample, in Chaetocnema, most species feed oligophagously on either 
Polygonaceae, Junaceae, and Cyperaceae, whereas other representa-
tives of this genus are associated with all 3 families. In Alagoasa, many 
species are mainly associated with either Verbenaceae, Lamiaceae, 
Bignoniaceae, and Acanthaceae, but a few species, such as Alagoasa 
decemguttata, feed on several of these families (Begossi and Benson 
1988). In Longitarsus, almost all species live oligophagously on 1 
plant family (mainly Scrophulariaceae, Lamiaceae Plantaginaceae, 
Convolvulaceae, and Asteraceae (Salvi et al. 2019). In contrast, the 
pollen feeding species of the genus Systena, feed on a wide range 
of different host plant families (Clark et al. 2004). In our present 
study, we did not explicitly test for a correlation of diet breadth and 
diversification in Alticini, but the patterns described above suggest 
that differences in diet breadth do not play an important role in the 
diversification in Alticini.

Phylogenetic Implications for Alticini
Mitogenome data have been widely used in insect phylogenetics, 
and to date most molecular studies on Galerucinae rely on them 
(Ge et al. 2012, Gomez-Rodriguez et al. 2015, Nie et al. 2018, 
Hlaka et al. 2022, Zhang et al. 2022). However, the application 
of mitogenomes in insect phylogenetics is not always straightfor-
ward. Accelerated substitution rates and compositional hetero-
geneity are a common issue (e.g., Talavera and Castresana 2007, 
Timmermans et al. 2016). This is reflected by the relatively long 
branch exhibited by Phyllotreta in all our tree reconstructions, as 
well as in previous studies (Ge et al. 2012, Gomez-Rodriguez et 
al. 2015, Nie et al. 2018, Hlaka et al. 2022, Zhang et al. 2022), 
indicating elevated evolutionary rates in this taxon. Differences in 
evolutionary rates across targeted groups can be problematic in 
phylogenetic tree reconstructions, leading to “long-branch attrac-
tion” (LBA), i.e., a preferential clustering of long branches (long-
branch attraction effect; Felsenstein 1978), irrespective of their 
true phylogenetic position. While primarily suspected as an in-
herent problem for parsimony methods (Schulmeister and Wheeler 
2004), also probabilistic methods such as ML and BI can be af-
fected, due to model violations (Brinkmann et al. 2005, Lartillot et 
al. 2007). However, the development of site-heterogeneous models 
of evolution, i.e., the CAT-GTR model (Lartillot and Philippe 
2004) has been shown to alleviate problems caused by LBA 
(Lartillot et al. 2007). In our analyses, the position of Phyllotreta 
appeared equivocal and differed among data sets and reconstruc-
tion methods applied. ML analyses of the amino acid data set re-
covered Phyllotreta as sister group to Phygasia. We suspect this to 
be a consequence of potential long-branch attraction due to vio-
lations of the site-homogeneous models applied in this approach, 
as application of site-heterogeneous models consistently inferred 
Phyllotreta as part of the “Chaetocnema group” irrespective of the 
applied reconstruction method.

Although the phylogenetic position of Phyllotreta and other 
Alticini genera should be assessed with potentially less LBA-prone 
molecular data in the future, the position of Phyllotreta within the 
“Chaetocnema group” currently appears to be the most reliable 
hypothesis. In general, our analyses were largely consistent with 
several previous studies on Alticini phylogeny. The specific groups 
we refer to (see Fig. 1) have been defined by Ge et al. (2012) and 
are frequently recovered in phylogenetic analyses of Chrysomelidae 
and their subgroups (Ge et al. 2012, Gomez-Rodriguez et al. 2015, 
Nie et al. 2020, Hlaka et al. 2022, Zhang et al. 2022). However, the 
relationships among these groups are generally only weakly sup-
ported, depending on the specific taxon sampling, the data sets used 
(nucleotides vs. amino acids), and the tree reconstruction methods 
applied (Zhang et al. 2022). This indicates that mitogenomes have 
a restricted phylogenetic signal to elucidate the deeper relationships 
within Alticini. However, the most recent study on the phylogeny 
of Galerucini and Alticini based on anchored hybrid enrichment 
(AHE) data, could also not robustly resolve the deeper relation-
ships among most subgroups of Alticini and did not consistently 
place Phyllotreta within the “Chaetocnema group” (Douglas et al. 
2023).

The divergence time of Alticini in the Paleocene is consistent 
with previous studies that focused on that group (Gómez-Zurita 
et al. 2007), although it should be noted that studies targeting 
the divergence times of higher groups, such as Cerambycidae, re-
covered older ages for Galerucinae (Wang et al. 2014, Nie et al. 
2021). Nevertheless, in these studies, Alticini were mainly repre-
sented by only a few taxa, making an age estimate of this group 
less robust.
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Conclusions

Our analyses show that several groups of Alticini experienced 
periods of rapid radiations, most notably in the genus Altica, 
but also in the genus Longitarsus, the subtribe Oedionychina 
and in the crucifer-feeding genus Phyllotreta. We could not de-
tect an increased diversification rate in the crucifer-feeding genus 
Psylliodes, which contradicts the hypothesis that adaptation to 
crucifers is associated with rapid radiations. The diversification 
pattern revealed in our study did not support an overall correl-
ation of host plant association with beetle diversification, but 
at least in Phyllotreta and Longitarsus, the employment of se-
questered plant secondary compounds as anti-predator defense 
mechanism could have been an important driving force in the 
evolution of these groups. While sequestration of glucosinolates 
in Phyllotreta and of pyrrolizidine alkaloids or iridoid glycosides 
in Longitarsus is well documented, evidence for a similar signifi-
cance of this mechanism in species of the Oedionychina is still 
pending. Chemical defense mechanisms (including aposematism) 
frequently occur in Chrysomelidae, but evidence for sequestration 
of secondary plant compounds for defense is much rarer, given 
the enormous species richness of this beetle family and its in-
timate associations with their host plants. This could well indicate 
that successful adaptation to host plants, providing an additional 
anti-predator mechanism through sequestration of plant defense 
compounds, ultimately leads to increased diversification in these 
groups of Alticini.

To date, our taxon sampling is the largest for Alticini, yet it still 
represents probably less than 10 percent of the described alticine spe-
cies. In addition, mitogenome data may not be optimal for inferring 
deeper phylogenetic relationships within this group. Nevertheless, 
our study highlights the potential of Alticini as a model group to 
understand the macroevolutionary mechanisms that have shaped the 
close interactions between herbivorous insects and their host plants. 
Future studies should focus on additional genomic data to consoli-
date the phylogenetic relationships. We hope that our findings will 
encourage studies on the potential causes of rapid radiations in 
Altica and Oedionychina. Especially the latter represent one of the 
largest chrysomelid radiations in the Americas.

Supplementary Material
Supplementary material is available at Insect Systematics and Diversity online.
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