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Rhaphidophoridae (cave crickets) are a captivating group of wingless
crickets that comprises nine extant subfamilies, with a distribution spanning
the globe, excluding Antarctica'. Due to their limited mobility, each rha-
phidophorid subfamily exhibits a high degree of endemism'. Elucidating
robust phylogenetic relationships among these subfamilies will greatly
enhance our understanding of the evolutionary and biogeographic history
of this intriguing group. In a recent study by Kim et al. [KIM24]*, a Sanger
sequencing-based phylogeny of Rhaphidophoridae was presented,
encompassing all extant subfamilies. Notably, the enigmatic subfamily
Anoplophilinae was included for the first time, alongside Tropidischinae
and Gammarotettiginae’. Based on their phylogenetic analysis, divergence-
time estimation, and deep-time biogeographic reconstruction, two key
insights emerged: (1) Anoplophilinae are the sister group to Gammar-
otettiginae; and (2) Geological events coincide with lineage diversifica-
tion events and potentially promoted rhaphidophorid divergence, such as
the origin of Gammarotettiginae in East Asia and its dispersal to western
North America via the Beringia land bridge, and the separation of
Ceuthophilinae from Tropidischiinae in North America influenced by
the opening of the Western Interior Seaway’. However, upon reanalyzing
the original datasets from KIM24 using both maximum likelihood (ML)
and Bayesian inference (BI) methods, we find that the reproducibility of a
consistent topology is not guaranteed based on repeated experiments,
due to weak phylogenetic signals. We also show that the tree topology
may change significantly based on a better-fitting site-heterogeneous
model. Consequently, the phylogenetic relationships within Rhaphido-
phoridae proposed by KIM24 are not robust, and the downstream
timetree and biogeographic reconstruction are challenged by the topo-
logical uncertainty.

In the analysis of the 110-taxa matrix, we observed the same topology at
the subfamilial level as produced by KIM24 in repeats 4 and 5 under the
partitioned method, and repeats 1 to 3 under the GTR-restricted partitioned
method (Supplementary Figs. 8, 9, and 11-13). However, in most cases,
regardless of the partitioned or other methods, the reproducibility of
KIM24’ results were limited (Supplementary Figs. 1-7, 10, 14, and 15). In
our results, the monophyly of rhaphidophorid subfamilies was well sup-
ported in both ML and BI analyses, except for the undersampled sub-
families, such as Gammarotettiginae, which included only one species, and

the controversial Anoplophilinae, which excluded the genus Alpinoplophi-
lus (Fig. la).

KIM24 suggested that the most recent common ancestor of the Rha-
phidophoridae diverged into two main lineages”. Furthermore, the study
revealed that the three Asian subfamilies did not form a monophyletic
group’. Instead, the Asian subfamily Anoplophilinae was found to be
grouped with Gammarotettiginae from the west coast of North America,
indicating a more complex evolutionary relationship’. However, this rela-
tionship was unstable, as it could not be reproduced by their molecular clock
dating tree, and which was why they used a manipulated topology with the
node constrained”. In our analysis, the clade (Anoplophilinae+
Gammarotettiginae) occurred under partitioned methods but consistently
with low support (Supplementary Figs. 4-15). Surprisingly, the mysterious
Gammarotettiginae emerged as the first-diverging lineage, strongly sup-
ported by BI analyses under both CAT-GTR + G4 and GTR models, albeit
with relatively weak support from the ML analysis under the GTR + F +
I+ G4 model (Supplementary Figs. 1-3). Meanwhile, the three Asian
subfamilies were clustered into a monophyletic group (Fig. 1a). Within the
Asian lineages, Anoplophilinae diverged first as the sister group to (Rha-
phidophorinae + Aemodogryllinae) (Fig. 1a). Our results suggest that the
straight dorsal profile and denticles at the apex of the upper margin of the
upper valve of the ovipositor could be symplesiomorphies.

In KIM24, Macropathinae were identified as the sister group to
((Gammarotettiginae + Anoplophilinae) + (Rhaphidophorinae + Aemo-
dogryllinae))’. However, our analysis supported another topology, sug-
gesting that Macropathinae may also be the sister group to the clade
containing all four lineages from North America and the Mediterranean
Region, albeit with generally low support (Fig. 1a). Consequently, this
underscores the need to maintain skepticism regarding the precise phylo-
genetic position of Macropathinae. Within Macropathinae, taxa from
Australia were not monophyletic, while the phylogenetic placement of
Micropathus remains unresolved, consistent with the findings of KIM24.
However, diverging from the conclusions of KIM24, taxa from South
America were also not monophyletic under the CAT-GTR+ G4
model (Fig. 1a).

In KIM24, Troglophilinae were inferred as the sister group to Doli-
chopodainae from the Mediterranean region in the ML analysis, while in the
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Fig. 1 | Phylogeny of Rhaphidophoridae. a Combined results of our phylogenetic
analyses based on the 110-taxa matrix from KIM24 under both ML and BI methods.
The topology is derived from the Bayesian inference under CAT-GTR + G4 in
PhyloBayes. Square represents the corresponding analysis and coloured for indi-
cating node support (support values of each phylogenetic tree are shown in
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Supplementary Appendix). b LOO-CV and the wAIC scores of CAT-GTR and GTR
models. ¢ PPC results under CAT-GTR and GTR models. Both p and Z values
indicated that CAT-GTR fit the dataset better. AAnoplophilinae, Ceu. Ceuthophi-
linae, GGammarotettiginae, Rh Rhaphidophorinae, T Tropidischinae.
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BI  analysis, it was resolved as the sister group to
(Ceuthophilinae + Tropidischiinae)’. However, in our BI analysis, the for-
mer relationship was relatively robustly supported under the CAT-
GTR + G4 model, whereas the latter was upheld under the GTR model
(Supplementary Figs. 1 and 2). Additionally, the relationship placing Tro-
glophilinae as sister to (Ceuthophilinae + Tropidischiinae) was corrobo-
rated in the ML analyses under GTR + F + I + G4 model and in some cases
of partitioned analysis (Supplementary Figs. 3, 5-7, 10, and 15). Notably, a
peculiar finding concerning the genus Ceuthophilus, which was not men-
tioned in KIM24, is that the species C. gracilipes consistently clustered with
Daihinibaenetes giganteus, rendering Ceuthophilus paraphyletic. This
situation aligns with our analysis, except for the CAT-GTR + G4 model,
which supports the monophyly of Ceuthophilus (Fig. 1a).

Collectively, we observe that the inter-subfamilial relationships of
Rhaphidophoridae remain uncertain. The results from ML methods are still
unstable even after multiple repetitions, and they are difficult to reconcile
with the Bayesian results. By utilizing the site-heterogeneous CAT-
GTR + G4 model, it is expected to mitigate systematic errors, well repre-
sented by the monophyly of Ceuthophilus. Additionally, our model com-
parison reveals that CAT-GTR significantly outperformed the site-
homogeneous GTR model, a finding that is also confirmed in practical
applications™. Our analyses highlight the significance of model comparison
and modeling among-site heterogeneity in small nucleotide datasets.

Regarding the reanalysis of the 111-taxa matrix, the phylogenetic
relationships within Rhaphidophoridae, as revealed by KIM24, were
consistently recovered under the partitioned model (Supplementary
Figs. 17-22). However, the topology inferred from the CAT-GTR + G4
model exhibited significant changes. Similar to the results based on the
110-taxa matrix, Gammarotettiginae did not cluster with Anoplophilinae
but instead occupied a more basal position, attracted by Comicus cam-
pestris and placed within the outgroup (Supplementary Fig. 16). Although
the 111-taxa matrix was not the original dataset used for phylogenetic
analysis in KIM24, these results suggest that the CAT-GTR + G4-based
findings from the 110-taxa matrix might also be influenced by long-branch
attraction (Fig. la). In any case, the results of this analysis further increase
the uncertainty in the phylogeny of Rhaphidophoridae.

Consequently, the current data are far from sufficient to resolve the
phylogeny of Rhaphidophoridae. The Sanger-sequencing dataset contains a
high proportion of missing data, with key species such as Gammarotettix
genitalis represented by only a single gene (601 sites). This lack of sufficient
phylogenetic signal leads to inconsistent topologies across different models,
and even within the same model under repeated analyses. Reconstructing
the biogeographical history is crucial for understanding the evolutionary
dynamics of Rhaphidophoridae. However, without a robust and well-
supported phylogeny, such reconstructions lack a solid foundation. Future
studies should prioritize the integration of genome-scale data, exploring
complementary models and analytical methods, to address the outstanding
evolutionary questions surrounding Rhaphidophoridae.

Method

KIM24 initially sampled a total of 109 ingroup taxa and 3 outgroup taxa for
their phylogenetic analysis’. However, in their divergence time estimation
using MrBayes 3.2.62, a program limitation restricted the retention of only a
single outgroup’. As a result, Camptonotus carolinensis and Tettigonia vir-
idissima were excluded from the original matrix used for phylogenetic
inference”. To ensure scientific rigor and reproducibility, the most appro-
priate matrix for our phylogenetic reanalysis would have been the 112-taxon
matrix employed by KIM24. However, upon careful examination of the
publicly available matrices prior to our reanalysis, we identified that the 112-
taxon matrix’ (designated as FcC_supermatrix.fas, from Zenodo Digital
Repository, https://doi.org/10.5281/zenod0.8026258) does not include the
ingroup taxon Parvotettix sp. (Macropathinae), resulting in an actual count
of 111 taxa. In contrast, the MrBayes-calibrated dataset’ (designated as
MrBayes_Rhap_calibrated.nex, from Zenodo Digital Repository, https://
doi.org/10.5281/zenodo.8026258)  retained consistency in ingroup

composition with the original 112-taxon matrix. Given our objective to
evaluate the reliability of evolutionary relationships among the subfamilies
within Rhaphidophoridae and to maintain stringent control over variables,
we proceeded with ML and BI analyses using the 110-taxon dataset, which
includes Comicus campestris as the sole outgroup”. The 110-taxa matrix
comprises 3151 base pairs of nucleotide sequences, with 888
informative sites.

To reexamine the ML analysis results from KIM24, we performed an
ML analysis using IQ-TREE v2.2.2.7°, employing partitioned analysis for the
dataset’. The optimal partitioning scheme and recommended models for
each partition were provided by ModelFinder’. Additionally, we tested a
partitioned analysis under the GTR-restricted model (-mset GTR) and an
unpartitioned analysis under the GTR + F + I+ G4 model in IQ-TREE.
Each partitioned analysis was repeated five more times to assess the
reproducibility of the ML results. Branch supports were evaluated using
1000 replicates for ultrafast bootstrap approximation (UFBoot) with the
-bnni option to mitigate potential overestimation of branch supports due to
severe model violations’. The BI analysis was conducted under both the
CAT-GTR + G4 and GTR models, with two independent runs for each in
PhyloBayes MPI v1.9"’. The CAT-GTR + G4 model, a free finite mixture
model, is a better-fitting model of nucleotide substitution for addressing
compositional heterogeneity''. When performing a CAT-GTR analysis, the
across-site compositional heterogeneity within the dataset is estimated, and
the number of site-frequency categories required to adequately describe this
heterogeneity is inferred'>”. This demonstrates that, theoretically, CAT-
GTR does not overfit the analyzed datasets, even when applied to compo-
sitionally homogeneous datasets'”. Convergence parameters for the runs
were assessed using the bpcomp (maxdiff <0.3) and tracecomp (reldiff <0.1
and minimum effsize >300) programs implemented in PhyloBayes'*'".
Additionally, we conducted ML and BI analyses on the publicly available
111-taxa matrix using partitioned models (with 6 replicates) and the CAT-
GTR + G4 model, respectively.

For model comparison, the leave-one-out cross-validation (LOO-CV)
score and the widely applicable information criterion (WAIC) were
computed”. The scores of LOO-CV and wAIC were closely aligned, sug-
gesting that wAIC serves as a reliable approximation of LOO-CV. ACV and
AwAIC were calculated as the difference in the estimated predictive per-
formance between the two tested models. As illustrated in Fig. 1b, the CAT-
GTR model exhibited a superior fit to the dataset compared to the GTR
model, as indicated by both LOO-CV (ACV =-9.9248 + 10.4869 =
0.5621) and wAIC (AWAIC = —9.9236 + 10.4860 = 0.5624). Consequently,
topologies reconstructed with the CAT-GTR + G4 model were adopted as
the preferred tree for elucidating relationships of rhaphidophorid
subfamilies.

Posterior predictive checking implemented in PhyloBayes was
employed to evaluate the goodness-of-fit of the models utilized in our
phylogenetic analyses. The p values indicate the extent to which the model’s
predictions align with the observed data. The p value for the CAT-GTR
model was 0.768, suggesting that the model’s predictions correspond rea-
sonably well with the observed data. Conversely, the p value for the GTR
model was 0, indicating a poor fit between the model’s predictions and the
observed data (Fig. 1c). Furthermore, the Z-score quantifies the number of
standard deviations the observed diversity deviates from the mean predicted
diversity. For the CAT-GTR model, the Z-score was —0.728845, suggesting
that the observed diversity is slightly lower than the mean predicted
diversity. In stark contrast, the GTR model yielded a Z-score of 12.0264,
signifying a substantial discrepancy between the observed diversity and the
mean predicted diversity (Fig. 1c). Overall, these results demonstrate that
CAT-GTR provides a significantly better fit to the data.

Data availability

The experimental data and results that support the findings of this study are
available in GitHub repository with the identifier https://github.com/
wyhhexa/Uncertainties_in_the_phylogeny_and_biogeography_of cave_
crickets.git.
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