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Abstract

Understanding the early evolution of ants has been hindered
by conflicting phylogenetic hypotheses and methodological
inconsistencies across studies. In Cai (2024), I reanalyzed
both Sanger-sequencing and genome-scale datasets of ants
using rigorous model comparison and methods that account
for among-site compositional heterogeneity to identify the
sources of phylogenetic conflict. The results showed that the
11-loci datasets in Borowiec et al. (2019) failed to resolve
deep ant relationships and could not determine the position
of Martialis heureka. Analyses of the genome-scale data
further revealed that the placement of key lineages depends
strongly on model fit. Bayesian cross-validation and posterior
predictive assessments demonstrated that the infinite mixture
CAT-GTR+G4 model substantially outperforms empirical
finite mixture models, providing robust support for the
Leptanillinae-sister hypothesis. Criticisms by Boudinot &
Lieberman (2025) regarding the study design, model choice,
and convergence assessments stem from misinterpretations
of the analytical framework. The matrices in Cai (2024)
were explicitly designed to test model performance under
controlled subsampling and filtering schemes, and all
analyses showed consistent results across datasets. The
findings reaffirm that accurately modelling among-site
compositional heterogeneity is essential for resolving the
backbone phylogeny of ants, and that under the best-fitting
models, Martialis heureka occupies a well-supported
position as sister to all non-leptanilline ants.
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Introduction

In Cai (2024) (C24), I reanalyzed the published Sanger-
sequencing and genome-scale datasets of ants using
model comparison and methods that model among-site
compositional heterogeneity to understand the sources
of conflict in phylogenetic studies. I showed evidence

that the 11-loci datasets from Borowiec etr al. (2019)
(BEA) failed to resolve the deeper phylogeny of ants,
and the position of Martialinae cannot be determined.
Moreover, my analyses of genome-scale datasets from
Romiguier et al. (2022) (REA) identified contentious
nodes in ant phylogeny whose resolution is modelling-
dependent. Based on Bayesian cross-validation and
posterior predictive model checking, I showed that the
infinite mixture CAT model outperforms empirical finite
mixture models (C20, C40, and C60) and that, under the
best-fitting CAT-GTR+G4, Martialis heureka Rabeling &
Verhaagh, 2008 is sister to all ants except Leptanillinae
(the Leptanillinae-sister hypothesis), rejecting the
Leptanillomorpha hypothesis supported under worse-
fitting models (Romiguier et al., 2022) (Fig. 1).

Boudinot & Lieberman (2025) (BL) criticised the
study design and reporting in C24 without any further
Bayesian analyses, Instead, they performed a single,
overly simplistic maximum-likelihood analysis in 1Q-
TREE2 using automatic model selection, which recovered
Leptanillinae as the earliest-diverging ant lineage (see BL
supplementary material). First, they chose not to discuss my
results regarding the inefficacy of the 11-loci datasets from
BEA, arguing that these data ‘are known to be insufficient
to confidently resolve the phylogenetic problem at hand’.
The absence of discussion is misleading, given that it
constitutes one of the two main components of my study
design. My reanalyses of the Sanger-sequencing data
indicated that such small matrices were insufficient for
resolving the deep phylogeny of ants, disagreeing with the
Leptanillomorpha hypothesis proposed in BEA. Second,
BL criticized 1) the study design (matrix preparation and
model fit), 2) the model testing, and 3) the reporting of
Bayesian analyses in C24, and finally claimed that CAT-
GTR does not meaningfully resolve the phylogeny of
ants.

As distinctly indicated in the title and abstract, C24
focused on the “ant backbone phylogeny”, that is, the
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FIGURE 1. Competing hypotheses of ant backbone phylogeny. Simplified rejected topology under LG4X and empirical finite

mixture models, showing the relationships of the four major lineages of ants (left) and simplified topology of the preferred tree

in C24 under CAT-GTR (right).

resolution of the deepest nodes within the ant tree of
life, rather than on the broader “ant phylogeny” which
concerns the placement and relationships among more
recently diverged subfamilies. C24 clearly stated that the
remaining incongruences in poneroid relationships among
different studies remain to be addressed by future studies.
Despite the misleading title of BL, I reiterate here that
ant backbone phylogeny can be resolved by modelling
among-site compositional heterogeneity in genome-scale
data.

Matrix preparation is key to the general conclusion
of C24, so it was carefully considered and tested. It
is common sense in modern phylogenomics that the
infinite mixture CAT model can be too computationally
demanding for huge phylogenomic datasets (Whelan &
Halanych, 2017: table 4; Fleming et al., 2023; Kapli et
al., 2021; Tihelka et al., 2021), such as the two original
supermatrices in REA. Although REA were clearly aware
of the significance of modelling among-site compositional
heterogeneity in suppressing long-branch-attraction artefacts
(Kapli et al., 2020, 2021; Tihelka et al., 2021), they
opted to only use the much faster site-heterogeneous
LG+C20+F+G-PMSF (posterior mean site frequency)
model and skipped computationally heavy model
comparison. As stated in the Method of C24, that was also
one of the reasons why the original supermatrices of REA
were not computed under CAT in C24. C24 chose to test
the impact of the application of the empirical finite mixture
models (C20, C40, and C60) and the infinite mixture CAT
model to carefully prepared datasets with more balanced
sampling, focusing on the deeper phylogeny of ants (or
the placement of Martialis). C24 considered the potential
impact of subsampling and data filtering on tree inference
and conducted sensitivity tests to rule out its influence. In
C24, Matrix 1 (38 taxa, 647,114 amino acid [AA] sites)
was formed after removing constant sites, which was a
useful method to speed up heavy PhyloBayes runs, and

it has been widely used for inferring deep phylogenies of
various life forms (Cunha et al.,2022; Laumer et al., 2018;
Mulhair et al., 2022; JanouSkovec et al., 2017; Strassert &
Monaghan, 2022; Ochoa de Alda et al., 2014; Philippe et
al., 2019). Matrix 2 was generated with the default setting
in BMGE (-m BLOSUMSG62, -h 0.5) to remove potential
saturated amino acid sites (Criscuolo & Gribaldo, 2010).
This filtering setting has also been widely used as a default
step in phylogenomic analyses of deeper relationships (Li
et al., 2023; Martijn et al., 2018; Zaremba-Niedzwiedzka
et al., 2017). Matrix 3 (47 taxa, 95,201 sites), formed
with a stringent setting to select slow-evolving sites, was
designed to compare with Matrix 2 (47 taxa, 623,908
AA sites), as both have the same taxon sampling but
different trimming parameters. In the phylogenetic
analyses of C24, both matrices behaved in a similar
way: under simpler models (LG4X and LG+C20, C40
and C60), the Leptanillomorpha hypothesis was strongly
supported, but under CAT-GTR+G4, the Leptanillinae-
sister hypothesis was maximally supported. Additionally,
C24 designed a subsampled (but not trimmed) matrix to
test the effect of subsampling on phylogenomic analyses.
Matrix 4 (17 taxa, 1,692,050 AA sites) was a subset of
the original 4,151-gene supermatrix. Like Matrix 2
and Matrix 3, phylogenetic analyses based on Matrix 4
behaved consistently. For Matrix 5, all models pointed
to a consistent tree supporting the Leptanillinae-sister
hypothesis. Collectively, it is obvious that subsampling
of taxa and sites has no negative effects on phylogenetic
inferences, and the inconsistent placement of Martialis
among analyses in C24 was caused by adequately
modelling among-site compositional heterogeneity. BL’s
assertions regarding the impact of subsampling on the
phylogenomic analyses are not true.

Modelling of amino acid replacement is central to
phylogenomic inference, particularly so when dealing
with deeper relationships and rapid radiations (Kapli ef al.,
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2021). Model comparison is a challenging yet crucial step
in phylogenomic analyses. In the original study by REA,
they arbitrarily selected the LG+C20+F+G-PMSF model
as so to mitigate systematic error and used the result as their
main tree, but they did not compare it with other better-
fitting models such as the C60 and CAT. As mentioned in
C24, the selection of this particular model was apparently
a compromise since runs of supermatrices under the C40
and C60 models are computationally expensive in terms
of both running time and memory requirements. The
partition model in REA (advocated by BL) was selected
from a limited collection of site-homogeneous models,
and this strategy has been proven to behave worse than
the CAT model (Feuda et al., 2017). BL correctly cited the
efficacy of CAT-GTR that better approximates biological
reality and fits well (Giacomelli ez al., 2022), but they
failed to correctly understand how the model works. As
convincingly demonstrated in Giacomelli et al. (2022),
CAT uses more frequency categories but the advantage
of Bayesian methods (Fabreti & Hohna, 2022) is that
they allow the complexity of the model to be tuned to
the analyzed dataset and more adequately describe it.
Even if all matrices generated in C24 were across-site
compositionally homogeneous ones, PhyloBayes would
effectively analyze the data under a GTR model, rather
than using an over-parameterized model with hundreds of
site-frequency categories (Cai et al., 2024; Giacomelli et
al., 2022). This property of CAT-GTR is critical, but it was
often misunderstood by critics of CAT-GTR, including
Boudinot and colleagues (Boudinot et al., 2022; Boudinot
& Lieberman, 2025). As suggested in previous studies
(Feuda et al., 2017; Giacomelli et al., 2022), absolute
goodness-of-fit tests (such as posterior predictive analysis
[PPA]) were used by C24 to discriminate models. The
analyses showed that LG+C20 (and C40, C60 models)
describes the across-site compositional heterogeneity
of Matrix 3 poorly, and worse than CAT. This result is
congruent with those of Bujaki & Rodrigue (2022), who
demonstrated in simulations that free finite mixtures
(CAT-GTR+G4) consistently outperform empirical finite
mixtures.

It is absolutely true that convergence and mixing
checking are important in PhyloBayes analyses, and
that is why I generated smaller matrices to understand
the ant backbone phylogeny. However, regarding the
convergence of Bayesian runs in C24, the claims of BL
are all subjective speculations that stemmed from their
misunderstanding of PhyloBayes. C24 clearly reported
in supplementary figure captions (see figs S1-S5 in
Cai, 2024) the required statistics for an acceptable
PhyloBayes run (Lartillot, 2020; Lartillot et al., 2013).
As in similar studies using PhyloBayes (Feuda et al.,
2017; Lozano-Fernandez et al., 2019a, b), C24 showed
all convergence statistics, including total number of

cycles, burnin, maxdiff (using bpcomp), and minimal
overall effsize (using tracecomp), except for Matrix 2 due
to its large size (bpcomp maxdiff/meandiff = 0). If BL
referred to the manual of PhyloBayes, they would have
easily understood that tracecomp generated the effective
sizes for all parameters recorded in the trace files, and
bpcomp produced the largest discrepancy observed across
all bipartitions. C24 showed all required convergence
and mixing statistics for focal analyses, and this is in
accordance with the practice of PhyloBayes runs. Rather
than engaging in criticisms of others’ analyses, BL should
have rerun even just one PhyloBayes analysis using the
freely available matrices in C24.

Regarding cross-validation of C24, Boudinot &
Lieberman (2025) again misunderstood the method C24
used. C24 mentioned many times that, leave-one-out
cross-validation and the widely applicable information
criterion, a new method recently implemented in
PhyloBayes v. 1.9, were used (Lartillot, 2023), but not
cross-validation as in older versions of PhyloBayes. The
quality of C24’s estimation was evaluated based on ESS
statistics, including %(ess<10) and f(ess<10). Both values
in C24 were satisfactory (less than 0.1) and were freely
accessible in the Dryad Digital Repository (Cai, 2024).

Besides the misunderstandings mentioned above, BL
made numerous mistakes in understanding the models
used in C24: 1) LG4X+R is not a site-homogeneous
model, because it uses four amino acid replacement
matrices summarizing the biochemical properties of
amino acids (Le et al., 2012); 2) For empirical finite
mixture models, C24 used the PMSF model (Wang et
al., 2018) in many cases; and 3) GHOST (LG+FO*H4)
is defined as a heterotachous model (Crotty et al., 2020),
but not site-homogeneous one as in an earlier version of
BL.

To my surprise, BL incorrectly adopted the
reviewer’s misunderstanding regarding the distinction
between among-site compositional heterogeneity and
among-lineage compositional heterogeneity (the same
reviewer who had recommended rejection of my Reply
to BL during the review process in Communications
Biology). Throughout Cai (2024), including the title,
abstract, and main text, I consistently referred to among-
site compositional heterogeneity and never suggested
that CAT-GTR can model among-lineage compositional
heterogeneity (differences in the nucleotide/amino
acid composition across taxa caused by adaptation to
local habitats or lineage specific substitutional biases;
Tihelka et al., 2021). The term among-site compositional
heterogeneity, rather than the ambiguous term site
heterogeneity used in BL (as advocated by the reviewer),
is the one commonly used in the phylogenomic literature
(e.g., Feuda et al., 2017; Kapli et al., 2020, 2021; Liu et
al., 2014; Schrempf et al., 2020; Tihelka et al., 2021).
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Simply put, site heterogeneity used in BL is an imprecise
term in phylogenetics, since it may refer to among-
site compositional heterogeneity (commonly modeled
with CAT models) or among-site rate heterogeneity
(commonly modeled with a Gamma distribution)
(detailed in Tihelka et al., 2021). Regrettably, it appears
that many contemporary taxonomists (e.g., Boudinot &
Lieberman, 2025) lack a firm grasp of basic phylogenomic
principles—for example, the distinction between among-
site and among-lineage compositional heterogeneity. This
shortfall leads to terminological conflation and confusion
and methodological misapplication in the literature,
and highlights the need for improved training and more
rigorous peer review in phylogenomics.

In summary, the conclusion in Cai (2024) stands
firm and clear: Martialis heureka is sister to all extant
ants except Leptanillinae, as supported by the best-fitting
CAT model. The synapomorphies of Leptanillomorpha
claimed in Boudinot et al. (2022) could be a consequence
of convergent evolution.
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