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Abstract.—Genome-scale data sets are resolving challenging nodes across the tree of life. These data sets, however, 
characterized by inherent heterogeneity, often push traditional phylogenetic reconstruction methods to their limits. By 
integrating multiple phylogenomic approaches, we can identify the causes of topological discordance within genomic 
partitions while accounting for various sources of heterogeneity and systematic errors. Here we conduct the first in-depth 
analysis of discordance for the reef family Pomacanthidae (marine angelfishes) using target enrichment data of ~1,000 
ultraconserved elements from 45 pomacanthid species. Our combined phylogenomic approach resolved the systematics of 
the family at the base of the pomacanthid tree. Despite this resolution, our analyses also highlight discordance in ancestral 
nodes associated with the paraphyletic Centropyge genus and monotypic Pygoplites lineage, and the impact of incomplete 
lineage sorting in the evolutionary history pomacanthids. Species network searches and model selection supported a 
reticulated evolutionary history suggesting 3 ancient gene flow events between ghost (or unsampled) lineages at the 
root of the Pomacanthidae tree and ancestors of Genicanthus, Centropyge, Chaetodontoplus, and Pomacanthus lineages. This 
study advances our understanding of diagnosing topological discordance in genome-scale phylogenies and provide an 
analytical pathway for limiting systematic errors. In the process of diagnosing discordance, we identify key evolutionary 
processes involved in the complex evolution of marine angelfishes. While often inconvenient in phylogenetic analyses, 
patterns of discordance can shed light on underlying biological and evolutionary processes that shape the evolution of 
biodiversity. [keyword:  Phylogenomics; bioinformatics; discordance; reef fish; Pomacanthidae; UCEs.]

Advances in molecular high-throughput sequencing 
technologies have rapidly expanded the amount of 
genetic data available by several orders of magnitude, 
prompting an increased use of genome-scale data sets 
in phylogenetic studies (Lemmon and Lemmon 2013; 
Kumar et al. 2019). This has helped to build and improve 
upon the nodal resolution from previous single or mul-
tiple gene approaches of lineages across the Tree of Life 
(Delsuc et al. 2005; Dunn et al. 2008; Misof et al. 2014; 
Streicher and Wiens 2017; DiBattista et al. 2018; Chan 
et al. 2020). However, this increased capacity for phy-
logenomic inferences has highlighted important limita-
tions of current phylogenetic reconstruction methods. 
Large genome-scale data are inherently associated with 
a higher level of heterogeneity across genomic regions 
that reflects a complex combination of evolutionary and 
biological processes driving the evolution of lineages 
(Bravo et al. 2019). This heterogenous signal can lead 
to conflict among gene tree topologies, whereby each 
represents its own, potentially distinct, evolutionary 
artifact. Topological discordance can arise from various 
biological processes such as incomplete lineage sort-
ing (ILS), horizontal gene transfer, gene duplication or 
loss, hidden paralogy or hybridization (Nakhleh 2013; 
Steenwyk et al. 2023). It can also be a result of systematic 
errors such as flawed chimeric sequences, missing data, 
sequencing error, improper evolutionary modeling, 

methodological biases, errors in gene tree estimations, 
or long branch attraction uncertainty (Westover et al. 
2013; Roch et al. 2019; Steenwyk et al. 2023). ILS and 
introgression are likely the 2 biological factors that 
have received the most attention from scientists aim-
ing to bridge genomic variation and patterns of phy-
logenomic discordance (Edwards 2009). As a result, the 
ongoing development of phylogenomic methods has 
focused on integrating diverse sources of discordance, 
with few able to account for ILS, introgression, or their 
co-occurrence (Liu et al. 2009; Nakhleh 2013; Mirarab et 
al. 2014; Solís-Lemus and Ané 2016; Edelman et al. 2019; 
Kubatko and Chifman 2019). To account for variance in 
molecular data, a species tree must therefore be inferred 
from multiple single gene trees, which raises concerns 
on how adequate traditional species tree estimation 
methods developed for multi-locus approaches are for 
data sets on a whole or reduced genomic scale.

The widely used ML concatenation method using 
nonparametric bootstrap proportion to estimate branch 
support (CA-ML hereafter), has been questioned for 
oversimplifying the complexity of molecular evolution 
and biological processes at the root of phylogenetic dis-
cordance. One of the core issues being that estimation of 
node uncertainty is directly linked to the size of the data 
set as it is calculated based on the variance of resampled 
sites. While the degree of missing data was a relevant 
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criterion to measure stochastic error in multiple genes 
approaches, for large genome-scale data sets contain-
ing a higher number of sites relative to the number of 
taxa, it can result in overinflated bootstrap proportions 
and misleading phylogenetic inferences (Collins et al. 
2005; Kubatko and Degnan 2007). Additionally, CA-ML 
ignores gene tree heterogeneity by assuming that all 
genes in the concatenated alignment evolved following 
a similar evolutionary history. An assumption that is 
often violated by the various biological processes previ-
ously outlined. Consequently, the CA-ML approach has 
often been combined with coalescent-based methods, 
which are statistically consistent under the multispecies 
coalescent (MSC) model and aim to take into account 
the heterogeneity caused by ILS (Pamilo and Nei 1988; 
Kubatko and Degnan 2007, 2007; Larget et al. 2010). 
However, coalescent-based approaches coupled with 
species tree inferences, known as “summary methods” 
assume that the pre-estimated gene trees are correct 
and are therefore, expectedly sensitive to gene tree esti-
mation error (GTEE, Patel et al. 2013; Chou et al. 2015; 
Molloy and Warnow 2018), which can lead to erroneous 
species trees (Gatesy and Springer 2013).

Problems with species tree reconstruction stemming 
from GTEE are increasingly likely to occur with reduced 
genomic representation data set such as targeted (e.g., 
ultraconserved element or exon capture) or RADSeq 
captured data sets, which are composed of short align-
ments or short loci often including few informative 
sites. These data often produce many gene trees with 
low phylogenetic signal (Betancur et al. 2014; Singhal et 
al. 2017; Karin et al. 2020). To palliate the GTEE issue in 
coalescent-based methods while conserving evolution-
ary stochasticity, single-site-based coalescent methods 
like SVDquartets were developed (Bryant et al. 2012; 
Chifman and Kubatko 2014). While they resemble con-
catenated methods in their application, they estimate 
quartet trees instead of gene trees prior to inferring spe-
cies trees. In general, simulation studies have shown 
that CA-ML and SVDquartets methods might infer 
more accurate species trees than some coalescent-based 
approaches when levels of GTEE are high (Chou et al. 
2015; Molloy and Warnow 2018). In contrast, under 
low GTEE, coalescent-based methods generally always 
performed better regardless of the degree of ILS 
(Edwards et al. 2016; Mirarab et al. 2016; Molloy and 
Warnow 2018; Patel et al. 2013 but see; Kimball et al. 
2013; McCormack et al. 2013). Despite these limitations, 
currently available methods continue to contribute to 
our understanding of lineage evolution, provided that 
they are selected judiciously, taking into account factors 
such as the accuracy of gene tree estimation (e.g., biased 
from long branch attraction), the degree of ILS, and the 
nature of the data (e.g., exons vs. introns, short loci).

Combining complimentary phylogenomic meth-
ods proved to be a valuable approach for elucidating 
problematic areas of the Tree of Life, as it helped disen-
tangle the causes behind discordance in genome-scale 
data sets (MacGuigan and Near 2019; Meleshko et al. 

2021; Morales-Briones et al. 2021; Owen and Miller 
2022; Smith et al. 2022). As the most diverse group of 
vertebrates, fishes have long been of interest to evolu-
tionary scientists aiming to understand the drivers of 
species diversification, especially among the highly 
speciose assemblages associated with global coral reefs. 
Increasingly, reef fish biologists have turned to phylog-
enomic data sets and methods to explore evolutionary, 
ecological, and systematic questions (Longo et al. 2017; 
DiBattista et al. 2018; Santaquiteria et al. 2021; Yi-Kai et 
al. 2021; Nash et al. 2022; Hughes et al. 2023). However, 
to the best of our knowledge, only 1 study to date has 
investigated phylogenomic discordance in a reef fish 
lineage (Hughes et al. 2023). Yet their immense diver-
sity within the marine ecosystem presents a unique 
opportunity to explore the intricate interplay between 
environmental factors, biogeography, and speciation 
events. Thus, while phylogenomics have primarily 
been applied to identify areas of discordance within 
reef fish phylogenies, they can also help to link these 
discordance patterns to biological and speciation pro-
cesses to further our understanding of reef fish lineage 
evolution.

With 90 recognized species (Fricke et al. 2023), marine 
angelfishes (F: Pomacanthidae) represent a compara-
tively small family of reef fish species. Their vibrant and 
unique markings have earned them the status of iconic 
reef inhabitants worldwide, propelling them to become 
one of the most exported reef fish family in the marine 
ornamental fish trade (Wabnitz 2003). Some areas of 
the Pomacanthidae evolutionary history have been 
challenging to resolve using a multi-locus approach, 
whereby the divergence of specific clades remained 
poorly supported (e.g., Holacanthus, Centropyge). The 
combination of long and short branches in previous 
phylogenies (Gaither et al. 2014; Frédérich et al. 2017; 
Baraf et al. 2019) for the family suggests successive 
rapid speciation events with increased chances of ILS 
and GTEE. Pomacanthids are also known for their 
propensity to hybridize where at least 48% of species 
have been reportedly involved in hybridization events 
(Tea et al. 2020). While ongoing and sustained gene 
flow between some contemporary pomacanthid spe-
cies is undoubtedly complicating species delimitation 
processes, it is not known if past introgression events 
might also be obscuring the resolution along the back-
bone of the family’s tree.

In this study, we apply multiple phylogenomic meth-
ods to a targeted capture data set of ultraconserved ele-
ments (UCEs) to explore the causes behind unresolved 
areas of Pomacanthidae evolutionary history. We exam-
ine topological congruence among species trees inferred 
from CA-ML and summary methods. Finally, to evalu-
ate the potential for ancient introgression, we estimated 
the proportion of introgressed loci using gene tree trip-
lets and inferred phylogenetic network inferences with 
maximum pseudo-likelihood (MPL) under the MSC 
model. This study furthers our understanding and abil-
ity to diagnose causes of discordance in genome-scale 
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phylogenies and provides an analytical pathway for 
limiting systematic errors. It also helps to identify key 
evolutionary processes that shaped the complex evo-
lution of marine angelfishes and provides insights into 
underlying processes shaping reef fish diversification.

MATERIALS AND METHODS

Sample Collection, Library Preparation, and Target Capture 
of UCEs

The final phylogenomic reconstruction included 45 
species (Supplementary Table S3) of the 90 nominal 
pomacanthids within the family Pomacanthidae. Tissue 
samples (fin clips or muscle) were preserved in 80–100% 
ethanol and stored at −20 °C prior to extraction. DNA 
was extracted using DNEasy Blood and Tissue kits 
(Qiagen, Hildren, Germany) following the manufactur-
er’s instructions. Each sample was then quantified with 
a Qubit 2.0 Fluorometer using Qubit dsDNA BR Assay 
kits and Nanodrop spectrophotometer (Thermo Fisher 
Scientific Inc.) to measure DNA quality. DNA extracts 
were shipped to Arbor Bioscience (US) for library 
preparation and UCE targeted enrichment following 
MyBaits v.5.0 protocol using the acanthomorph probe 
set (Alfaro et al. 2018).

UCEs Extraction, Correction, Phasing, and Assembly

Demultiplexed reads were trimmed with the illu-
miprocessor wrapper program (Faircloth 2013) using 
the trimmomatic package (Bolger et al. 2014) and 
default parameters. Trimmed reads were then assem-
bled into contigs using the SPAdes v. 3.10 (Bankevich 
et al. 2012) in the Phyluce v.1.7.1 program (Faircloth 
2016). Following the Phyluce workflows (https://
phyluce.readthedocs.io/en/latest/daily-use/daily-
use-4-workflows.html), we first mapped assembled 
contigs and exploded fasta files respectively to the 
trimmed raw reads, marked duplicates, and calcu-
lated contig coverage for all contigs and UCE matched 
contigs. Resulting BAM files were then used to correct 
assembled contigs by filtering out low-depth and low- 
quality base calls. Corrected contigs were then 
scanned for UCE loci matches against the fish-uce-1k- 
probes.fasta UCE probe set (Supplementary Fig. S1). 
UCE contigs were aligned with the Multiple Alignment 
using Fast Fourier Transform (MAFFT) aligner (Katoh 
et al. 2002) and because most time-calibrated phylog-
enies estimated a recent emergence of Pomacanthidae 
(between 30 and 70 Ma), alignments were edge-trimmed 
using phyluce_align_seqcap_align. The final alignment 
matrix included at least 95% of all samples in each locus 
(Supplementary Table S1).

To maximize per-locus information, we phased UCE 
data to account for variation from heterozygous sites, 
which is lost in contig assemblies. We first mapped 
the corrected exploded fasta files to the trimmed raw 
reads and used the resulting BAM files to phase alleles 

into new assemblies representing 0, 1, and combined 
0/1 haplotypes following the workflows outlined in 
Andermann et al. (2019). Haplotype assemblies were 
then implemented back into the Phyluce pipeline to 
produce three 95% complete alignment matrices [0; 1; 
0/1].

Phylogenomic Analyses

Alignment matrices for unphased and phased 
data were processed in IQ-TREE v.2.2.2 (Nguyen 
et al. 2015; Minh et al. 2020) and used to generate a  
concatenation-based species tree. We first ran 
ModelFinder (Kalyaanamoorthy et al. 2017) imple-
mented in IQ-TREE using the option -m MFP + MERGE 
to find the best-fitted model for our data and allowed 
for partition merging to reduce the potential for model 
overfitting. We then inferred a reference maximum- 
likelihood (ML) species tree by conducting an 
Shimodaira-Hasegawa approximate likelihood-ratio 
(SH-aLRT) branch test and measuring branch support 
with 1,000 ultrafast bootstrap replicates each, using the 
general time reversible (GTR) + G base substitution 
model and edge-linked partition model (Guindon et al. 
2010; Anisimova et al. 2011; Hoang et al. 2017).

To verify the topology of the reference tree generated 
by IQ-TREE, we inferred a ML tree in RAxML v.8.2.12. 
We first subsetted the corrected unphased data set to 
keep only 1 sample with the highest number of UCE 
contigs per species before partitioning UCE loci present 
in the concatenated alignment (95% taxon complete-
ness) following a sliding-window site characteristics 
method (Tagliacollo and Lanfear 2018). This entropy- 
based method aims to isolate the conserved core region 
of UCE markers from their variable flanking regions 
by dividing each locus into 3 data blocks. The result-
ing configuration file was used in PartitionFinder2 
(Lanfear et al. 2016) to run a rapid bootstrap analysis 
for best scoring ML tree for 1,000 bootstrap replicates 
using the best fitting partitioning model selected from 
the best 10% partition schemes, GTR + G substitution 
model, and using the fast relaxed clustering search 
algorithm. To test if the resolution of the CA-ML tree 
could be improved by identifying and removing influ-
ential genes, we followed the IQ-TREE Tutorial on 
the website workshop’s page (at http://www.iqtree.
org/workshop/molevol2022). We conducted a par-
titioned model analysis in IQ-TREE using the same 
alignments and partitioning scheme than those used 
to infer the RAxML tree. Best partitioning scheme was 
then selected by PartitionFinder2 by merging partitions 
when improving fitness to reduce the potential for over- 
parameterization. Finally, we concatenated the trees 
from single and partitioned models before conducting 
topology and approximately unbiased tests for 1,000 
bootstrap replicates using the best partitioning scheme. 
Subsequent comparisons between topologies inferred 
from single and partitioned models were conducted to 
identify genes that might be driving variance in phylo-
genetic signals. Results were filtered at 3 different levels 
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to examine variations in concordance factor (CF) values 
and topologies with the gradual removal of influential 
partitions linked to increasing log-likelihood difference 
(∆logL) between the 2 topologies.

To account for ILS and compare topologies from  
concatenation-based and summary methods phyloge-
nies, we first inferred a species tree from a set of gene 
trees under the MSC model in ASTRAL v.5.7.3 (Zhang 
et al. 2018). We generated individual gene trees for each 
UCE locus using partitioned ML analysis in IQ-TREE. 
To improve species tree estimation we collapsed all 
nodes with bootstrap values ≤ 30 with newick utilities 
v.1.6 and removed long branches from gene trees with 
TreeShrink (Mai and Mirarab 2018; Zhang et al. 2018). 
We then reran IQ-TREE on the new alignments and col-
lapsed all nodes with bootstrap values ≤ 30 a second 
time. Resulting trees were inputted in ASTRAL twice, 
to measure branch support as local posterior proba-
bility and with the option -t10 to test for polytomies 
(Sayyari and Mirarab 2018). Finally, the species tree 
was rerooted in FigTree v.1.4.4 (http://tree.bio.ed.ac.
uk/software/figtree/) and we ran a concordance fac-
tor analysis in IQ-TREE to compare values with those 
of the reference tree. To identify if resolution could be 
improved by removing rogue taxa, we subsequently 
ran the RogueNaRok algorithm (Aberer et al. 2013) 
on the tree obtained with the Accurate Species TRee 
ALgorithm (ASTRAL-III).

Concordance Factor Estimations, Anomaly Zone, and 
Alternative Topologies

To conduct concordance factor estimations, we gen-
erated individual gene trees for each UCE locus using 
partitioned ML analysis and randomly sampled 100 
quartets for each internal branch of the reference spe-
cies tree in IQ-TREE. Gene concordance factor (gCF) 
and site concordance factor (sCF) were estimated as the 
fraction of decisive gene trees and decisive alignment 
sites concordant for each branch, respectively. This 
will help to quantify and differentiate genuine discor-
dant signals caused by evolutionary processes such as 
ILS or introgression from those induced stochastically. 
To investigate the most supported alternative topolo-
gies, we use the -df-tree option in IQ-TREE. We then 
assessed the relationship between gCF and sCF values, 
and branch lengths (BLs) in coalescent units (number 
of generations/effective population size) obtained from 
MSC analyses. Shapiro–Wilk test of normality was first 
conducted on each variable and Spearman’s rank cor-
relation coefficient was used to calculated correlation 
coefficient (R) and P-value. To determine the propor-
tion of anomalous divergences, we calculated BL in 
coalescent units for each parent-descendant internode 
using the python script from Linkem et al. (2016) and 
the ASTRAL-III tree as an input. This approach calcu-
lates how many pairs of parent-child internodes fall 
under the anomaly zone (AZ) boundary as defined by 
the coalescent theory (Degnan and Rosenberg 2006), 

wherein the frequency of discordant gene tree is higher 
than the frequency of non-discordance gene trees.

Test of Introgression and Phylogenetic Network Estimations

Introgression signals were investigated using the 
Quantifying Introgression via Branch Lengths (QuIBL) 
python script (Edelman et al. 2019) to estimate propor-
tions of introgressed loci as a potential source of gene 
tree discordance. The program compares the distribu-
tion of internal BLs for each triplet topologies, whereby 
signatures of ILS and introgression can be translated 
into a 1-distribution and 2-distribution model, respec-
tively. Bayesian Information Criterion (BIC) scores 
(Schwarz 1978) are then calculated to evaluate the like-
lihood of these events. Two sets of gene trees were gen-
erated with IQ-TREE using a partitioned ML approach 
on a 100% complete matrix. Gene tree sets included 
15 pomacanthid species from the Chaetodontoplus, 
Pomacanthus, Holacanthus, and Pygoplites genera, and 15 
species from the Centropyge, Paracentropyge, Genicanthus, 
and Apolemichthys genera, respectively, both with 1 
Acanthurus species as an outgroup. Each pomacanthid 
clade was represented by at least 1 species, which was 
selected for highest number of contigs or systematic 
interest. As recommended by authors (Edelman et al. 
2019), parameters for likelihood precision threshold, 
number of steps, and scale factor were set to 0.01, 50, 
and 0.5, respectively.

We assessed the potential for reticulate or non-tree 
like evolutionary histories evolution by conducting phy-
logenetic species network estimations using the MPL 
approach implemented in PhyloNet v.3.8.2 (Than et al. 
2008; Yu and Nakhleh 2015; Cao et al. 2023). To alleviate 
computational demands, we reduced our data set to 11 
pomacanthid species with highest number of informa-
tive sites per clade, and 1 outgroup species of the family 
Acanthuridae. A total of 839 gene trees for each locus 
were generated using the RAxML.pl script (https://
github.com/JuliaPhylo/PhyloNetworks.jl). Five inde-
pendent network searches were conducted, allowing 
for 0 to 5 reticulation events, respectively. Each search 
included 5 runs where BLs and inheritance probabilities 
were optimized to calculate likelihood for every species 
network. We computed network likelihoods using the 
set of RAxML gene trees with the function CalGTProb 
(Yu et al. 2012). Pseudo-likelihood values for best scor-
ing networks were plotted in R and visualize in IcyTree 
(Vaughan 2017). Additional species network analyses 
were conducted on another set of 11 randomly selected 
pomacanthid species to verify the results. Model selec-
tion was performed using the Akaike information cri-
terion (Akaike 1973) and BIC (Schwarz 1978), where 
number of parameters was equal to number of BLs being 
estimated plus number of hybridization allowed follow-
ing (Yu et al. 2012). We calculated Akaike information 
criterion (AIC) weight scores to estimate conditional 
probabilities of each model following the equation by 
Wagenmakers and Farrell (2004). Analytical workflow is 
summarized in Fig. 1.
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Divergence Time Estimation

The original data set was reduced to 1 sample per 
species (45 pomacanthid species) and filtered the 
concatenated alignment (95% completeness) to only 
include the first 50 most parsimony-informative sites 
that all shared the most common substitution model 
determined by ModelFinder in IQ-TREE. Parameters 
for Bayesian inference were set in BEAUTi v.2.6.7 
(Drummond et al. 2012) as linked partitions across sites 
and trees, and unlinked molecular clocks. We applied 
an Hasegawa, Kishino and Yano (HKY) substitution 
model with empirical base frequencies and discrete 
gamma model including four rate categories G4 
(HKY+F+G4), an optimized relaxed clock and Birth-
Death model of speciation prior (Drummond et al. 
2006) to each partition. We calibrated the phylogeny 
to an absolute time by age-constraining 4 nodes using 
available fossil-based priors representing most recent 
common ancestors of Nasinae/Acanthuridae (Near 
et al. 2013), Zanclidae-Nasinae/Acanthuridae (Near 
et al. 2012), Chaetodontidae (crown, Carnevale 2006) 
and Chaetodontidae/Pomacanthidae (Micklich et al. 
2009) groupings following a log normal prior dis-
tribution (Supplementary Table S2). To reduce com-
putational demand, we used the tree obtained with 
RAxML as a starting tree and imposed monophyly 
on all clades except for Holacanthus and Pygoplites lin-
eages, which have sometimes been recovered as sister 
taxa in previous phylogenies. We conducted 3 inde-
pendent Markov chain Monte Carlo (MCMC) runs of 

400e6 generations each, sampling every 5,000th states 
in BEAST v.2.6.7 (Bouckaert et al. 2019) and assessed 
convergence in Tracer v.1.7.2 (Rambaut et al. 2018). 
Tree files were combined and resampled every 1e6 
states with 20% burn-in in LogCombiner v.2.6.7. Final 
maximum clade credibility (MCC) tree was gener-
ated from 1,203 lineage trees in TreeAnnotator v.2.6.7 
with median node height and highest posterior den-
sity (HPD) intervals.

RESULTS

After UCE contig correction and alignment trimming, 
concatenated alignment had a total length of 946,531 bp 
and contained 167,959 informative sites. Final 95% 
matrix (concatenated length 946,531 bp) included 880 
alignments, representing a 25% increase compared to 
uncorrected trimmed alignments. Both uncorrected and 
corrected alignments had comparable amount of miss-
ing data (Supplementary Table S1). Average GC-content 
across UCE loci was relatively low, approximately 39%. 
This study generated the first UCE-based phylogenetic 
tree for the family Pomacanthidae, which was highly 
congruent with previously published phylogenies 
for the family. While it resolved the diverging order 
between the 2 clades, Chaetodontoplus and Pomacanthus, 
at the base of the tree (Fig. 2), it also helped identifying 
multiple discordance patterns causing low nodal sup-
port across the pomacanthid tree.

Contig correction (PHYLUCE) 

UCE extraction (PHYLUCE) 

Trimmed raw reads

Contig phasing (PHYLUCE)

95-100% complete alignment matrix (PHYLUCE)

Concatenation + Maximum Likelihood (IQTree + RAxML)

Alternative topologies

Influential genes

Single locus trees

Concordance factors (IQTree)

Species tree

Gene tree correction

Species tree (ASTRAL-III)

Polytomy tests (ASTRAL-III)

Rogue taxa (RogueNaRok)

Species networks (PhyloNet)

Model selection (PhyloNet)

Introgression tests (QuIBL)

Data preparation

Introgression

SummaryConcatenation + ML

Anomaly zone*

Figure 1.  Summary of the analytical workflow used in this study. Bold letters in parentheses are bioinformatics softwares and asterisks are 
previously published studies: * following Linkem et al. (2016).
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Figure 2.  Species tree for 45 pomacanthid species generated by IQ-TREE v.2.2.2 from concatenated UCE alignments (95% taxon 
completeness, corrected contigs). Node numbers represent ultrafast bootstrap support values UFBoot < 95, gene (gCF) ≥ 50 and 75% and site 
(sCF) ≥ 50 concordance factors. Node letters represent nodes highlighted in Table 2. Photographs by François Libert, Jake Adams, Gregory 
McFall, and Klaus Stifel (CC BY-NY 2.0).
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Lineage Discordance and Topological Comparisons

The defined 50/50 zone for gCF/sCF values, which 
outlines a cluster of low concordance factor values (Fig. 
3a) highlights conflicting phylogenetic signal from sin-
gle locus trees, and decisive sites. Out of the 68 nodes 
(excluding outgroups), a total of 35 nodes (51%) were 
found in the “discordance box,” of which 25 nodes 
(37%) had less than 50% support from both single locus 
trees and sites. Concordance factor values ranged from 
3.06 to 49.45% for gCF and 32.5 to 68.35% for sCF (Fig. 
3a and Supplementary Table S4) with both CF values 
coinciding with lower bootstrap values (Supplementary 
Fig. S2). BLs ranged from 0.0002 to 0.005 and showed a 
positive correlation with both gCF and sCF (P < 0.001, 
Supplementary Fig. S3). No taxa were identified as 
a rogue lineage by RogueNaRok, indicating that the 

overall resolution of the reference species tree couldn’t 
be improved by removing 1 or multiple taxa. The 2 
topologies inferred from single and partitioned models 
did not have significant differences in their log likeli-
hood (ΔlogL = 21.109, P-value > 0.4, Supplementary 
Table S5a). However, we identified 32 partitions with 
ΔlogL over 10 between the 2 topologies (Supplementary 
Table S5b), 9 of which had ΔlogL ≥ 21 (Supplementary 
Table S5b), overall including 83 core, 132 left flank-
ing and 111 right flanking UCE regions. The removal 
of identified influential genetic regions (N = 32, 18, 9) 
following a 3 degree filtration (10 ≥ ∆logL ≥ 45.8, 13.8 ≥ 
∆logL ≥ 45.8, 21 ≥ ∆logL ≥ 45.8) led to similar topologies 
and generally higher gene tree conflict but equal sup-
port from informative sites in comparison to the refer-
ence species tree (Supplementary Table S6). Similarly, 
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Figure 3.  a) Relationship between concordance gene (gCF) and site (sCF) concordance factors, and UltraFast bootstrap values estimated 
with IQ-TREE across pomacanthid phylogenetic reconstruction. Box delimits nodes with combined sCF and gCF values ≤ 50. b) Phylogenetic 
tree generated by Astral-III tree with 30% threshold. Node labels are local posterior probability values ≤ 1, dashed branches show the 4 
anomalous edge pairs, black dots show nodes which failed to reject the polytomy null hypothesis α and should be replaced by a true polytomy 
(P ≥ 0.05) and orange dots correspond to nodes within the discordance box (sCF ≤ 50 and/or gCF ≤ 50) in the CA-ML tree.
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topologies inferred from phased UCE data were highly 
congruent, with discordant nodes not gaining addi-
tional support from CF values to the exception of a 
few Centropyge species (e.g., C. multispinis, C. tibicien, 
Supplementary Table S7).

The position of Chaetodontoplus as the first diverging 
lineage (gCF = 89, sCF = 80), followed by Pomacanthus 
(gCF = 68, sCF = 58) and Holacanthus (gCF = 78, sCF 
= 72) were strongly supported by both concordance 
factors (Fig. 2) and summary methods (local posterior 
probabilities [LPP] = 1, Fig. 3b). We detected 4 edge 
pairs in the AZ (Fig. 3b), 1 along the backbone of the 
tree involving Pygoplites and Centropyge C1, and the 3 
others within Centropyge C1 and C2. The subsequent 
divergence of the monotypic genus Pygoplites was char-
acterized by one of the shortest branches in our data 
set (BL = 0.03, in coalescent unit) with some of the low-
est support from concordance factors (gCF = 13.1, sCF 
= 32.5, Fig. 2) and LPP = 0.77 (Fig. 3b). There was no 
clear phylogenetic signal (sCF ~ sDFs ~ 33%), reflect-
ing scattered informative sites across consequently 
noisy and uninformative single locus trees. Alternative 
topologies DF1 and DF2 had Pygoplites diverging after 
or as sister taxa to Holacanthus. The first Centropyge 
clade to diverge, Centropyge C1, included species 
from the “flavissima complex” (hereafter referred to 
as C1.1) as a sister group to species of the Centropyge 
(Centropyge) subgenus (hereafter referred to as C1.2). 
Here, C. colini diverged first, followed by C. aurantia, 
both being reciprocally monophyletic to the crown 
Centropyge (Centropyge) lineage (Fig. 2). Centropyge C1 
was also characterized by a short BL (BL = 0.14), which 
received low support from concordance factors (gCF = 

12.4, sCF = 37.5). Most single locus trees did not match 
the topology of the species or DF1/DF2 trees (gene dis-
cordance factor due to polyphyly; gDFP = 74.4%) and 
all 3 topologies received roughly equal support from 
informative sites (sDFs ~30%). Alternative topologies 
had Centropyge C1 diverging between Holacanthus and 
Pygoplites or forming a clade with Pygoplites in basal 
position. The clade, however, was strongly supported 
by MSC analyses (LPP = 1, Fig. 3b).

Similar discordance patterns were observed for the 
divergence of Paracentropyge (gCF = 29.3, gDFP = 64.6, 
sCF = 48) and Apolemichthys (gCF = 37.7, gDFP = 52.7, 
sCF = 51.7) genera (Fig. 2 and Supplementary Table S4). 
Most single locus trees were discordant with the 3 pos-
sible clade arrangements for the branch but with most 
informative sites supporting the branch position of the 
species tree (Supplementary Table S4). Both clades had 
some of the longest BLs in the discordant data set, 0.45 
and 0.62, respectively. They received strong support 
from the MSC analyses (LPP = 1, Fig. 3b). Alternative 
topologies for Apolemichthys had the clade diverging as 
sister to, or prior to, Paracentropyge. Alternative topol-
ogies for Paracentropyge had the clade diverging after 
Pygoplites or in a basal position to Centropyge C1.

The divergence of the Genicanthus lineage showed 
genuine discordant phylogenetic signal from sin-
gle locus trees (gCF = 33.7, gDFP = 37.6, sCF = 41.1). 
Informative sites equally supported the species tree 
and third resolutions for this branch (sDF2 = 36.1). 
The latter comprised of a clade including Genicanthus 
and Apolemichthys genera, whereby the single sam-
pled Genicanthus species in this study, G. lamarck, had a 
basal position to Apolemichthys species. The branching 
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Figure 4.  Convergence in species tree topologies for the Pomacanthidae family generated by concatenated-based methods using IQ-TREE 
and RAxML, and summary methods using ASTRAL-III for 9 pomacanthid clades. Asterisk indicates nodes across phylogenetic reconstructions 
with bootstrap values < 100 and local posterior values < 0.95 along the backbone of the pomacanthid tree. Data presented is for 95% complete 
alignment matrices and 45 pomacanthid species.
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position observed in the reference tree was strongly 
supported by ASTRAL-III (LPP= 1, Fig. 3b).

Finally, the divergence of the second Centropyge clade 
C2, comprising of the acanthops “complex” (C. acanthops, 
C. resplendens, C. argi, and C. aurantonotus) and C. fisheri 
(hereafter referred to as C2.1) sister group to the rest of 
the Centropyge species (C2.2), was strongly supported 
by concordance factors (gCF = 75, sCF = 89, Fig. 2) and 
LPP = 1 (Fig. 3b).

Overall, topologies inferred by alignment-based 
(IQ-TREE and RAxML) and MSC summary meth-
ods were highly congruent (Figs. 3b and 4 and 
Supplementary Fig. S4). Apart from Pygoplites, all 
clades were strongly supported by bootstrap (BB > 95) 
and LPP = 1 values (Fig. 4).

Species-Level Discordance

All nodes within Chaetodontoplus and Holacanthus 
genera were strongly supported by concordance fac-
tors (Table 1 and Supplementary Table S4) and MSC 
analyses (LPP = 1, Fig. 3b). The divergence between 
Pomacanthus species located in the Eastern Pacific and 
Western Atlantic (P. zonipectus and P. paru), and those 
distributed across the Indo-Pacific region was also 

strongly supported (Fig. 2; Table 1 and Supplementary 
Table S4). There was varying degree of conflicting sig-
nal across single locus trees, which sometimes trans-
lated into uninformative locus trees (Table 1). For some 
species groupings within Centropyge C1 and C2, reso-
lution was impacted by anomalous discordance (Fig. 
3b and Table 1). Generally, there was high levels of 
gene tree conflict among Centropyge clades (Table 1 and 
Supplementary Table S4). Only the positions of C. colini, 
C. potteri, C. loriculus, and C. bispinosa within the refer-
ence species trees were supported by most informative 
sites (Fig. 2 and Table 1). In comparison, positions of C. 
joculator and C. ferrugata only received moderate sup-
port from informative sites (Table 1). There was genu-
ine discordant signal behind the divergence of hybrid 
A. armitagei relative to its parent species A. trimaculatus 
and A. xanthurus (Table 1 and Supplementary Table S4).

Test of Introgression and Phylogenetic Network Estimations

One-distribution model (ILS only) was favored over 
2-distribution model (non-ILS) across all 910 triplets 
tested for introgression signals using BLs. For the set of 
gene trees comprising of Chaetodontoplus, Pomacanthus, 
Holacanthus, and Pygoplites species, mixing propor-
tions for a 2-distribution model (mixprop2) reached a 

Table 1.  Summary table of the discordance in pomacanthid lineages at the species level. Abbreviations and units: gene concordance factor 
(gCF, %), second resolution of the branch (DF1), third resolution of the branch (DF2), site concordance factor (sCF, %), local posterior probabil-
ities (LPP) and branch lengths (BL, coalescent units). Lineages in bold were well supported at the intrageneric level and letters in parentheses 
represent labeled nodes in phylogenetic tree (Fig. 2)

Lineage Species grouping gCF sCF LPP BL Diagnosis

Apolemichthys (A) A. armitagei (hybrid 
A. xanthurus × A. 
trimaculatus)

gCF = 31 sCF = 43.4 1 0.2 Genuine discordant signal with 
equal support for both sister pair 
A. armitagei/A. xanthurus and A. 
armitagei/A. trimaculatus

gDF1 = 34 sDF1 = 45.2

Centropyge C1 (B) C. colini gCF = 32 sCF = 49.2 1 0.2 Conflicting locus trees with most 
informative sites supporting 
positions in reference species tree 
for C. colini. Genuine discordant 
signal and uninformative locus 
trees for C. aurantia

C. aurantia gCF = 22 sCF ~ sDF1 ~ sDF2

Centropyge C1.1 
(C)

flavissima 
“complex”

gCFs < 12 sCF ~ sDF1 ~ sDF2 ≥ 0.84 0.04 > BL > 0.1 Noisy and uninformative single 
locus trees

Centropyge C1.2 
(D)

C. flavipectoralis 15 > gCFs > 20 sCF ~ sDF1 ~ sDF2 > 0.94 0.06 Anomaly zone
C. multispinis/C. 

tibicien
Centropyge C2.1 
(E)

acanthops 
“complex”

4 > gCFs > 17 32 > sCFs > 45 ≥ 0.88 0.004 > BL > 
0.1

Anomaly zone

Centropyge C2.2 
(F)

C. potteri 25 > gCFs > 44 sCFs > 52 1 0.5 > BL > 0.8 Conflicting locus trees with most 
informative sites supporting 
positions in reference species tree

C. loriculus
C. bispinosa
C. joculator gCF = 11.3 sCFs ~ 42 > 0.95 0.08 ≥ BL > 0.1 Noisy locus trees
C. ferrugata gCF = 25.5

Chaetodontoplus 
(G)

gCFs > 69 sCFs > 79 1 2 > BL > 3.8 All nodes well supported

Holacanthus (H) gCFs > 70 sCFs > 76 1 2 > BL > 3.2 All nodes well supported
Pomacanthus (I) P. chrysurus/P. 

semicirculatus/P. 
asfur/P. maculosus

19 > gCFs > 34 35 > sCFs > 45 0.9 0.08 > BL > 
0.28

Noisy and uninformative locus trees

P. annularis sCF ~ sDF1 ~ sDF2
 Pomacanthus (J) P. navarchus/P. 

sexstriatus/P. 
xanthometopon

19 < gCFs < 42 sCFs > 55.2 1 0.5 > BL > 1.4 Conflicting locus trees with most 
informative sites supporting 
positions in reference species tree

P. imperator
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maximum of 0.62 (Supplementary Table S8). All trip-
let topologies with mixprop2 values above 0.50 were 
supported by less than 60 loci and showed higher 
BIC scores (ΔBIC > 10) than for a 1-distribution model 
(Supplementary Table S8). For the set of gene trees com-
prising of Centropyge, Paracentropyge, Genicanthus, and 
Apolemichthys species, mixing proportions (mixprop2) 
for a 2-distribution model reached a maximum of 0.45 
(Supplementary Table S9). Eight triplet topologies had 
mixprop2 values above 0.40 were supported by most 
loci (N > 598) but showed higher BIC scores (ΔBIC > 10) 
than for a 1-distribution model (Supplementary Table 
S9).

Reduced 12-taxon data set for species network 
searches contained 969 alignments with over 0.95 pro-
portion of taxa. Topology inferred by PhyloNet with zero 
reticulation was congruent with reference tree except 
for Pygoplites and Holacanthus, which formed a sister 
group (Fig. 5a). Model selection indicated that a reticu-
lated evolutionary history was always a better fit better 
than bifurcating scheme (Table 2). Best model supported 
species network with 3 hybridization events (AIC = 
29,774, Table 2), which was further supported by AIC 
weight scores (w3 = 1, w1:2 = 0, w4:5 = 0). All ancient 
introgressive hybridization events involved ghost (or 
unsampled) lineages at the root of the Pomacanthidae 
tree (Fig. 5b). First introgressive event involved the 
MRCA of Genicanthus and Centropyge clade C2 (Fig. 
5b), which were both recipient genomes from ghost lin-
eages (γ = 0.057). Both Chaetodontoplus and Pomacanthus 
were recipient genomes from a common event (γ = 
0.57), with Pomacanthus undergoing a separate, subse-
quent event (γ = 0.75). Phylogenetic networks obtained 
with the taxa set of 11 randomly selected pomacanthid 
species were consistent with those results but sup-
ported a ghost introgression event for Chaetodontoplus 
rather than Pomacanthus (Supplementary Fig. S5 and 
Supplementary Table S10).

Divergence Time Estimation

All pomacanthid clades were strongly supported 
by posterior probability values (PP ≥ 0.99) in the MCC 
topology generated with BEAST (Fig. 6). Crown age 
of the family was estimated at 27.38 Ma (95% HPD: 
24.9–30.1 Ma) during the Oligocene epoch with most 
pomacanthid genera originating in the Miocene 
and Pliocene epochs (Fig. 6). For the most ances-
tral pomacanthid lineages (e.g., Chaetodontoplus and 
Pomacanthus), a timeframe (~38 Ma) for past ghost 
introgression events might have been possible between 
the Paleocene and Oligocene epochs, approximately 
ranging from 64.7 Ma (95% HPD: 61.14–68.45) to the 
root age of Pomacanthidae. For the MRCA between 
the Genicanthus genus and Centropyge clade 2, the win-
dow for ghost introgression extended until 5.09 Ma 
(95% HPD: 7.94–9.58 Ma). Increased lineage diversifi-
cation occurred from the mid-Miocene (~13 Ma) to the 
Pleistocene (2.58–0 Ma) epochs (Fig. 6).

DISCUSSION

This study is the first in-depth diagnosis of the discor-
dance in the evolutionary of the family Pomacanthidae 
using genome-scale data and the second for a reef fish 
family (Hughes et al. 2023). Out of the 26 nodes that 
showed high discordance from CF analyses (Figs. 2 
and 3), only ten had ultrafast bootstrap values below 
95%. This observation reinforces the widely acknowl-
edged consensus that phylogenetic approaches aiming 
to estimate uncertainty of species relationships by using 
bootstrap support as a measure of sampling variance 
can fail to capture intrinsic variation in large data sets 
(Kumar et al. 2012). Overestimation of bootstrap values 
is commonly observed in concatenated alignments of 
large data sets where the resampling of the variance 
in the data set is bound to converge towards unreal-
istically high support values because of low sampling 
variance (Hillis and Bull 1993). This, however, does not 
undermine the value of bootstrap approximation for 
assessing branch support. Its measurement of statistical 
variance, combined with CFs informing on biological 
variance, makes them complementary approaches for 
exploring conflicting signals in phylogenomic data sets. 
Discordant nodes were in majority located in the tree 
space showing successive or simultaneous radiations 
over a short period of time (Fig. 2). Despite expected 
high levels of ILS, final normalized quartet score for 
the ASTRAL tree, which translate into the proportion 
of input gene tree quartet trees satisfied by the species 
tree, was of 84%. While this suggests that ILS only had 
a low impact on the overall recovery of pomacanthids 
evolutionary history, when accounting for GTEE vio-
lating MSC model assumptions, the quartet score is 
likely to be lower. As ILS depends on allelic variation 
and segregation patterns, the number of loci rejecting 
the MSC model might also increase with additional loci 
and expanded taxonomic coverage of the family (Jiang 
et al. 2020). Our analyses did not identify any rogue 
taxa and the removal of influential partitions that might 
have been driving some of the observed discordance 
did not lead to different or more supported topologies 
(Supplementary Tables S4 and S5). Similarly, haplotype 
trees inferred from phased UCE data did not show 
major topological differences nor improved CF values 
(Supplementary Table S7). There was higher support 
from informative sites for branching arrangements in 
the reference tree for some Centropyge species (C. ferru-
gata, C. multispinis, and C. tibicien). Gene tree conflict 
at those nodes might therefore be partly explained by 
heterozygous sites carrying different evolutionary his-
tories, which can be expected in closely related and 
recently diverged species (Sota and Vogler 2003; Lischer 
et al. 2014), especially considering their propensity to 
hybridize.

Phylogenomics Resolve Systematics of Pomacanthidae

In regards of the backbone of the pomacanthid tree, 
all analyses strongly supported the initial divergence of 
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the Chaetodontoplus lineage followed by the Pomacanthus 
genus (Fig. 4a–c). The 2 genera were often recovered 
as sister taxa in previous phylogenies with low sup-
port (Bellwood et al. 2004; Frédérich et al. 2017; Baraf 

et al. 2019). Potential overlap in genetic variation likely 
could not be fully captured by the limited genetic infor-
mation of multigenic concatenation approaches, lead-
ing to the observed topological conflict between the 2 
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Figure 5.  Phylogenetic species network with a) zero reticulation and b) 3 reticulation events and highest support from model selection 
inferred by PhyloNet. Dotted lines indicate reticulation edges and values are inheritance probabilities γ. BLs and inheritance probabilities were 
optimized to compute likelihood for each species network search.

Table 2  . Model selection between bifurcating species tree and 5 species network searches with maximum number of reticulations hmax set 
from 1 to 5. K represents number of parameters and bold line the model that best fitted the data

Topology hmax allowed # of inferred reticulations ln(𝐿) k # of loci AIC ΔAIC BIC ΔBIC

IQ-TREE 0 0 −1,710,742.4 20 969 3,421,505 3,391,730 3,421,492 3,391,736.48
Net 1 1 1 −16,346.473 22 969 32,714.95 2,940.31 32,699.82 2,944.3
Net 2 2 2 −15,881.82 24 969 31,787.64 2,013 31,770.52 2,015
Net 3 3 3 −14,874.321 26 969 29,774.64 NA 29,755.52 NA
Net 4 4 4 −16,1851.735 28 969 32,3731.5 293,957 32,3710.3 293,955
Net 5 5 5 −16,1701.106 30 969 32,3710.3 293,936 32,3409.1 293,653
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lineages. Phylogenomic analyses delineated 4 out of the 
5 Centropyge clades that are usually recovered for this 
paraphyletic genus. Previous phylogenies had C. colini 
forming an additional fifth clade along with another 
deep dwelling species C. narcosis (not sampled in this 
study) and a species from the Apolemichthys genus, A. 
arcuatus (Baraf et al. 2019; Gaither et al. 2014 but see; 
Frédérich et al. 2017). Our phylogenetic reconstruc-
tions agree with findings of Frédérich et al. (2017) 
whereby the “fifth” clade (here only represented by C. 
colini) is first to diverge within the clade Centropyge C1. 
Although none of these nodes received strong support. 
Despite many discussions about species boundaries 
for Centropyge (Bowen et al. 2006; DiBattista et al. 2012; 
Gaither et al. 2014; Dibattista et al. 2016), present and 
previous studies show that the paraphyletic genus has 
well-delineated subgenera where similar species clus-
ters are consistently recovered within the same clades. 
Therefore, while it may be difficult to untangle the 
inter-specific relationships within the Centropyge genera 
until full phylogenetic sampling can be achieved (59% 
taxonomic coverage of currently valid Centropyge spe-
cies), there is a distinct level of phylogenetic delineation 
between subgenera that highlights the need for a taxo-
nomic revision of this long acknowledged paraphyletic 
genus (Bellwood et al. 2004; Gaither et al. 2014). Our 
phylogenomic analyses further support that the subge-
nera Xiphypops (Jordan and Jordan 1922)—type species: 

Centropyge fisheri (Snyder 1904), Paracentropyge (Burgess 
1991)—type species: Centropyge multifasciata (Smith and 
Radcliffe 1911) and Centropyge (Kaup 1860)—type spe-
cies: Centropyge tibicien (Cuvier and Valenciennes 1831) 
should be resurrected and elevated to genus status.

Stochastic Error and Genuine Discordant Signal

The presence of short internal branches within and 
among generic lineages rendered the resolution of 
pomacanthid evolutionary history difficult (Fig. 2). 
Within the 50/50 discordance box (Fig. 3a), internal 
BLs ranged from 0.004 to 1.3 in coalescent units, which 
likely led to stochastic error from limited genetic infor-
mation and increased gene tree discordance (Degnan 
and Rosenberg 2006; Philippe et al. 2017; Simion et al. 
2020). While short internal branches are known to pose 
a challenge to resolving the Tree of Life, they also high-
light compelling times of rapid, sometimes successive, 
radiations with increased chances of ILS and speciation 
with gene flow (Pamilo and Nei 1988; Song et al. 2012; 
Morales-Briones et al. 2021). Our phylogenomic analy-
ses underlined a zone of uncertainty within the pom-
acanthid tree, characterized by a succession of short 
branches (e.g., Pygoplites, Centropyge, Paracentropyge, 
Apolemichthys, and Genicanthus), which might reflect a 
period of rapid diversification in the family evolution-
ary history.
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Figure 6.  Fossil-calibrated chronogram for 45 pomacanthid species. Data presented were compiled from 3 independent MCMC of 400 
million generations each conducted in BEAST. Horizontal node bars are 95% HPD intervals and node labels are posterior probability values 
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There was a notable signature of noisy single locus 
trees whereby the most common resolution for both 
branches were not the 1 observed in the reference spe-
cies tree (Supplementary Table S4). This suggested that 
the divergence of Apolemichthys and Paracentropyge lin-
eages received low support because of conflicting phy-
logenetic signal in single locus trees and stochastic error 
from limited genetic information. Despite our corrected 
UCE alignments being relatively long (mean length of 
1,020 bp), parsimony-informative sites only made up 
for 18% of all the base pairs (191 sites on average per 
locus), confirming that our data set contained limited 
phylogenetic information in comparison to other UCE 
loci based alignment matrices for other fish lineages 
(Alfaro et al. 2018; Faircloth et al. 2020). Nonetheless, it 
provided sufficient site support for their position in the 
reference species tree.

The topological conflict regarding the divergence of 
the Genicanthus genus resulted from genuine conflicting 
phylogenetic signal in underlying data (Supplementary 
Table S4). CFs equally supported Genicanthus diverging 
independently from the backbone of the tree or as sister 
genus to Apolemichthys. Larger data sets containing more 
or longer loci might help to obtain better resolution of 
the relationships between these 3 lineages (McCormack 
et al. 2013). Equally, it might confirm phylogenetically 
unresolvable conflicts due to low amount of inter- 
specific genetic variation, which can be expected in 
rapid radiations (Morales-Briones et al. 2021; Scherz et 
al. 2022).

Alternative topologies revealed conflicting biparti-
tions separated by 1 or 2 nodes (Supplementary Table 
S4), pointing to the potential presence of ILS that might 
reflect large effective ancestral population size (rel-
ative to BL) for these 3 genera or successively rapid 
radiations.

Angelfishes Entering the AZ

For some of the shortest internal branches in the ref-
erence species tree, informative sites could not help 
diagnosing discordance and gene trees were mostly 
uninformative (Fig. 2 and Supplementary Table S4). 
Similarly, testing for multifurcating branching schemes 
did not help to improve the resolution of generic or spe-
cific relationships. We found that the challenging res-
olution of these extremely short branches was caused 
by extreme ILS, characterizing their presence in the AZ. 
The AZ can be define as areas within the species tree 
space where a majority of single gene trees are anom-
alous gene trees (AGTs) that do not match the topol-
ogy of the species tree (Degnan and Rosenberg 2006). 
The boundaries of the AZ can be expanded by stochas-
tic mutational variance (Huang and Knowles 2009). 
CA-ML methods, which ignore heterogeneity in evo-
lutionary processes across branches (e.g., statistically 
inconsistent under the MSC model) and infer species 
trees based on the most common gene tree, are known 
to struggle in resolving branching arrangements within 
the AZ (Degnan and Rosenberg 2006; Huang and 

Knowles 2009; Mendes and Hahn 2018). When inferring 
species tree using coalescent methods, it is essential to 
assess for the presence of AGTs as edge pairs within the 
AZ boundary because they inherently violate the MSC 
model assumption of no GTEE.

We detected 4 edge/internode pairs in the AZ (Fig. 
3b). Most of the anomalous discordance was found 
within the Centropyge subclades C1.2 and C2.1, which 
both involved extremely short and successive inter-
nal branches (Fig. 2). Centropyge subclade C2.1, also 
referred to as the acanthops “complex” (Gaither et al. 
2014), showed some in-clade species rearrangements 
between CA-ML and summary methods inferred topol-
ogies (Figs. 2 and 3b). These branches had some of 
the lowest local posterior probability values (Fig. 3b). 
Considering how closely related species of the C1.2 and 
acanthops “complex” (C2.1) are, the species most likely 
have high degree of shared genetic variation, poten-
tially from the retention of ancestral polymorphism. 
This is highly probable considering the multiple reports 
of captive hybrids, reflecting permeable reproductive 
barriers between species. For instance, C. resplendens 
(not sampled herein), endemic to the Ascension Island 
and usually part of the acanthops “complex,” has been 
found to produce viable hybrids in captivity with C. 
argi and C. fisheri (Baensch and Tamaru 2009; Baensch 
2017). Similarly, C. acanthops and C. argi were success-
fully captive bred despite unlikely hybrid crossing in 
the wild due to non-overlapping geographical ranges. 
Introgressive hybridization after secondary contact, 
therefore, might also explain the observed discordance 
for western Atlantic species C. aurantonotus and C. argi. 
In contrast, to the best of our knowledge, there have 
been no official reports of hybrids between the C1.2 trio 
comprising of C. flavipectoralis, C. tibicien and C. multis-
pinis. Although, this does not exclude the possibility for 
introgressive hybridization.

The 2 other anomalous internodes involved the 
branches for Pygoplites and Centropyge C1 lineages 
(Fig. 3b). They received the least amount of support 
from local posterior values (Fig. 3b), where Pygoplites 
had 77% of quartet trees from gene trees present in 
the species tree. Alternative topologies for this branch 
had Pygoplites diverging prior to or as sister lineage to 
the Holacanthus genus. All 3 best branching arrange-
ments were equally supported by informative sites, but 
none was the most common resolution for the branch 
(Supplementary Table S4). Following our discussion on 
Apolemichthys and Paracentropyge genera (see above), it 
is likely that the clustering of these 3 lineages might be 
a consequence from limited informative sites, which 
might be partly resolved by increased genomic infor-
mation. Uninformative gene trees combined with the 
clear presence of GTEE for Pygoplites likely further 
hindered the resolution of branching patterns for lin-
eages that appear to have rapidly diversified around 
the same time. Biological factors might also be influ-
encing the position of Pygoplites in the pomacanthid 
tree. Firstly, due to the extant widespread geographi-
cal distribution of the monotypic Pygoplites genus, 1 
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can expect a higher genetic diversity with potential for 
recombination or important gene flow between popu-
lations. This would be coherent with the observation 
of genetic diversity and architecture in mitochondrial 
markers between individuals from the Pacific Ocean 
and Red Sea/Indian Ocean forms (Coleman et al. 2016). 
Replication across Pygoplites individuals collected from 
different geographical locations will be necessary to get 
a clearer picture of the population diversity and how it 
relates to other pomacanthid genera at the base of the 
tree. Previous phylogenetic reconstructions have occa-
sionally recovered Pygoplites and Holacanthus genera as 
sister taxa (Bellwood et al. 2004; Frédérich et al. 2017). 
The resolution of the monotypic genus Pygoplites was 
impaired by anomalous discordance in CA-ML meth-
ods and GTEE on coalescent-based methods (Figs. 2 
and 3b). In those cases, site-based methods might be 
a more suitable approach to resolving these types of 
branching arrangements (Chou et al. 2015; Molloy and 
Warnow 2018), which might highlight some degree of 
shared genetic material between the 2 genera and sup-
port rapid speciation from a common progenitor.

While branches within the AZ can sometimes be better 
represented as polytomies (Huang and Knowles 2009), 
ASTRAL polytomy test rejected a polytomy at these 
nodes. Overcoming the AZ might be possible with the 
addition of longer and more phylogenetically informa-
tive loci (Linkem et al. 2016). Equally, the proportion of 
branches in the AZ might expand with increasing taxon 
sampling as the addition of taxa will shorten internal 
branches. Simulation studies have shown that AGTs 
can occur in the presence of gene flow (Solís-Lemus et 
al. 2016; Long and Kubatko 2018).

Introgression, ILS, or Ghost of Lineage Past?

The Pomacanthidae phylogeny was characterized by 
a combination of significant gene tree discordance and 
extremely short branches, which might reflect simulta-
neous diversification events punctuated by numerous 
opportunities for introgressive hybridization. It was sur-
prising that for a reef fish family known to extensively 
hybridize (Tea et al. 2020), no clear signal of introgres-
sion across pomacanthids was recovered. Results from 
the sequence-based approach implemented in QuIBL 
always supported an evolutionary scenario where ILS 
was responsible for gene tree discordance rather than 
caused by introgressive hybridization across pomacan-
thid species (Supplementary Tables S7 and S8). The area 
of the pomacanthid tree space dominated by successive 
short branches, therefore, suggests a series of rapid spe-
ciation events, which would have an increased likeli-
hood of ILS occurring (Degnan and Rosenberg 2009; 
Bravo et al. 2019). While this reflects some degree of 
shared ancestral polymorphism in diverged lineages 
following speciation events (Avise and Robinson 2008), 
it does not exclude that past introgressive hybridiza-
tion might have taken place across pomacanthid lin-
eages. The number of SNPs extracted from UCE contigs 
was not sufficient to conduct robust site D-statistics. In 

some instances, statistical support (P-value) in ABBA-
BABA tests could not be calculated because of too few 
sites, showing that the application of UCE-based data 
sets containing low polymorphic sites might be limited 
when exploring questions about introgression. Other 
studies showed that SNPs harvested from short and 
non-coding loci can hold less informativeness and sta-
tistical power when used to detect introgression signals 
(Leaché and Oaks 2017; Węcek et al. 2017; Barlow et al. 
2018; Everson et al. 2019; Alda et al. 2021; Rancilhac et 
al. 2021). This issue is likely to be exacerbated in closely 
related or rapidly diversifying lineages, as well as in 
loci that are not under strong selection or have lower 
mutation rates. To determine whether these results 
reflect the “true” evolutionary history of pomacanthids 
or merely highlights the limitations of our data set, 
complementary analyses using a more informative data 
set will be necessary. A greater number of SNPs might 
be obtainable from less conservative genomic reduction 
approaches like restriction-site associated DNA (RAD) 
sequencing data or from whole genomes, potentially 
helping to refine future detection of introgression pat-
terns within the family (Eaton and Ree 2013; Massatti et 
al. 2016; Near et al. 2018).

Model selection showed than any reticulated evo-
lutionary history was a better fit than bifurcating tree 
model (Table 2). Best ranking species network had 3 
hybridization events, any additional reticulation (hmax = 
4–5) did not improve the log likelihood of the network 
(Table 2). All ancient introgression events involved 
ghosts (or unsampled) lineages at the root of the pom-
acanthid tree. It recovered Pomacanthus and the most 
recent common ancestor (MRCA) of Chaetodontoplus/
Pomacanthus as recipient genomes with inheritance 
values above 50%, and to a lesser extent for the MRCA 
of Genicanthus/Centropyge C2 (γ = 5.7%, Fig. 5b). This 
suggests that Pomacanthus and Chaetodontoplus lineages 
inherited most of their genetic material from unsam-
pled parental populations, which might explain some 
of the conflict observed in the branching arrangement 
of the 2 genera in previous phylogenies (Bellwood et al. 
2004; Gaither et al. 2014; Frédérich et al. 2017; Baraf et al. 
2019). Our phylogenetic network analyses always recov-
ered the 2 genera as sister lineages in species networks 
(excl. Net 4). Furthermore, the low inheritance probabil-
ity for the ancient introgression event on the MRCA of 
Genicanthus/Centropyge C2 suggests that the genuine dis-
cordant signal behind the position of Genicanthus (Fig. 
2) most likely resulted from a combination of ILS and, 
to a lesser extent, introgressive hybridization. Timing 
of those events can be estimated between the MRCA of 
Acanthuridae and Pomacanthidae, approximately from 
64.7 Ma (95% HPD: 61.14–68.45 Ma) and the crown 
age of Pomacanthidae around 27.38 Ma (95% HPD: 
24.9–30.1 Ma), and the MRCA between Genicanthus and 
Centropyge C2 around 8.66 Ma (95% HPD: 7.35–9.58 
Ma). However, the use of different outgroups in species 
network inferences or discovery of additional fossil evi-
dence for node calibration in Bayesian reconstructions 
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might lead to different introgression scenarios and time 
estimates.

Assessing the presence of introgression from 
midgroup or ghost lineages has gained significant 
interest. One reason being that they can confound the 
recovery of introgression signals in ABBA-BABA tests, 
leading to differing gene flow scenarios (Durand et al. 
2011; Hibbins and Hahn 2022; Tricou et al. 2022). In such 
cases, D-statistic methods are unable to differentiate 
between introgression signals emitted by a sister ghost 
lineage from those of a sampled lineage, potentially 
resulting in the misidentification of donor genome for 
the same recipient genome (Eaton and Ree 2013; Eaton 
et al. 2015; Tricou et al. 2022). Other factors such as varia-
tion in population size or ancestral population structure 
can lead to false positives in D-statistic (Durand et al. 
2011; Martin et al. 2015). These methods might increas-
ingly struggle with progressively complex reticulated 
patterns for example, multiple introgression within 1 
quartet (Elworth et al. 2018; Everson et al. 2019).

CONCLUSION

This study provides the first in-depth assess-
ment of topological and gene tree discordance for 
Pomacanthidae. Despite limited phylogenetic informa-
tion in our data set, a multi-phylogenomic approach 
help to resolve most of the family systematics and iden-
tify multiple sources of conflict across the pomacan-
thid tree. Some of the topological discordance caused 
by conflicting phylogenetic signal in single locus trees 
could be clarified by proportion of informative sites 
(e.g., Apolemichthys and Paracentropyge). Anomalous dis-
cordance was detected for Pygoplites and Centropyge C1, 
further highlighting the limitations of CA-ML methods 
that infer species tree from pre estimated, sometimes 
uninformative, gene trees. More moderate levels of ILS, 
associated with short branches and stochastic errors, 
likely caused most of the gene tree discordance across 
the pomacanthid tree. This was supported by introgres-
sion tests, which always favoured ILS over introgres-
sive hybridization for the deeper short branches. Those 
observations suggest a time of rapid and successive 
speciation events in the evolutionary history of the fam-
ily, whereby the short timeframe between each diverg-
ing clade did not allow for ancestral genetic variation to 
fully segregate into distinct lineages. This might also be 
indicative of a large effective ancestral population size. 
To distinguish between different scenarios of ILS, sub-
sequent population genetics studies focusing on demo-
graphic history or examination of patterns of genetic 
variation across genomes will be required.

Resolving the systematics of closely related species is 
inherently challenging. In this study, it was likely accentu-
ated by the short loci and limited informative characters in 
our data set. This issue is particularly pronounced when 
attempting to resolve divergence events characterized by 
uninformative gene trees and high GTEE (e.g., Pygoplites 

diacanthus), which would likely benefit from a site-based 
approach using a less reduced-representation library 
or whole genomes. The limitations of our data set were 
further underlined by the insufficient number of single- 
nucleotide polymorphisms (SNPs) retrieved from UCE 
contigs, which hindered our ability to conduct robust 
site-based phylogenetic reconstructions and D-statistics. 
Nevertheless, the present workflow, including site-based 
methods, is likely to assist future diagnoses of discordance 
in genomic data sets generated from less conservative 
genome reduction approaches or for more divergent taxa. 
Species networks searches, however, strongly supported a 
reticulated evolutionary history for the family, with the best 
model suggesting 3 reticulations involving ghost lineages 
at the root of the pomacanthid tree. Ancient introgressive 
hybridization for Chaetodontoplus and Pomacanthus might 
explain the topological conflict observed between the 2 
genera in previous phylogenies. Moreover, it suggested 
that the genuine discordance signal in underlying data for 
Genicanthus was driven by past introgression.

Hence, the remaining incongruence in pomacanthid 
evolutionary history might not be resolvable from a 
phylogenetic standpoint, even with genome-scale data 
and especially for deeper nodes. Pomacanthid spe-
cies potentially hold low genetic diversity between 1 
another, a plausible narrative when considering that 
some vicariously isolated species can produce inter- 
specific hybrids in captivity (e.g., Centropyge). There 
have even been recent reports of speculated cross- 
genera hybridization between Pygoplites and 
Apolemichthys (pers. comm. M. Wittenrich from 
PomaLabs). Future studies investigating introgression 
among pomacanthids should therefore consider popu-
lation structure to be able to distinguish between evolu-
tionary processes like introgression from shared genetic 
polymorphism from ancestral population.
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