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Molecular analyses of rapidly radiating groups often reveal incongruence between gene trees. This mainly results
from incomplete lineage sorting, introgression, and gene tree estimation error, which complicate the estimation
of phylogenetic relationships. In this study, we reconstruct the phylogeny of Theaceae using 348 nuclear loci
from 68 individuals and two outgroup taxa. Sequence data were obtained by target enrichment using the recently
released Angiosperm 353 universal probe set applied to herbarium specimens. The robustness of the topologies to
variation in data quality was established under a range of different filtering schemes, using both coalescent and
concatenation approaches. Our results confirmed most of the previously hypothesized relationships among tribes
and genera, while clarifying additional interspecific relationships within the rapidly radiating genus Camellia. We
recovered a remarkably high degree of gene tree heterogeneity indicative of rapid radiation in the group and
observed cytonuclear conflicts, especially within Camellia. This was especially pronounced around short
branches, which we primarily associate with gene tree estimation error. Our analysis also indicates that
incomplete lineage sorting (ILS) contributed to gene-tree conflicts and accounted for approximately 14 % of the
explained variation, whereas inferred introgression levels were low. Our study advances the understanding of the
evolution of this important plant family and provides guidance on the application of target capture methods and
the evaluation of key processes that influence phylogenetic discordances.

1. Introduction Gene tree discordance (variation) can arise from biological factors

such as incomplete lineage sorting (ILS) and introgression. ILS allows

Phylogenomic analyses using hundreds or even thousands of nuclear
genes have successfully resolved or provided valuable insights into the
phylogenetic relationships of many plants group that were previously
difficult to reconstruct using plastid genome or single nuclear genes (e.
g., Guo et al., 2020; Leebens-Mack et al., 2019; Zhang et al., 2021).
However, analyses of rapidly radiating groups also often reveal discor-
dance between gene trees and species trees (Larson et al., 2020; Léveillé-
Bourret et al., 2018; Thomas et al., 2021). Such information is not only
useful in clarifying phylogenetic relationships but can also be used to
investigate molecular evolutionary processes that contribute to
diversification.

ancestral genetic polymorphisms to persist during rapid speciation
events (Avise and Robinson, 2008) and has complicated phylogenetic
inference in many plant lineages (e.g., Cai et al., 2021; Meleshko et al.,
2021; Murillo-A et al., 2022). Introgressive hybridization and organelle
capture, facilitating gene exchange among taxa, have also been
commonly observed at different taxonomic levels during rapid radia-
tions and have contribute to gene tree discordance (e.g., Degnan and
Rosenberg, 2009; Suh et al., 2015; Meyer et al., 2017; Munoz-Rodriguez
et al., 2018; Cai et al., 2021). Another source of variation between gene
trees is stochastic errors and systematic biases, such as errors in gene
tree estimation, which associate with varies factors including the quality
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of the data, the analytical methods and model parameters employed in
phylogenetic reconstruction. It tends to increase with the decrease in
phylogenetic informativeness of the gene (Mirarab et al., 2016; Xi et al.,
2015).

Theaceae (the tea family), comprising 372 species classified into nine
genera and three tribes (Theeae, Stewartieae and Gordonieae), is mainly
distributed in subtropical and tropical Asia. It is notable for its economic
and cultural importance, particularly species such as tea (Camellia
sinensis (L.) Kuntze) and oil plants (e.g., Camellia oleifera Abel). Addi-
tionally, some lineages of this family are prominent constituents of the
subtropical evergreen forests in Asia. Theaeceae is hypothesized to have
undergone several rapid diversifications coinciding with the rise of the
Eastern Asian Monsoon (Yu et al., 2017; Cheng et al., 2022), contrib-
uting to the complexity and richness of the family.

Resolving the phylogenetic relationships within this flowering plant
clade has been a long-standing problem, which in recent years has seen a
flurry of interest, with multiple phylogenetic revisions employing se-
quences from nuclear genes (Zhao et al., 2023), chloroplast genomes
(Yan et al., 2021; Yu et al., 2017) and even full transcriptomes (Cheng
et al., 2022; Zhang et al., 2022). Though these efforts have greatly
improved the resolution of intergeneric relationships, studies have
inferred inconsistent topologies for the crown of tribe Theeae and within
Camellia, the central radiations with the most ecologically and culturally
important species (over 200 species in Camellia alone) (Cheng et al.,
2022; Wu et al., 2022; Zan et al., 2023; Zhao et al., 2023). These radi-
ations are speculated to have occurred extremely rapidly around ~ 20
Ma (Cheng et al., 2022; Yan et al., 2021; Zan et al., 2023), coinciding
with a climatic shift that triggered the spread of subtropical evergreen
forest throughout most of Asia (Yu et al., 2017), holding the key to
understand the evolutionary history and ecology of the group.

The difficulty in unravelling the interspecific relationships within
these groups date back to the first major taxonomic treatments of the
family more than 60 years ago. For Camellia, the traditional classifica-
tion system, based on morphology, was first established by Sealy (1958),
who divided the genus into 12 sections, then developed by Chang
(1998), who expanded the number of sections to 22. The latest classi-
fication by Ming (1999), later adopted in the Flora of China by Min and
Bartholomew (2007), simplified the taxonomy to include only 14 sec-
tions. Each successive revision saw marked changes in both section
boundaries and hypothesized inter-section relationships. More recent
large-scale attempts to resolve the genus using molecular markers,
including RNA polymerase II (RPB2), the ITS region, the complete
plastid genome, and transcriptomes, have resulted in numerous polyt-
omies and clades that contradicted the morphology-based classification
for several sections (Vijayan et al., 2009; Jiang et al., 2010; Yang et al.,
2013; Huang et al., 2014; Wu et al., 2022; Zan et al., 2023). In Theeae,
intergeneric relationships, especially the position of Apterosperma and
Laplacea, have been challenging to resolve. The two most recent study,
using either 610 low-copy nuclear genes or 1785 nuclear genes from
transcriptomes, reported contradict relationships in Theeae with me-
dium support values (Cheng et al., 2022; Zhang et al., 2022).

The rapidity of the speciation itself is likely to be responsible for the
difficulty in resolving the phylogenetic history of Theeae and Camellia.
Several instances of introgression and hybridizations have been hy-
pothesized and identified within Camellia, within Stewartia, and within
Gordonieae, in studies using RAD-seq and transcriptome data (Lin et al.,
2019; Zan et al., 2023; Zhang et al., 2022). ILS, another source of
discordance between gene trees, has not been reported in Theaceae so
far. There is still lack a quantitative analysis to evaluate the discordances
among gene trees and species tree, and processes underlying the dis-
cordances, across deep relationships and major clades of the Theaceae
family, partly due to the computational and method limitations.

To unravel the phylogeny of this complex family and quantify the
impact of possible biological processes during evolution, we sampled
multiple low-copy nuclear genes included in the recent universal probe
set Angiosperm 353 (Johnson et al., 2019) generated by the target
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enrichment method from herbarium specimens and inferred phylog-
enies for 68 representatives of Theaceae species. The target enrichment
technique enables researchers to recover large amounts of nuclear se-
quences for divergent non-model species (Cronn et al., 2012; Grover
etal., 2012; Straub et al., 2012; Schmickl et al., 2014) and can be applied
to highly degraded samples, making it valuable for analyzing historical
specimens or species challenging to identify (Bieker and Martin, 2018;
Brewer et al., 2019). The probe set we used has been employed effec-
tively across various taxa to investigate intergenic and interspecific re-
lationships, even for groups that have experienced rapid speciation
(Baker et al., 2022, 2021). In addition to resolve the intergenic and
intragenic relationships of Theaceae, we also quantitatively evaluated
discordances of phylogenies and quantified the relative contributions of
ILS, introgression, and gene tree estimation errors to the observed gene
tree discordances.

2. Materials and methods
2.1. Taxon sampling

We sampled 76 herbarium specimens spanning from 1917 to 2018.
To ensure that species identifications were reliable, we aimed to select
specimens that were collected from within the core distribution range of
the species and by expert collectors such as Shui Ying Hu, Heng Li, and
B. Bartholomew. Specifically, the samples include 44 species of Camellia,
eight species of Schima, six species of Stewartia, five species of Polyspora,
two species of Laplacea, five species of Pyrenaria and the sole species in
Franklinia. The species in Camellia spanned 10 out of the 14 sections
followed Ming (1999) and 14 out of the 22 sections (64 %) as per
Chang’s, 1998 classification. We aimed to have a nuclear dataset with
coverage comparable to the currently most complete chloroplast
genome dataset (Yan et al., 2021). For species that have many cultivated
varieties, we sampled two specimens from different regions to reduce
the bias of potential hybridization. We selected two species in Penta-
phylacaceae as outgroups (Andinandra millettii and Pentaphyllax eur-
yoides). The information on voucher specimens, the standardized species
names according to the latest World Flora Online database (WFO, 2021),
and taxonomical information from the Flora of China (Min and Bar-
tholomew, 2007) are listed in Table S1.

2.2. Target enrichment probe set

We used the recently published target enrichment probe set
“Angiosperm353” to capture multiple nuclear genes from the samples.
This probe set is designed to capture 353 single-copy nuclear genes from
any flowering plant, making it feasible to resolve both shallow and deep
phylogenetic relationships, a prerequisite for resolving the problematic
regions of the Theaceae phylogeny. A previous study showed that this
probe set could recover ~ 150 nuclear genes on average for species
within Ericales (the order that Theaceae belongs to), with total lengths
recovered for both coding and non-coding regions around ~ 250kbp on
average (Johnson et al., 2019). This suggested that the probe set could
be effectively used on Theaceae.

2.3. DNA isolation, library preparation, sequencing, and data assembly

For each DNA extraction, approximately 15 mg of leaf tissue was
used in a modified CTAB protocol. The extracted DNA was quantified
using a Qubit 3.0 fluorometer (Life Technologies, Carlsbad, California,
USA) and 4200 TapeStation System (Agilent Technologies, Santa Clara,
California, USA). We prepared the dual-indexed libraries with 2-48 ng
input genomic DNA using the Kapa DNA Hyper Plus Library Prep Kit
(Kapa Biosystems) at 1/4 the recommended volume and size selected for
250-700 bp. The final amplified library was combined at equal ratios
resulting in 10-20 indexed samples and a total of > 100 ng libraries per
tube. We followed the protocol of the Angiosperm353 baits kit and
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enriched low-copy nuclear genes. Hybridization was carried out at 65 °C
for 28 h. After target enrichment, the subsequent libraries were pooled
together and sequenced on Illumina Nextseq for 150 bp paired-end
reads, and Illumina Hiseq for 125 bp paired-end reads at the Bauer
Core Facility of Harvard Faculty of Arts and Sciences.

We removed the adapter and cleaned the raw reads using fastp with
default settings (Chen et al., 2018), and assessed the quality before and
after cleaning using FastQC (Andrews, 2010). The qualified reads were
processed into the HybPiper pipeline (Johnson et al., 2016) with default
settings, to assemble the targeted sequences using the target file
(available at  https://github.com/mossmatters/Angiosperms353).
Additionally, we extracted supercontigs and detected possible paralogs
in the dataset using the scripts in the Hybpiper pipeline. We calculated
the target enrichment efficiency, recovered length, and the coverage of
the recovered sequences using R 3.5.3 (R Core Team, 2019). All the
assembly was done on the Odyssey cluster of Harvard University.

2.4. Alignment and data filtering

The multi-fasta files generated by Hybpiper for each locus were
aligned individually using the “auto” setting in MAFFT v.7.407 (Katoh
and Standley, 2013). The alignments were then trimmed in several
steps. First, all sites occurring in at least 50 % of the samples (referred to
as “good positions”) were identified. Then “resoverlap 0.5” was used to
exclude all sites that were not good positions and “seqoverlap 0.5” was
used to trim away sequences with less than 50 % good positions. Finally,
poorly aligned regions were trimmed away using the “automatedl”
setting in trimAl v.1.2 (Capella-Gutiérrez et al., 2009). The trimmed
alignments were proceeded to RAXML v8 (Stamatakis, 2014) to estimate
the best maximum likelihood tree under the GTRGAMMA substitution
model with 100 bootstrap trees. To eliminate the influence of long-
branch attraction (LBA) (Philippe et al.,, 2011), we ran TreeShrink
(Mai and Mirarab, 2018) on the best tree and the corresponding se-
quences for each locus. Sequences corresponding to long outlier
branches (detected with false positive tolerance () set to 0.05) were
removed from the alignment. We then reran RAXML v8 (Stamatakis,
2014) with the same settings for each of the filtered alignments. The
resulting gene trees were used to estimate the species tree with the
summary coalescent method. The filtered alignments of each locus were
then concatenated and used for a supermatrix analysis (see Fig. S2 for a
flowchart summarizing the process). Summary statistics for gene trees, i.
e., the average bootstrap value and average branch length, were calcu-
lated in R using package ape (Paradis and Schliep, 2019). Summary
statistics of alignments were calculated using AMAS (Borowiec, 2016).

As the enrichment efficiency differed across different groups
(Fig. S1), the resulting sequences had issues deriving from unbalanced
sampling and phylogenetic noise. We addressed the sensitivity of our
results to these issues by investigating the effect of applying various
filtering strategies to the full trimmed data (referred to as the LO data-
set), including locus filtering, site filtering, and taxon filtering. Filtering
on loci was done by either (a) removing loci with high levels (>20 %) of
missing data (the L2 dataset) or by (b) removing loci with a low level of
informativeness and high evolutionary rate (based on a “locus infor-
mativeness score” — see Supplementary Note S1; the F3 dataset).
Filtering on sites was done by removing sites with particularly high (>5)
substitution rates (the PI5 dataset). Filtering on taxa was done by
removing samples from which few (<60 %) loci were recovered before
the trimming step in the above paragraph (the T02 dataset). We inves-
tigated the phylogenetic informativeness of datasets generated after
different filtering approaches, based on the number of parsimony sites
and the average bootstrap value for each gene tree, and compared the
resulting phylogenies. More details about the filtering strategies are
given in Supplementary Note S1 and Table S2.
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2.5. Phylogenetic analysis

We inferred the species tree using two different methods, a concat-
enation method that estimates the species tree based on a concatenated
dataset that assumes all genes share the same evolutionary history
(though partitions of the alignment may have different substitution
rates), and a coalescent method that estimates the species tree based on
combining individual gene trees, which allows loci to have different
evolutionary histories and performs better than concatenation method
under high level of ILS (Yang, 2006).

For the concatenation approach, we first obtained the best partition
scheme and the best rate model (within the GTR model family) for each
partition of the supermatrix using PartitionFinder (Lanfear et al., 2016),
allowing for evolutionary rate heterogeneity among partitions. Then we
searched for the best maximum likelihood tree with RAXML-ng (Kozlov
et al., 2019) using 10 random and 10 parsimony starting trees to ensure
a comprehensive search of tree space. We assessed node support by
generating 1000 non-parametric bootstrap replicates. The bootstrap
values were then mapped to the best tree.

For the coalescence approach, we inferred species trees using the
summary quartet-based method in ASTRAL-III (Zhang et al., 2018). We
tested the influence of gene tree estimation errors by collapsing to pol-
ytomies all nodes with either < 10 % (given code BS10), <30 % (given
code BS30), or < 50 % (given code BS50) bootstrap support values and
compared the resulting trees to the tree without collapsed nodes. This
procedure was applied to each best fitting ML locus tree using Newick
utilities (Junier and Zdobnov, 2010), before feeding the contracted trees
to ASTRAL-III (Zhang et al., 2018). The support for individual nodes was
calculated from the default posterior values.

We selected L0O-BS10 tree (i.e., the tree derived from applying the
coalescent approach to the unfiltered dataset while collapsing nodes
with less than 10 % bootstrap support) as the “best” species tree under
coalescent method (Table S4). The tree has the highest average posterior
support value compared with other phylogenies based on loci filtered
datasets (F3 and L2). We identified F3 tree as the “best” species tree
under concatenation method. The tree has the highest average bootstrap
support value among phylogenies based on loci-filtered datasets
(Table S3).

2.6. Organelle and ribosomal phylogeny

We expanded an existing dataset of plastome and ribosomal DNA
from Yan et al. (2021) with newly assembled data sequenced for this
study. The assembly process of plastome and ribosomal DNA followed
Yan et al. (2021). The combined dataset included 63 samples, and 30 of
them were from the same specimens used in this study. The phylogeny
was built using partitioned maximum likelihood in RAXML-ng with 1000
bootstrap replicates.

2.7. Discordance evaluation

The combination of different phylogenetic inference methods,
filtering approaches and multiple genes resulted in multiple alternative
phylogenies. The discordance among phylogenies was evaluated two-
fold. First, we compared all species trees across the two phylogenetic
inference methods and the different filtering approaches. Second, for the
coalescence approach, we calculated the variation between gene trees
and the species tree.

We quantified the stability of nodes to filtering methods using the
gene concordance factor (gCF), calculated as the frequency with which a
branch from the “best” species tree (L0-BS10) appeared in the trees
estimated using the filtered datasets. The measurement complements
the traditional bootstrap values and posterior support values, allowing
us to see if the topology uncovered in the “best” species tree is a
dominant tree topology among the species trees (indicated by high
values of the concordance factor) and insensitive to filtering methods.
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The factor was calculated by using the option “-gef” in IQ-TREE v 1.7
(Nguyen et al., 2015).

We quantified dissimilarity among trees by the normalized quartet
score (norQS) with the R package Quartet (Sand et al., 2014; Smith,
2019). This score is calculated as:

dl +ad2

norQS = i n 2

where dland d2 is the number of quartets resolved differently in each
tree, and s is the number of quartets resolved in the same manner in the
two trees (Kuhner and Yamato, 2015). The norQS ranges from 0 (same
topology) to 1 (completely different topology). The distance matrices
were then scaled using principal coordinate analysis to a two-
dimensional space for easy visualization (Hillis et al., 2005). We eval-
uated the influence of exon characteristics on each gene tree by running
linear models for key exon characteristics and the norQS of the gene tree
vs. the best species tree obtained using coalescent and concatenation
methods, respectively. These exon characteristics include the number of
parsimony informative sites, the missing data percentage, and the
average bootstrap value.

To evaluate the consistency with which the generated sequences
support the final topologies, we calculated two measures of genealogical
concordance: gCF as mentioned above, calculated as the frequency with
which a branch from the species tree appeared in the individual gene
trees; and the site concordance factor (sCF), which is defined as the
percentage of decisive sites in alignments supporting a branch in the
species tree. sCF was calculated by using the options “-scf” in IQ-TREE v
1.7 (Nguyen et al., 2015). Low values of concordance factors imply a
conflict among gene trees that might stem from an alternative dominant
tree topology or from many low-frequency alternative gene topologies
(Villaverde et al., 2018). Two measures of decisiveness, the number of
decisive genes (gN, number of gene trees that contained the terminals of
a branch) and the number of decisive characters (sN) were also calcu-
lated in IQ-TREE (Nguyen et al., 2015) and plotted against branch
lengths estimated in RAXML.

2.8. Quantifying ILS, reticulation events, and gene tree estimation errors

We investigated the relative contributions of incomplete lineage
sorting (ILS), gene flow (e.g., introgression), and gene tree estimation
errors in driving gene tree — species tree discordance, following a
recently published variance decomposition method (Cai et al., 2021).

The gene tree variation of each node in the “best” species tree was
quantified by the quartet support values for all the best-scoring max-
imum likelihood gene topologies (collapsing nodes with less than 10 %
bootstrap support) generated by RAXML for each locus. Gene flow and
ILS were represented by the reticulation index and the theta value,
respectively, as calculated following Cai et al. (2021). The branch length
in coalescent units, used to estimate theta values, were calculated in
ASTRAL III. For gene tree estimation errors, we simulated 348 gene
alignments from the “best” coalescent-based species tree using Seq-Gen
(Rambaut and Grassly, 1997). The alignment size of each gene was set to
400 bp, the mean size of the empirical dataset. Each alignment had
unique substitution model parameters estimated from the corresponding
empirical alignment by RAXML. We generated phylogenies for each of
these simulated alignments using RAXML, collapsed nodes with boot-
strap value less than 10 %, and summarized the quartet support for each
node on the species tree using ASTRAL -t 1. This approach helped
eliminate the bias brought by missing data in the alignments and low-
support nodes in gene trees. Higher quartet support values here imply
that a smaller proportion of gene tree variation may be attributed to
gene tree estimation error. Finally, we partitioned the relative contri-
bution of each factor using linear regression in the R package relaimpo
(Groemping and Matthias, 2021). We log-transformed theta values
during partition due to the high skewness of the variable.
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To address the possibility of reticulate relationships within Polyspora,
phylogenetic network analyses for this genus were also carried out using
PhyloNet 3.8.0 (Than et al., 2008; Wen et al., 2018). More details about
the method and results are given in Supplementary Note S1, Table S5,
and Figure S8).

3. Results

3.1. Characteristics of the datasets and the efficiency of target capture
sequencing

We succeeded in getting sequence data from all 76 specimens. The
average percentage of reads mapped to the target genes was 28.7 %
(12.5 % — 41.8 %; SD 0.065). We recovered a total of 348 exons of the
353 targeted loci with more than three samples at a depth of coverage >
8x. After excluding 5 samples with an extremely low number of loci (<5)
or enrichment efficiency (<20000 bp), the remaining 70 samples had an
average number of 287 loci with contigs, among which 138 had a length
> 50 % of the target genes, and 69 had length > 75 %. For taxon re-
covery, each locus captured 56 samples on average. Of the recovered
loci, 69.1 % (242 loci) were represented in more than 80 % of the
samples (56 samples).

The length of alignments for each locus before trimming was
108-2761 bp (mean = 737 bp) with an average missing data percentage
of 46 % (0.4 % — 77.5 %) (Supplementary Fig. S1). After removal of
misaligned bases, gappy regions, and short sequences in each alignment,
loci were 59——1902 bp long (mean = 400 bp), and each with 1—471
parsimony-informative characters (mean = 61). The final baseline
combined dataset (exons_LO) was 139540 bp long, including 18,909
(13.6 %) parsimony-informative characters, 40,227 variable sites, 40.6
% missing, and a GC content of 45.6 % (Table S2). A total of 16 exons
were identified with potential paralogs; we selected the contigs that
were more likely to be homolog based on gene trees. The contig com-
bined dataset (contigs_L0) was 145089 bp long after trimming, including
25,581 (17.6 %) parsimony informative characters, 59,099 variable
sites, and 39.3 % missing.

3.2. Phylogenetic relationships among and within genera

Overall, the phylogenies generated from the nuclear enrichment
dataset agreed with the updated plastome-based phylogeny on the
following relationships: (1) the monophyly of the three major tribes and
their relationship as Stewartiea+(Gordoniea + Theeae) (bootstrap
support (BS) = 100 %/ posterior probability (PP) = 1.00 in the nuclear
dataset); (2) the generic monophyly of Stewartia, Schima and Polyspora
species; (3) the placement of sect. Calpandria (Camellia lanceolata) as the
basal lineage of Camellia.

The intergeneric relationships were generally consistent between the
concatenation analysis and the coalescence analysis, as well as with the
plastome-based phylogeny. The only exception was the placement of the
genus Laplacea, which the coalescent-based species tree recovered as
sister to the other genera in Theeae (PP = 0.88 in the LO dataset),
whereas the concatenation method recovered it as sister to Pyrenaria.
The plastid tree recovered it as sister to Polyspora and Camellia (BS = 69
%) (Fig. 1, Supplementary Fig. S4).

Within genera, we found some discordances between our new nu-
clear phylogeny and the plastome phylogeny (Fig. 1). Within Camellia,
the relationships recovered by the nuclear phylogeny, however, are
consistent with the most recent morphology-based classification system
of Min and Bartholomew (2007) to some extent. We recovered four of
their sections forming two major clades with strong support: One is
Theopsis + Camelliopsis; the other is Camellia + Paracamellia. The nuclear
phylogeny also recovered the sections Tuberculatae and Thea. The basal
position of section Calpandria in Camellia was confirmed by both the
nuclear and plastome datasets. However, a few discrepancies with the
morphology-based classification remained: The seven species of section
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plastome+nrDNA
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Fig. 1. Phylogenetic relationships in Theaceae inferred by the coalescent method in ASTRAL III based on the nuclear enrichment dataset L0-BS10 (left) and that
inferred by the concatenation method in RAXML based on the plastome -+ ribosomal dataset (right). The branch annotations on the tree on the left show the posterior
support and the concordance factor across all different filtering approaches. Nodes marked with a colored dot are highly supported clades referenced in the paper and
correspond to the colored species on the right. The tips are annotated with different shapes representing sections in Camellia. The nodes on tree on the right display
the bootstrap values. The plots in the upper left and upper right represent the phylogram of the same trees showing branch lengths.

Heterogenea were scattered throughout the phylogeny with low to
moderate support values, indicating that this group may be paraphyletic
(Fig. 1). Finally, Camellia gracilipes (the only species in our dataset from
sect. Longipedicellatae) was clustered with Polyspora (BS = 100 %) in the
plastome dataset, while it was grouped with all the other Camellia spe-

cies (PP = 1.00) in the nuclear dataset.

3.3. Stability of nodes to filtering

Under the coalescent method, the relationships among genera were
generally stable to different types of filtering, also for those genera that
were only supported with low posterior probabilities. The phylogenies
generated after collapsing weakly supported nodes to polytomies (the
BS10 trees) were particularly stable to filtering (mean quartet dissimi-
larity from 0.09 to 0.10) (note the small minimum spanning ellipses on
Fig. 2A). The only exception to the stability of genera was again Camellia
gracilipes, which under some filtering approaches got moved into Poly-
spora. Because of the stability and high support value, we used the best
species tree under the coalescent method (L0-BS10) as the overall “best”
species tree for the dataset.

Within genera, most relationships between deeper nodes in Stew-

artia, Polyspora, and Pyrenaria were stable to filtering (gCF = 100,
Fig. 1). In Camellia, in contrast, the nodes that were most stable to
filtering were mostly shallow. Generally, the relationships within Schima
were quite sensitive to filtering, as were the relationships among the
deeper nodes of Camellia where branch lengths were short (Fig. 1).
Excluding loci with a high percentage of missing data (L2) or low
informativeness (F3) slightly reduced the average node posterior prob-
ability, because it decreased the number of highly supported nodes.
Filtering out fast-evolving sites (PI5) slightly increased the average

posterior probability of nodes (Supplementary Fig. S6). Collapsing low-
support branches (BS10 and BS50) did not always increase the mean
posterior probabilities but significantly increased the normalized quar-

tet scores (Supplementary Table S4).

The phylogenies generated by the concatenation approach were
more sensitive to filtering than those generated by the coalescent
approach (mean quartet dissimilarity = 0.11 for filtered and unfiltered
datasets) (Fig. 2A). The tree with the highest bootstrap support (an
average of 80.3 %) was obtained by removing fast-evolving positions
(PI5). Filtering out loci with a high percentage of missing data (L2) did
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Fig. 2. A. Quartet dissimilarity between species trees inferred by coalescence or concatenation approaches and filtered according to different criteria. The codes are
defined in Note S1 and Table S2. The dots are surrounded by minimum spanning ellipses for each combination of phylogenetic approach and polytomy criterion. B-D.
Scatter plots of quartet dissimilarity between exon gene trees and the species tree against key gene tree characteristics, with OLS regression line and 95 % confidence
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interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

not have an impact on the overall bootstrap value, while excluding loci
with low phylogenetic informativeness (F3) increased support for
branches that were poorly supported by the full (LO) dataset (Supple-
mentary Table S3). Filtering samples with a moderate level of missing
data (T02, based on 53 samples) increased node support values some-
what under both concatenation and coalescent methods (Supplementary
Table S3). The alignment length in the TO2 data was 9047 bp longer than
the LO dataset, with less missing data and more parsimony informative
sites (Supplementary Table S2), but overall recovered the same topol-
ogy. The supercontig datasets also resulted in the same topology as the
LO dataset, although with higher support values (Fig. 2A, Fig. S5).

3.4. Incongruence evaluation between gene trees and species trees

Individual gene trees exhibited considerable topological disagree-
ment with the overall species tree. The average quartet dissimilarity for
the full taxon sets (LO, F3, PI5, L2) was 0.41, showing that on average
only 59 % of the quartets found in the common tip set were identical.
The average quartet dissimilarity of the reduced sample dataset (T02)
was a little lower at 0.37. (Supplementary Table S4). The exon datasets
showed a relatively strong negative linear correlation between the
dissimilarity of gene trees from the species tree and the average boot-
strap value of gene trees (Fig. 2B). This relationship was stronger for the
coalescent species tree (adj. R2? = 0.35) than for the concatenation
species tree (adj. R? = 0.25). There was no significant relationship

between the gene trees — species tree dissimilarity and the amount of
missing data, nor with the number of parsimony informative sites
(Fig. 2C-D).

For internal branches, both gene tree concordance factors (CF) were
positively correlated with branch length (Supplementary Fig. S6), i.e.,
shorter branches tended to have lower CF values. The gCF values were
generally lower than sCF, especially for nodes within Camellia, a com-
mon observation when gCF values are affected by stochastic error. Many
nodes with a bootstrap value of 100 % in the RAXML trees had low gCF
and sCF values (Fig. 3A), another frequently observed phenomenon
revealing that even though nodes consistently appear in sample trees,
there is considerable variation in the relationships encoded by the un-
derlying sequence data. The gCF was high for the basal branch of each of
the three tribes (Gordonieae gCF = 78.8 %, Stewartieae gCF = 69.8 %,
Theeae gCF = 63.3 %), and it was higher than 50 % for Laplacea (gCF =
65.9 %), Schima (gCF = 51.8 %) and the sister relationship of Stewartia
serrata and S. monadelpha (gCF = 52.9 %). The sister relationship of the
Stewartieae to the Gordonieae + Theeae clade had a gCF value of 40.2
%. The rest of the intergeneric relationships within Theeae and inter-
specific relationships had much lower gCF, especially around the
backbone of Camellia, where several relationships were only supported
by one or a few gene trees (Fig. 3B). However, the number of decisive
sites for many nodes with low gCF values was not significantly lower
than that of nodes with high gCF values, showing that the informative
sites are possibly scattered in different genes. The sCF value also showed



Y. Yan et al.

A B

1004 7
754 e o/
[T ° .“ L] .Il 75
Q 50{ o2® o, -
/, T 50
33 |£ .._,L _________
254 ~ /, 25
F
4
0‘/’
0 25 50 75 100
gCF

Site Concordance Factor (sCF)
Site Discordance Factor 1 3
. Site Discordance Factor 2

21

29 Ly 290

114

15

Molecular Phylogenetics and Evolution 196 (2024) 108089

Camellia tsaii

Camellia costei
Camellia fraterna 102
Camellia fraterna 97
Camellia buxifolia
Camellia rosthorniana
Camellia tenii

Camellia forrestii
Camellia caudata
Camellia assimilis
Camellia salicifolia
Camellia cuspidata
Camellia assimiloides
Camellia euryoides
Camellia transarisanensis
Camellia lutchuensis
Camellia trichoclada
Camellia kissii
Camellia confusa
Camellia brevistyla
Camellia oleifera
Camellia sasanqua
Camellia japonica 2008
Camellia japonica 3524
Camellia uraku
Camellia saluenensis
Camellia pitardii
Camellia reticulata
Camellia sinensis
Camellia taliensis
Camellia paucipunctata
Camellia amplexifolia
Camellia parvimuricata
Camellia rhytidocarpa
Camellia szechuanensis
Camellia tuberculata
Camellia wardii
Camellia yunnanensis
Camellia furfuracea
Camellia crapnelliana
Camellia lanceolata
Camellia montana
Camellia gracilipes
Polyspora gigantiflora
Po /vspora axillaris

Po lyspora havilandii
Pol /spora marginata
Polyspora luzonica
Laplacea haematoxylon
Laplacea angustifolia
Pyrenaria spectabilis
Pyrenaria microcarpa
Pyrenaria virgata
Pyrenaria diospyricarpa
Schima argentea
Schima wallichii
Schima remotiserrata
Schima brevifolia
Schima khasiana
Schima liukiuensis
Franklinia alatamaha
Stewartia monadelpha
Stewartia serrata
Stewartia pseudo-camellia

Camellia

Polyspora
I Laplacea

Pyrenaria

Schima
| Franklinia

Stewartia

Stewartia sinensis

292
138

Stewartia ovata
Stewartia malacodendron
Adinandra millettii

210

Pentaphyllax euryoides

Fig. 3. A. The relationships between gCF, sCF, and RAXML bootstrap values of nodes from the LO dataset (i.e., without filtering). The vertical dashed line indicates an
sCF value of 33, the expected minimum implying a lack of information in the data. B. Patterns of site concordance and conflict based on the concordance analysis. The
pie charts at each node show the proportion of sites in concordance (pink) and discordance (blue and brown). The numbers above and below each branch are the
numbers of concordant and total genes at each bipartition, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

that there is no overwhelming support for any particular resolution for
those nodes (Fig. 3B).

Regarding the impact of the filtering strategies on CF values, we
observed that removing fast-evolving sites (PI5) increased sCF values
substantially, especially for short branches, indicating that fast-evolving
sites had a substantial impact on the variation among inferred topol-
ogies. All filtering approaches on loci or sites increased the gCF values to
some extent, especially for longer branches (Supplementary Fig. S6).

3.5. Distribution and contribution of different factors to gene tree
discordances

Our investigations revealed positive correlations between the degree
of ILS, gene tree estimation errors, and actual gene tree variations
(Fig. 4E-G). ILS, gene flow, and estimation errors in total explained 63 %

of the observed variations in gene-tree heterogeneity. Within the
explained variation, gene tree estimation error explained most (77 %),
followed by ILS (22 %) and gene flow (0.3 %). We observed different
distribution patterns of the three factors across different clades. The
rapidly evolving clade along the backbone of Camellia (Fig. 4D) was also
where we observed the greatest variation among gene trees, relatively
low simulated gene-tree support, and the highest theta values, indi-
cating the likelihood of extensive ILS and gene-tree estimation errors
(Fig. 4B-C). Low simulated gene-tree support was found within Schima
with low introgression and ILS level, which indicated that estimation
errors might be the main reason for the gene-tree heterogeneity in this
clade. The reticulation index indicated that introgression might have
happened in the Polyspora, Stewartia and in a few nodes in Camellia and
contributed to the gene-tree variations there (Fig. 4A).
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4. Discussion

Our ~ 350 target enriched nuclear gene dataset resolved most of the
intergeneric relationships in Theaceae. The topology was broadly
consistent with the plastome-based phylogeny and with other recently
published phylogenies based on a range of different approaches. As
such, most of the overall relationships within the family appear to be
generally resolved.

Our analysis also addressed historically difficult relationships along
the rapidly radiating backbone of tribe Theeae and within the genus
Camellia. Our multi-locus nuclear coalescent-based phylogeny reestab-
lished the sections from the most recent morphology-based taxonomy of
Ming (1999) and Min and Bartholomew (2007), which has otherwise
been questioned by several recently published molecular analyses.
However, the relationships between sections remain weakly supported,
and further analyses reveal a high degree of gene tree heterogeneity and
low concordance factors, which could broadly be attributed to gene tree
estimation errors (with a relatively smaller contribution of incomplete
lineage sorting). Applying a range of filtering approaches did not qual-
itatively change the stability of the topology, and it thus seems unlikely
that the most complex relationships within e.g., Camellia can be
resolved, except possibly with more focused sequencing of greater
numbers of long and informative nuclear genes with introns.

4.1. A new multi-locus consensus nuclear phylogeny for Theaceae

The relationships between tribes were resolved in agreement with
those resolved using plastid genomes and transcriptomic datasets (Yan
et al., 2021; Cheng et al., 2022; Zhang et al., 2022). The same is true for
the intergeneric and most interspecific relationships resolved for Stew-
artieae (Stewartia) and Gordonieae (Lin et al., 2019; Cheng et al., 2022;
Zhang et al., 2022).

Within Camellia, our analysis recovered relationships among most
major clades in the morphology-based classification system by Ming
(1999), though with some minor adjustments. The 15 sampled species
from section Camelliopsis (or Eriandra in Chang, 1998) and sect. Theopsis
were intermixed, confirming the monophyly of a clade constituting both
sections, as suggested by (Vijayan et al., 2009). We recovered part of the
backbone as Thea+(Camellia + Paracamellia), which is sister to Camel-
liopsis + Theopsis in the coalescent phylogeny. Although the support
values were low, the relationships align with the phylogenies con-
structed using whole-transcriptome sequencing data (Fig. 1) (Xia et al.,
2017; Zan et al., 2023) and we reaffirmed that the designation of sec-
tions was quite different from the morphology scheme by Chang (1998).
The major clades were slightly different from a recent taxonomically
comprehensive study of genus Camellia using three nuclear markers
(Zhao et al., 2023). However, we also found that Camellia japonica did
not group with other sect. Camellia species but grouped with sect. Par-
acamellia instead. The two specimens of C. lanceolata, one from
Indonesia and C. montana (a synonym of C. lanceolata) from the
Philippines, grouped together with high support in both nuclear and the
plastome phylogenies. They formed a clade with two species from
Chang’s sect. Furfuracea, namely C. furfuacea and C. crapnelliana, sug-
gesting the close relationships between these species (Zhao et al., 202.3).

A notable result is the polyphyly of Ming’s section Heterogenea Sealy.
In our study, the positions of the seven sampled species were not stable
across different datasets, though they never formed a single clade. These
species were classified into five different sections according to Chang,
1998. It is thus highly doubtful whether Ming’s treatment of Heterogenea
should be accepted, a sentiment echoed by other taxonomic studies
based on leaf structures and nuclear markers (Jiang et al., 2010; Zhao
et al., 2023). Among the seven Heterogenea species, Camellia tenii
grouped with three other Theopsis species, Camellia forrestii, Camellia
rosthorniana, and Camellia buxifolia, with high support values in almost
all phylogenies. Interestingly, the species is classified under the Para-
camellia section according to Chang’s system. Such unstable placement
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of Camellia tenii indicates a necessity to reevaluate the taxonomic
placement. While our study is the first to include this species in a
phylogenetic analysis, more specimens and individuals should be
sampled and analyzed before drawing a solid conclusion.

Camellia gracilipes Sealy, classified in Ming’s section Longipedicellata,
clustered with Polyspora in our updated plastome + ribosomal tree with
strong support. However, it was placed basal to Camellia in most
coalescence-based and concatenated-based nuclear phylogenies with
high support value (Fig. 1), similar to Zhao et al., (2023). Given the
consensus among most nuclear gene trees, this conflict might result from
chloroplast capture (Fig. 4D). Incorrect identification of the species is
unlikely. The specimen of C. gracilipes we sampled was collected from
Vietnam and was determined by Theaceae specialist Joseph Robert
Sealy. The fruit of the specimen, a typical Camellia capsule fruit with one
seed, was also compared with the type specimen (Supplementary
Fig. S7). The species has a relatively wide distribution from Vietnam to
South China, overlapping with that of Polyspora, which provides con-
ditions for potential introgression (Min and Bartholomew, 2007).

Apart from the relationships discussed above, the deeper relation-
ships among clades within Camellia were not well-resolved. A more
comprehensive sampling of species within these questionable clades
from different regions, especially the less-studied Southeast Asia, are
needed in the future study to refine the above taxonomic treatment. Our
results also show the importance of sequencing type specimens and
herbarium specimens identified by clade experts in clarifying taxonomy.

4.2. Addressing gene-tree heterogeneity in rapidly evolving clades

We observed considerable incongruence between phylogenies con-
structed using different datasets and methods (Figs. 1 and 2). As
described above, our nuclear coalescent tree identified sub-clades within
Camellia that were more closely aligned with the classic morphological
classification compared to those identified by the plastome-based tree
and the nuclear concatenation tree. It is possible that biological pro-
cesses during evolution have complicated the identification of distinct
clades within this genus (Fig. 1, Supplementary Fig. S4).

The coalescent trees were less sensitive to filtering than those
inferred using concatenation (Fig. 2A), an observation previously made
by other authors (Mitchell et al., 2017; Herrando-Moraira et al., 2018).
This supports the ability of coalescence-based methods to effectively
capture phylogenetic signals in the presence of noise and missing data,
thus producing more robust results (Mirarab et al., 2016). With one
exception, none of the filtering approaches increased branch support
values significantly. Although filtering out fast-evolving sites greatly
improved the support value of nodes associated with shorter branches
under the concatenation approach, it is likely to lead to spurious results.

The notion that fast-evolving sites are responsible for incongruences
in the results was supported by both gene concordance and site
concordance factors (Supplementary Fig. S6A, B, E; Fig. S3). In general,
gene concordance factors were low, even for nodes with a 100 %
bootstrap value (Fig. 3A). The gCF tended to be lower than the sCF,
suggesting that limited information from single locus trees and con-
flicting signals from biological processes all contributed to the observed
discordance. The strong positive correlation between branch lengths and
both concordance factors suggested that the heterogeneity between gene
trees and species trees is mainly concentrated on the short branches
(Supplementary Fig. S6) (Rosenberg, 2013).

A pattern of long terminal branches and shorter internal branches is
typical for rapid radiations (Whitfield and Kjer, 2008; Bagley et al.,
2020; Thomas et al., 2021). Short branches indicate short speciation
intervals, which may not be enough for substitutions to accumulate,
resulting in loci with low informativeness. Short intervals also increase
the probability of ILS, which is a potential driver of incongruences. An
influence of ILS was indicated both by the low site concordance factors
and the distribution of theta values. For many nodes, we observed
similar frequencies for the two alternative conformations of the quartet
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(site discordance factor] and 2, Fig. 3B) and high theta values, especially
for nodes around the backbone of Camellia (Fig. 4B) where gene tree
variation (Fig. 4D) and diversification rates (Yu et al., 2017; Cheng et al.,
2022) are highest.

An alternative biological source of gene tree heterogeneity is the
gene flow between species, such as through introgression and hybridi-
zation events. However, the level of gene flow in our dataset, as indi-
cated by the percentage of asymmetrical triplets, was relatively low (2
%) in comparison to other challenging plant groups like the Malpigh-
iales, where introgression among deep branches has been hypothesized
(10 %) (Cai et al., 2021). We did observe a possibility of reticulated
evolution within Polyspora in Southeast Asia, marking the first docu-
mented instance of this phenomenon. Further network analysis using
Phylonet (Than et al., 2008) suggested the likelihood of a reticulation
event between Polyspora luzonica and the common ancestor of Polyspora
marginata and Polyspora havilandii (Note S2 and Figure S9). These spe-
cies are distributed in the Malesia realm and were sampled in the nuclear
phylogeny of the family for the first time. Stewartia, along with a few
species in the Camelliopsis and Camellia sections of Camellia, also showed
weak signals of introgression, as observed previously (Lin et al., 2019,
Zhang et al., 2022, Zan et al., 2023). The cyto-nuclear discordance
within these clades further supports this interpretation (Fig. 1).

Although these two biological processes contributed to the gene tree
conflicts to some extent, the major contributor to low gene concordance
is predicted to be gene tree estimation error for this dataset (Fig. 4).
Applying variance decomposition analysis to simulated sequences with
the same mutation rate, length, and topology, but without missing data,
revealed that the frequency of gene tree estimation errors is predicted to
count for 78 % of the 63 % explained gene tree variation. Although we
have employed several well-recognized methods to mitigate gene tree
estimation errors in our analysis, we observed that these methods did
not substantially reduce the gene tree variation. On the one hand, gene
tree estimation errors tend to be high for relatively short and less
informative loci (Shen et al., 2020). Fig. 2B showed that the higher the
average bootstrap of a gene tree, the closer it is to the average species
tree, which suggests that part of the incongruence between gene trees
was due to a lack of resolution (Xi et al., 2015). It is possible that this is
linked to using a universal angiosperm probe set with variation in cap-
ture efficiency across different species, as the captured regions tend to be
relatively conserved and alignments tend to be short after excluding
regions with a lot of missing data. Similar situations have been reported
in other phylogenetic studies using Angiosperm 353 probe set, such as in
Dipsacales (Lee et al., 2021) and Artocarpeae (Moraceae) (Gardner,
2023). On the other hand, dataset with high levels of incomplete lineage
sorting also tend to have more difficulties in “true” gene tree estimations
than dataset with low levels of incomplete lineage sorting (Cai et al.,
2021). The relatively high level of incomplete lineage sorting in the
dataset further complicated the issue.

4.3. Conclusions and future directions

Using the universal probe set Angiosperm 353, we not only
confirmed several intergeneric relationships previously inferred using
plastid genomes, but also identified new relationships, even within the
challenging Camellia genus. However, the overall support for the back-
bone of Camellia and tribe Theeae was low with high gene tree discor-
dances. We identified clades associated with potential biological
processes resulting from rapid diversification in the group, such as
incomplete lineage sorting and introgression, apart from gene tree
estimation errors that contribute to high heterogeneity within the gene
tree dataset. Given that the reasons for gene tree discordances varied
across different clades, further study could explore new phylogenetic
method that balances between concatenation and coalescent ap-
proaches, thereby alleviating the impacts of both ILS and gene tree
estimation errors (Smith et al., 2020). Simulation methods could also be
employed to estimate the quantity of data needed to solve the most
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challenging relationships within the group.

We demonstrated that nuclear target enrichment is useful in
providing valuable and novel insights into the evolutionary history of
Theaceae. Its ability to extract information from historical and degraded
samples complements the use of transcriptome/whole genome
sequencing for modern samples. This is particularly important in clari-
fying the taxonomy of certain challenging groups, which requires mo-
lecular information from numerous individuals, spanning both historical
specimens (ideally type specimens) and modern samples. However, the
ability to fully resolve the recalcitrant nodes in Theaceae is relatively
limited in the current dataset partly due to relatively short target length
and low phylogenetic informativeness of genes, even after including
intron regions. With the many transcriptomes and a few new complete
genomes published for the group in recent years (Gong et al., 2022; Wu
etal., 2022; Zan et al., 2023; Zhang et al., 2022), it worth expanding the
universal probe set to include more variable, lineage-specific and
function-related loci for future studies (McLay et al., 2021).
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