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Abstract
Premise: To date, phylogenetic relationships within the monogeneric Brunelliaceae
have been based on morphological evidence, which does not provide sufficient
phylogenetic resolution. Here we use target‐enriched nuclear data to improve our
understanding of phylogenetic relationships in the family.
Methods: We used the Angiosperms353 toolkit for targeted recovery of exonic
regions and supercontigs (exons + introns) from low copy nuclear genes from 53 of 70
species in Brunellia, and several outgroup taxa. We removed loci that indicated biased
inference of relationships and applied concatenated and coalescent methods to infer
Brunellia phylogeny. We identified conflicts among gene trees that may reflect
hybridization or incomplete lineage sorting events and assessed their impact on
phylogenetic inference. Finally, we performed ancestral‐state reconstructions of
morphological traits and assessed the homology of character states used to define
sections and subsections in Brunellia.
Results: Brunellia comprises two major clades and several subclades. Most of these
clades/subclades do not correspond to previous infrageneric taxa. There is high
topological incongruence among the subclades across analyses.
Conclusions: Phylogenetic reconstructions point to rapid species diversification in
Brunelliaceae, reflected in very short branches between successive species splits. The
removal of putatively biased loci slightly improves phylogenetic support for individual
clades. Reticulate evolution due to hybridization and/or incomplete lineage sorting
likely both contribute to gene‐tree discordance. Morphological characters used to
define taxa in current classification schemes are homoplastic in the ancestral
character‐state reconstructions. While target enrichment data allows us to broaden
our understanding of diversification in Brunellia, the relationships among subclades
remain incompletely understood.
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Nuclear phylogenomic approaches using high‐throughput
sequencing methods (also known as next generation
sequencing, e.g., Nowrousian, 2010; Morey et al., 2013;
Heather and Chain, 2016; Kanzi et al., 2020), allow us to
obtain data from the entire nuclear genome or a
representative subset across the genome. Several approaches
are available to obtain more low‐copy nuclear data that have
different costs and benefits (McKain et al., 2018). Trees

inferred using large amounts of phylogenomic data permit
inference of species trees with high support (e.g., from
bootstrap analysis), but there can be underlying strong
discordance between individual gene trees, and between
gene trees and species trees (e.g., Maddison, 1997; Gadagkar
et al., 2005; Kumar et al., 2012; Young and Gillung, 2020). It
would therefore be useful to pinpoint and account for the
processes underlying this incongruence.
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Incongruence among phylogenies reconstructed from
different data sets or genomes may be caused by various
evolutionary processes that can act differently on individual
gene trees, including hybridization or incomplete lineage
sorting (ILS) due to rapid radiations (Maddison, 1997; Mao
et al., 2019). The former reflects mixture of genetic material
from different lineages (Rieseberg and Willis, 2007),
whereas the latter implies retention of ancestral polymor-
phisms that can lead to disagreement among individual
gene trees (Pamilo and Nei, 1988; Maddison, 1997). Both
can mislead inference of species trees from gene trees.
Several methods have been proposed to detect and account
for these processes (e.g., Joly, 2012; Blischak et al., 2018;
Lanfear, 2018), which improve our understanding of the
dynamic processes that affect inference of relationships (e.g.,
Sun et al., 2015; Mao et al., 2019); reconciling gene‐tree
incongruences can also be used in the inference of a species
tree (e.g., coalescence‐based methods such as ASTRAL;
Mirarab and Warnow, 2015).

Brunelliaceae is inferred to be a monophyletic family based
on morphological evidence (Orozco, 2001). The family is a
member of the order Oxalidales, in the rosid clade of eudicots.
Its only genus, Brunellia Ruiz and Pav., has ~70 species, all of
which are trees. Brunelliaceae are mostly represented in the
Andes, with most species diversity found in Bolivia and Peru
and north to Colombia and Venezuela; some extra‐Andean
species also grow in Mexico, Central America, the Greater
Antilles, and the Guiana Shield. Brunellia is particularly rich in
Colombia and some of its species reach high elevations (up to
3000m) (Orozco et al., 2020).

Brunellia has been divided into two sections and 13
subsections (Cuatrecasas, 1985) or more recently into five
sections and four subsections in a morphology‐based
phylogenetic study (Orozco, 2001). However, the mono-
phyly of those taxonomic groups has not been tested to date
using molecular characters. Our past attempts to find useful
markers led us to assemble two plastomes in two species
(B. antioquensis (Cuatrec.) Cuatrec. and B. trianae Cuatrec.)
that were putatively distantly related, morphologically
divergent, and classified in different sections of the genus
(Valencia et al., 2020). However, as there was low variability
(99.85% sequence similarity) between those plastomes, we
decided to explore the use of nuclear loci here. Specifically,
we analyzed nuclear genomic information obtained with
the Angiosperms353 target sequence capture kit (Hyb‐Seq;
Weitemier et al., 2014), which captures hundreds of
conserved single‐copy protein‐coding genes (Johnson
et al., 2019), to address the following questions: (1) What
phylogenetic relationships in Brunellia are inferred based on
genomic data? (2) Are the morphological characters
traditionally used to classify Brunellia useful for differenti-
ating clades inferred using molecular data? And (3) To what
degree does hybridization or incomplete lineage sorting
(ILS) contribute to species diversification in Brunellia?
While addressing these questions we also evaluated the
utility of excluding poor quality loci based on criteria such

as tree‐to‐tree distances, estimates of substitution satura-
tion, and possible long‐branch artifacts. We compared
coalescent and concatenated species trees, providing in-
sights into the degree to which ILS and hybridization may
contribute to gene‐tree discordance. Finally, we used this
new phylogenetic framework to evaluate the evolution and
homology of morphological traits thought to be important
in infrageneric classification within Brunellia.

MATERIALS AND METHODS

Taxon sampling

We studied 53 species (out of ~70) in Brunellia, represented
by 57 samples, and an additional eight outgroup taxa,
including representatives of Celastrales, Malpighiales, and
Oxalidales (Appendix S1). All data were newly generated in
this study with the exception of Cephalotus follicularis
Labill. [Cephalotaceae], which was retrieved from National
Center for Biotechnology Information (website: http://www.
ncbi.nlm.nih.gov/, accession PRJDB4484). We collected
fresh leaf tissue from vouchered specimens in Bolivia,
Colombia, Ecuador, and Peru, preserved in silica gel.
Vouchers (Appendix S1) were deposited at the Herbario
Nacional Colombiano (COL), at the Herbario Nacional de
Bolivia La Paz (LPB) and at the Pontificia Universidad
Católica del Ecuador Herbarium (QCA) (herbarium
acronyms follow Thiers, 2020).

DNA extraction, library preparation and
sequencing

We extracted DNA from dried tissues ground for 1minute
using zirconia beads in a Mini‐BeadBeater 96 (Biospec
Products, Bartlesville, Oklahoma, USA), followed by a
standard CTAB protocol (Doyle and Doyle, 1987) modified
by purifying the aqueous supernatant with silica columns
(Neubig et al., 2014). We preserved total DNA in 1× Tris‐
EDTA (Fisher BioReagents BP2473‐1; Thermo Fisher
Scientific, Waltham, Massachusetts, USA) and standardized
the DNA concentrations to 45‐60 ng/μl, and then quantified
them using a Qubit® 3.0 Fluorometer (Life Technologies,
Carlsbad, California, USA). We examined DNA quality
using agarose gel electrophoresis. Rapid Genomics LLC
(Gainesville, Florida, USA) performed library preparation
and sequencing, with DNA sheared using a sonicator to a
mean fragment length of 400 bp. Fragments were end‐
repaired and A‐tailed before the incorporation of unique
dual‐indexed Illumina adaptors. The libraries were then
enriched using the Angiosperms353 target sequence capture
kit (Arbor Biosciences, Ann Arbor, Michigan, USA) designed
by Johnson et al. (2019), with sequencing performed on an
Illumina HiSeqX (Illumina, Inc., San Diego, California, USA)
to produce 150‐bp, paired‐end reads.
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Data processing

We quality‐trimmed raw reads using Trimmomatic version
0.39 (Bolger et al., 2014) to remove low‐quality bases at the
end and beginning of each read (when 4 bp windows had a
quality score <Q20), and to remove reads shorter than 30 bp.
After trimming, paired reads were processed using HybPiper
version 1.3.1 (Johnson et al., 2016; available at website: https://
github.com/mossmatters/Angiosperms353) with BWA map-
per (Li et al., 2009) for aligning the reads to the DNA targets,
and SPAdes (Bankevich et al., 2012) for de novo assembly of
reads. We performed the first capture using the “Angios-
perms353_targetSequences” fasta file available on the HybPi-
per website. We recovered exonic regions with the “exoner-
ate” script. The sample “Brunellia inermis Ruiz and Pav.,
Orozco 4085” was selected due to its high coverage to create a
new customized set of exon data targets, to maximize data
recovery in the family. We recovered exon data and
supercontigs (exons + introns) of the 353 genes using the
“reads_first.py” and “exonerate_hits.py” scripts. To visualize
recovery efficiency, we summarized exon coverage using R
version 3.6.3 (R Core Team, 2020) with the “gen_recover-
y_heatmap_ggplot.R” script (available at website: https://
github.com/mossmatters/HybPiper). We retrieved the DNA
sequences of C. follicularis (GenBank PRJDB4484) from NCBI
for the 353 protein targets with the format option: ‘fasta CDS,’
and included them in the individual gene datasets with a
custom Python script (Williams, 2022). We inspected putative
paralogs with the “paralog_investigator.py” script. Each gene
with paralogs was retrieved using the “paralog_retriever”
script and GNU parallel (Tange, 2018), and the copies were
aligned using MAFFT version 7.450 (Katoh and
Standley, 2013). The phylogenetic relationships depicted by
each gene were reconstructed with FastTree version 2.1.11
(Price et al., 2010) plugins in Geneious Prime version 2020.0.3

(website https://www.geneious.com) to understand the nature
of putative paralogous cases.

Loci filtering

We evaluated ten parameters for each gene in the exon and
supercontigs datasets, to minimize potential bias produced by
a strong, but misleading signal (Shen et al., 2017), such as
sequence saturation, long branch attraction (Felsenstein, 1978;
Hendy and Penny, 1989), and potential hidden paralogy due
to polyploidization (Wolfe, 2001; Veitia, 2005) (Table 1).
Genes that were over or under the 1.5 interquartile range (see
Table 1 for each case) for any of the considered parameters
were excluded from all downstream analyses. We called the
exons dataset without paralogs and loci with potential biases
“EWE” (exons with exclusions) and the supercontigs dataset
with the same exclusions “SCWE” (supercontigs with
exclusions). Additionally, the phylogenetic support of the
datasets with exclusions (for both EWE and SCWE) was
calculated with the average bootstrap support using TreSpEx
version 1.1 (Struck, 2014). This measure was obtained using
all branches of the best maximum likelihood (ML) tree of
each gene tree. The averages were depicted in a density plot
to visualize the number of genes with an average >60% of
bootstrap support in each dataset using R version 4.0.2 (R
Core Team, 2020).

Phylogenetic analyses

We analyzed the four datasets of exons and supercontigs,
with and without genes excluded (based on the filtering step
above), on the Galaxy platform using Osiris phylogenetic
tools (website: https://galaxyproject.org/; Oakley et al., 2014).

TABLE 1 Parameters used for reducing phylogenetic bias.

Parameter
Cause of bias in the
phylogenetic analysis Description

Tail of the distribution
that defines the region
of gene outliers

1. Relative likelihood Phylogenetic
contribution bias

Relative contribution of each gene to the total
likelihood score

Q3 + 1.5(IQR)

2. R² of the linear regression
3. Slope of the linear regression

Saturation Linear regression between patristic and uncorrected
pairwise distances for each gene

Q1 – 1.5(IQR)
Q1 – 1.5(IQR)

4. Long branch score upper
quartile

5. Long branch score
heterogeneity

6. Tip to root upper quartile
7. Tip to root heterogeneity

Long branch attraction Which are based on averages and speed of
evolutionary rates. These parameters were
calculated using TreSpEx version 1.1

Q1 – 1.5(IQR)
Q3 + 1.5(IQR)
Q3 + 1.5(IQR)
Q3 + 1.5(IQR)

8. Average patristic differences As a proxy for genes affected by long‐branch attraction Q3 + 1.5(IQR)

9. Matching Splits distance
10. Robinson‐Foulds distance

Potential paralogy It corresponds to the distance of each gene tree
to the ML tree of supercontigs. These parameters
were calculated through the platform
https://eti.pg.edu.pl/treecmp (Bogdanowicz et al., 2012)

Q3 + 1.5(IQR)
Q3 + 1.5(IQR)
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We used MAFFT (Katoh and Standley, 2013) to produce
alignments. To avoid discrepancies between sequences and
samples with a high number of gaps, the alignments were
trimmed with TrimAl version 1.4 using the command
"automated1", which selects the best method for trimming
according to data characteristics (Capella‐Gutierrez
et al., 2009). We performed phylogenetic analyses using loci
concatenation and multispecies‐coalescent methods. For the
first one, we analyzed concatenated alignments using
maximum likelihood (ML) in IQ‐TREE version 2.0.6 (Minh,
Schmidt et al., 2020). The best substitution model was
selected using ModelFinder under BIC (Kalyaanamoorthy
et al., 2017). We used Ultrafast bootstraps (UFBoot) with
1000 replicates to calculate branch support (Hoang
et al., 2018). To quantify the genealogical concordance
within each dataset, we used the gene concordance factor
(gCF, the proportion of inferred gene trees that contain that
branch) and the site concordance factor (sCF, the proportion
of inferred sites supporting a branch in a given tree).
Additionally, we inspected the ML trees produced from the
EWE and SCWE datasets to determine the proportion of
gene trees (gDF1, gDF2) and sites (sDF1, sDF2) that support
the two main alternative topologies (Minh, Hahn et al., 2020).
We also used IQ‐TREE to build the trees based on individual
loci that were subsequently included in ASTRAL analyses
(Zhang et al., 2018). For each branch in the species tree, we
recovered the local posterior probability (LPP) support,
which measures the probability of the branch given the
dataset, and the Quartet support percentage (QS), which
measures the conflict of gene trees for each species‐tree
branch (Zhang et al., 2018).

We also performed gene tree‐discordance detection,
network analysis, hybridization test, ILS evaluation, and the
ancestral state reconstruction of morphological characters
using the SCWE dataset. When a phylogenetic topology was
necessary for a test, we used the phylogeny obtained with the
multi‐coalescent method on that dataset. This particular
topology was selected for three reasons: (1) coalescent analyses
of multiple nuclear genes with independent segregation
capture the evolutionary history of the group better than
concatenated analysis (e.g., Mirarab and Warnow, 2015); (2)
the supercontig dataset is more phylogenetically informative
than the exon dataset in this study; and (3) the exclusion of
loci reduced the effect of biased data.

Gene‐tree discordance detection

We evaluated the predicted extent of gene duplication,
estimating the “internode certainty all” (ICA) support
(Salichos et al., 2014) and the number of genes that support
each branch in the SCWE Astral tree, using Phyparts (Smith
et al., 2015). The individual SCWE dataset gene trees used in
the analysis were rooted on Monteverdia ebenifolia (Reissek)
Biral [Celastraceae] using the STRAW webserver (http://
bioinformatics.publichealth.uga.edu/SpeciesTreeAnalysis/
index.php). Gene trees were also visualized with DensiTree

version 2.0.1 (Bouckaert, 2010). To identify possible
clusters of trees that might indicate the prevalence of two
or more topologies, we also made a multidimensional scaling
visualization (MDS) of the gene trees. In the MDS, previously
calculated Robinson‐Foulds tree‐to‐tree distances (Robinson
and Foulds, 1981) on the SCWE dataset were depicted using
R version 4.0.2 (R Core Team, 2020).

Network analysis

A possible phylogenetic conflict within the SCWE dataset
was assessed using SplitsTree4 version 4.16.2 (Huson and
Bryant, 2006) which depicts the incompatible phylogenetic
signal as a web that connects the species. The input matrix
was made by the concatenation of alignments of the
mentioned dataset using FasconCat‐G version 1‐04 (Kück
and Longo, 2014). An unreduced median network was
generated using MedianNetwork, a method that uses all
sites that have exactly two different states and that excludes
missing states and gaps.

Hybridization and ILS detection

We detected probable introgression within Brunellia using
the HyDe (Blischak et al., 2018) program, which recognizes
hybridization events using phylogenetic invariants within a
model that includes coalescence and hybridization. HyDe
evaluates all possible groups of four samples and assigns one
as the outgroup, two as parental populations (P1 and P2), and
a hybrid produced from a mixture of P1 and P2. The
program evaluates the presence of introgression and the
probable contribution of P2 and P1 (called γ and 1‐γ,
respectively). We conducted an exhaustive test among
phylogenetic terminals using a concatenated alignment of
the SCWE dataset using the python script “run_hyde.py”
with the “–ignore_amb_sites” flag. Tests with significant
P‐values after Bonferroni corrections (γ between 0 and 1, and
Z‐score >3) were considered strong evidence of hybridization.

We evaluated ILS using a method developed by Lanfear
(2018) in which the null hypothesis (H₀) of having
approximately the same number of genes or sites supporting
the two alternative topologies is tested. Following Huson
et al. (2005), the H₀ scenario is the result of independent
occurrences of lineage sorting, whereas the alternative (H₁)
scenario involves reticulation. We employed a chi‐square
test using an R script due to Lanfear (2018), to identify
branches with significant differences among genes (gDF1,
gDF2) or sites (sDF1, sDF2).

Character evolution

We selected seven morphological characters used previously in
traditional taxonomic treatments to define sections and
subsections by Cuatrecasas (1970, 1985) and Orozco (2001).
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To delimit character states, we considered herbarium speci-
mens and data from the Orozco study (2001) (Appendix S2),
with terminology based on Orozco (2001). We evaluated leaf
complexity, inflorescence complexity, fertile portion of the
inflorescence, calyx merosity, ratio of carpel to calyx merosity,
carpel number, and endocarp shape. Ancestral character states
were reconstructed using Mesquite version 3.51 (Maddison
and Maddison, 2018) under ML methods and the Markov k‐
state one‐parameter (Mk1 model), which assumes equal rates
of change among character states (Lewis, 2001). The
asymmetric model (Mk2 model) was also evaluated, which
allows a different rate between gains and losses (Pagel, 1999).
The best model was selected using the Asymmetry Likelihood
Ratio Test option included in Mesquite version 3.51
(Maddison and Maddison, 2018).

RESULTS

Data assembly

We generated Hyb‐Seq data for 57 samples of Brunelliaceae
and for eight outgroups representing closely related families
from the Oxalidales, Celastrales, and Malpighiales (Appendi-
ces S3 and S4). On average, we recovered 4,425,973 reads per
sample (SD = 1,653,701), of which 31% mapped to the
targeted loci. Out of the total 353 targeted loci, we obtained
data from 350 genes with an average of 62.9 samples per gene
(SD = 4.2). Twenty‐seven genes with gene duplications
were detected in our analyses (Appendix S5). Of those, nine
were identified as paralogous duplications within Brunellia
and were removed from the downstream analyses. The other
18 genes correspond to gene duplications within the outgroup
samples, so we kept one copy selected through the pipeline
based on high coverage, depth and similarity with the
reference. We removed the paralogues identified using
HybPiper scripts (Johnson et al., 2016; available at website:
https://github.com/mossmatters/Angiosperms353) to obtain
337 exon loci and 337 supercontig loci.

Locus exclusion

We excluded 35 genes from the exon dataset and 59 genes
from the supercontigs dataset based on the evaluation of ten
parameters (Table 1), and created two reduced datasets (EWE
and SCWE datasets). The excluded genes correspond to the
outliers of the distribution of one or multiple parameters (see
full list in Appendices S6 and S7) in the exon and
supercontigs datasets. This exclusion increased the support
values of the branches in some but not all comparative
analyses. When all datasets (exons and supercontigs with and
without exclusions) were analyzed with coalescence and
concatenation approaches, eight different topologies were
recovered (Figures 1 and 2; Appendix S8).

We used the average ultrafast bootstrap (UFBoot)
support of each gene tree to evaluate the phylogenetic

support for the EWE and SCWE datasets. Gene trees
inferred from the supercontigs dataset had higher average
values of UFBoot support than the trees inferred from the
exons dataset (Appendix S9). In the supercontigs dataset,
only 22 gene trees had values less than 60%, while in the
exons dataset 234 gene trees had averages under 60%. After
removing paralogs and pruning with TrimAl (but before
excluding loci with potential biases), the exon dataset
included 302 genes (with 212,329 sites), and the super-
contigs dataset included 317 genes (with 850,115 sites)
(Table 2). The supercontigs dataset had a higher number of
informative sites and indels than the exon dataset (Table 2).

Phylogenetic analyses

All the analyses recovered two clades with strong support
(BS = 100, LPP = 1, Figures 1 and 2; Appendix S8) within
Oxalidales. One consisted of Connaraceae and Oxalidaceae,
and the other of Brunelliaceae, Cephalotaceae, Cunoniaceae,
and Elaeocarpaceae. The relationships among these last four
families were variable and depended on the dataset used.
However, Cephalotaceae was always sister to the other
three families, and in most of our analyses, Brunelliaceae
was sister to Cunoniaceae + Elaeocarpaceae (Figure 1).
Some of the topologies obtained with the exon dataset
showed Cunoniaceae sister to Brunelliaceae + Elaeocarpa-
ceae (Appendix S8).

Brunellia (and therefore Brunelliaceae) is inferred to be
monophyletic and comprises two major well‐supported
clades (BS = 100, LPP = 0.99‐1) (Figures 1 and 2; Appen-
dix S8). The phylogenetic analyses using concatenation
and coalescence methods on the complete datasets and on
the datasets with exclusions (EWE and SCWE) depicted
similar general patterns, but none were entirely identical
(Figure 1, Appendix S8). We always recovered clades I and
II, with low gCF and sCf support (Appendices S10
and S11), moderate QS values, and short branches
compared with the remaining Oxalidales (Appendices S10,
and S11, S12). Within clade I, there were six lineages. Of
these, clade Ia, comprising B. brunnea J.F. MacBr., B.
coroicoana Cuatrec., and B. rhoides Rusby, was sister to all
other species. Each of these six lineages had high support;
however, relationships among them were not consistent
(Figures 1 and 2; Appendix S8). Relationships within each
lineage were consistent, except in subclade Ia. Subclade Ic
was not recovered when the EWE dataset was analyzed by
coalescence (Figure 2E).

Seven main lineages were recovered within clade II
(Figures 1 and 2; Appendix S8). Brunellia acostae Cuatrec.
was sister to all other species in this clade. Relationships
among and within the remaining subclades were variable.
However, the relationships among the five species in
subclade IIb were consistent in all analyses and the relevant
branches were most often highly supported. The position of
Brunellia hygrothermica Cuatrec. was variable within clade
II, appearing sister to different subclades in the various
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F IGURE 1 ASTRAL‐based species tree of Brunelliaceae based on Angiosperms353 of the SCWE dataset (supercontigs excluding paralogs and loci with
potential bias). Numbers above branches indicate local posterior probability (LPP) values. Pie charts show quartet support for the main topology (blue), the
first alternative (orange), and the second alternative (gray). Insert corresponds to ML phylogram of the same dataset.
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analyses. Finally, the clade formed by B. stuebelii Hieron.
+ subclade IIc + subclade IId was recovered in all analyses.

Gene‐tree discordance

Strong incongruence was detected among gene trees in the
four analyzed datasets (exon, supercontigs, with and without
exclusions), exemplified by eight different topologies
(Figures 1 and 2; Appendix S8). Despite recovering generally
high branch support, a high degree of locus discordance in
the four datasets was found according to the low values of
gCF, sCF, and QS for the main topology (Figure 1,
Appendix S8). The backbone of clades I and II had the
lowest gCF values related to the most terminal nodes, and
high values of gDFP that indicate high discordance due to
polyphyly (Figure 3, Appendix S13).

When the SCWE dataset was evaluated on the coales-
cent tree, a high discordance was found for branches of the

backbone of clades I and II (Figure 1). The most concordant
nodes among the gene trees were the most recent common
ancestor of Brunellia and some terminal nodes that support
groups of few species (i.e., subclades). Additionally, the ICA
values were close to zero or below (Figure 4), indicating that
there are alternative topologies with similar frequencies
(ICA close to 0) and even alternative topologies with
higher frequency (ICA < 0). The Densitree plot summarized
substantial diversity in most of the relationships among
the subclades inferred on individual gene trees (Figure 5A).
The multidimensional scaling (MDS) analysis showed a
diffuse arrangement of gene trees, which indicates there is
no dominant cluster of topologies (Figure 5B).

Network analysis

Split networks recovered all clades and subclades obtained
in the concatenation and coalescence analyses (Figure 6).

A B C D

E F G H

F IGURE 2 Species tree of Brunelliaceae based on exons and supercontigs using data‐set with and without locus exclusion. Trees were inferred using
ASTRAL and maximum likelihood analysis of concatenated data. Each subclade has been condensed to show the variable relationships within the subclades.
Numbers below and above branches are LPP values for trees obtained by coalescence and ultrafast bootstrap for trees obtained with maximum likelihood.

PHYLOGENETIC RELATIONSHIPS IN BRUNELLIACEAE | 1145

 15372197, 2022, 7, D
ow

nloaded from
 https://bsapubs.onlinelibrary.w

iley.com
/doi/10.1002/ajb2.16025 by R

eadcube (Labtiva Inc.), W
iley O

nline Library on [27/12/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



The two main clusters (clades I and II) were clearly
defined, but high conflict was found among smaller
clusters (subclades), and particularly within some of them
(subclades Ib, Ic, IIc, and IId).

Hybridization and ILS detection

The HyDe test suggested that hybridization played an
important role in the speciation of Brunellia. In this test,
87,780 triplets (P1, P2, and a hybrid) were analyzed, but
only 4105 (Appendix S14) had considerable levels of
hybridization (Bonferroni corrected P‐value of 0.05/
87,780 = 5.69 × 10⁻⁷, Z‐score >4.86). The distribution of
the γ values, which represent the contribution of the
parental genomes, indicated significant levels of

hybridization (Appendix S15). Most of the triplets were in
the Ib, IIb, IIc, and IId subclades, where evident conflicts
were also detected in the network analysis. The phylogenetic
terminals with the highest frequency of inferred hybridiza-
tion are in subclade IIb (B. bullata Cuatrec., B. cayambensis
Cuatrec., and B. gracilis C.I. Orozco), and subclade IId
(B. almaguerensis Cuatrec., B. boqueronensis Cuatrec., B.
ecuadoriensis Cuatrec., and B. pitayensis Cuatrec.). Brunellia
coroicoana, B. hygrothermica, and B. rhoides were the three
species with the lowest hybridization events in their ancestry
(Figure 7, Appendix S14).

Incomplete lineage sorting was inferred for most
branches of the SCWE dataset (where the H₀ was accepted).
Those events occurred most frequently in branches that led
to species with low probability of hybrid origin (Figure 7).
In clade I, ILS was mainly detected in the external branches,

A

B

F IGURE 3 Bar‐plots showing concordance of genes (gCF, A) and sites (sCF, B), and discordance gene gDF1, gDF2, gDFP) and sites (sCF, sDF1, sDF2)
on supercontig dataset of Brunelliaceae with locus exclusion, inferred using maximum likelihood analysis of concatenated data. Numbers of branches
(ID) are according to Appendix S10. The ID numbers were arranged by clade and by their position in the tree (backbone or terminal nodes).

TABLE 2 Characteristics of the exon and supercontigs datasets obtained with the Angiosperms353 bait kit.

Characteristics
Exon dataset
without exclusion

Supercontig dataset
without exclusion

Exons‐ with‐ exclusions
dataset (EWE)

Supercontigs‐ with‐
exclusions dataset (SCWE)

Total loci analyzed 302 317 258 267

Number of sequences per loci,
minimum‐maximum of each
dataset

29‐65 29‐65 57‐65 60‐65

Total sites after trim 212,329 850,115 202,107 785,373

GC percentage 41.83 31.99 41.74 32.03

Informative site percentage 16.11 22.4 16.01 22.51

Indel percentage 3.81 10.68 3.95 10.87
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whereas in clade II they were found in some external
branches and in some of the backbone (Figure 7).

Ancestral character‐state reconstruction

All examined traits are inferred to be homoplastic. Therefore,
none of the traits were associated with any of the two main
clades (Figure 8). All characters show a significantly better fit
using a one‐parameter model (p 0.001), except for leaf
complexity, which has a better fit using an asymmetrical
2‐parameter model (forward rate: 0.03061, backward rate:
0.106531). Leaf complexity changed from an ancestral state of
compound leaves to simple leaves six independent times
(Figure 8A). However, most of the simple (unifoliolate)‐
leaved species belonged to subclade IId, where only
B. ecuadoriensis has reverted to compound leaves. The
complexity of proximal and distal branches of inflorescences
has been reduced five times independently. In clade I, most
species had thyrsoid inflorescences with higher complexity in
proximal and distal branches, and just a few developed less
complex inflorescences (Figure 8B). In clade II, it is evident
that there was a reduction of inflorescence complexity. Most

species develop thyrsoid inflorescences with higher complex-
ity only at the proximal branches, and few species have
monothyrsoid inflorescences (Figure 8B). The fertile portion
of the inflorescence did not have a clear pattern in terms of
the evolution of its character states (Figure 8C).

Calyx merosity was highly homoplastic in clade I; in
clade II, most of the species had five calyx lobes, but this
character changed multiple times to a lesser or higher
number of lobes (Figure 8D). The ancestral condition in the
family is inferred to have the number of carpels equal to
the calyx lobes (Figure 8E). This condition changed multiple
times to a condition with fewer carpels than calyx lobes,
mostly in clade II. Carpel number is highly homoplastic
within Brunellia and does not show unambiguous patterns
of evolution (Figure 8F). The shape of the endocarp is
inferred to be highly homoplastic (Figure 8G). The U‐shape
endocarp is reconstructed as the ancestral state in the
family. In clade I, the endocarp is inferred to have changed
to urceolate and later to navicular, whereas in clade II, the
U‐shape changed to navicular in subclade IIa and to
urceolate in the ancestor of subclades IIb–IId. Therefore, the
navicular shape arose from the U‐shape and the urceolate
shape independently in subclades IIa and IId.

F IGURE 4 ASTRAL‐based species tree of Brunelliaceae reconstructed from supercontigs dataset with locus exclusion showing gene tree discordance.
Pie charts show the proportion of concordant (blue) and discordant genes (orange). Numbers above branches indicate internode certainty of all (ICA)
values.
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DISCUSSION

Assessment of noise and phylogenetic signal

High‐throughput sequencing has emerged as a tool for a
better understanding of evolutionary history, recovering
more resolved phylogenies with higher support (e.g., for
birds, Prum et al., 2015; Salvia [Lamiaceae], Fragoso‐
Martínez et al., 2017; Nepenthes [Nepenthaceae], Murphy
et al., 2020; see also Rokas et al., 2003). With the amount of
information generated by NGS, filtering procedures can
help obtain clearer results. Also, it is highly advantageous to
have a reference genome in order to accurately detect gene
duplication, hybridization, introgression, ILS, saturation,
and long‐branch attraction, which could add noise and bias
in phylogenetic analyses (Straub et al., 2014; Smith
et al., 2015; Herrando‐Moraira et al., 2018). All of the
aforementioned phenomena can mislead phylogenetic
reconstruction (Straub et al., 2014; García et al., 2017;
Nikolov et al., 2019) and should be taken into account to
allow a clearer interpretation of evolutionary history. We
used a targeting sequencing technique (Hyb‐Seq) here to
obtain single‐copy nuclear loci that could be phylogeneti-
cally informative for the reconstruction of the relationships
among the species of Brunellia. Here, we present the first
molecular phylogeny for this group, assess probable origins
of the incongruences among gene trees, and re‐examine

morphological characters traditionally used in the taxon-
omy of Brunellia.

We evaluated loci recovered with the Angiosperms353
toolkit (Johnson et al., 2019) to detect possible events
that could confound the phylogenetic signal. We found
27 loci with paralogs, but only nine were paralogous
within Brunellia, representing 2.57% of the assembled loci.
Paralogs can mislead phylogenetic inference in concate-
nated analyses, but may not always affect coalescent analyses
(e.g., Maddison 1997, Du et al., 2019 [Preprint]; Soto
Gomez et al., 2019). For this reason, we decided to exclude
ingroup paralogs from all further analyses. We found strong
discordance among loci in the phylogenetic analyses of the
exon and supercontigs datasets (Appendix S10A, C, E, F).
Therefore, we applied ten approaches to filtering out loci
that were too noisy or that may lead to biased phylogenetic
inference. All loci that had such biases, including those
putatively with long branch attraction and excessive
sequence saturation, or predicted paralogy, were removed.

When the exon and supercontig datasets are compared,
the latter contains almost four times the number of
nucleotides of the former (Table 2), and have a slight
increase in the gene and site concordance of the branches in
the analyses (gCF, sCF, and QS). Exons have a lower rate of
DNA sequence evolution and therefore have somewhat
lower utility for inferring relationships among very recent
or closely related taxa, as reflected in short branches in the

A

B

F IGURE 5 Gene trees discordance of Brunelliaceae based on supercontig data set with exclusion. (A) DensiTree plot. (B) Multidimensional scaling plot
of Robinson Foulds distances showing the high dispersion of gene trees (data points in the figure), indicating the lack of a unique cluster or topology.
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phylogenies. The use of noncoding flanking regions, which
generally have a higher rate of evolution, could help to
resolve inconsistencies caused by lack of variation in exonic
regions. The gene trees inferred from the EWE dataset had
lower than average UFBoot support than those from the
SCWE dataset. These results indicate that the topologies of
the EWE dataset were less consistent within each gene than
in the other dataset.

The ML and ASTRAL analyses for the SCWE dataset led
to recovery of two main clades (Appendix S10G and

Figure 1, respectively): one (I) with six subclades and the
other (II) with four subclades and three isolated species. The
relationships among the subclades differed among the two
methods; however, the relationships among species were
consistent in the majority of trees. Trees for other datasets
(exons and supercontigs without exclusions and EWE
datasets) also recovered the clades and subclades, but
relationships among species and among subclades were
variable (Appendix S10A–F). Analyses with loci filtered to
remove noisy or potentially biased loci can recover more

F IGURE 6 Split network of Brunelliaceae estimated with the MedianNetwork method using the supercontigs with exclusion dataset. Same clades and
subclades from the phylogenetic analysis are recovered as clusters in the network.
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stable phylogenies, with conflicts only in the most recalci-
trant clades (e.g., Nikolov et al., 2019), whose recalcitrance
can be attributed to complex speciation processes. However,
after performing loci filtering to reduce noise and
phylogenetic bias, we did not recover consistent relation-
ships among subclades or improved gene and site concor-
dance in Brunellia. These discrepancies have been found
in other studies, showing that increasing the number of
genes does not necessarily increase support and topological
congruence (e.g., Bogarín et al., 2018). This may reflect
variation in the rate of nucleotide substitution of the genes
(Bagley et al., 2020) and biological processes that are unique
to the organisms studied (e.g., Chen et al., 2009).

Gene‐tree discordance

In general, all branches within Brunellia are very short in the
ML analysis (Appendix S12) and have few genes and sites that
support the main topology (Figure 2), which is consistent
with gene concordance factor (gCF) values mainly <30%, sites
concordance factor (sCF) values mainly <50% (Appen-
dix S10G), most nodes with QS < 50% (Figure 1). None-
theless, branch support as measured by the bootstrap analysis
(UFBoot) and local posterior probabilities (LPP) were high in
most branches (74% of branches have UFBoot = 100%, 78%
of the branches have LPP > 0.9); however, these statistical
measures are sensitive in genomic datasets to biases related to

F IGURE 7 ML tree of Brunelliaceae based on the supercontigs with exclusion dataset showing ILS and hybridization. Red branches are those where the
hypothesis of ILS was rejected. The bar plot shows for each terminal the frequency where each taxon is predicted to be a hybrid in the hybridization HyDe
test (Z‐score >4879).
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data quantity (as support values are dependent on the
amount of genes/data analyzed, e.g., Rokas et al., 2003;
Phillips et al., 2004; Soltis et al., 2004). There was also a low
proportion of genes supporting the two main alternative
topologies (gDF1 and gDF2) and most of the genes
supporting any different one (gDFP > 70.77% for the SCWE
dataset). Additionally, there was a relatively high proportion
of sites supporting the branches of the main topology (sCF >
40% for the SCWE dataset) versus those that supported
alternative topologies (sDF mainly ~20–30%). In the back-
bone of each main clade, the relationships presented a higher
level of gene discordance and lower ICA values than the
nodes near the tips (Figure 4). This reflects the presence of
alternative topologies with similar frequency or even with
higher frequency. This type of discordance can be caused by
ILS, especially when there is rapid and recent radiation
(Whitfield and Lockhart, 2007; Bagley et al., 2020), which has
also been found in other groups (Jabaily et al., 2018; Bagley
et al., 2020).

Historical processes

The network analysis and the Densitree plot (Figures 5
and 6), reveal high discordance in our data, implying
conflicts among gene trees, which could be caused by
duplication, reticulate evolution, and ILS (Maddison, 1997;
Wendel and Doyle, 1998; Som, 2014; Smith et al., 2015;
Bogarín et al., 2018). However, the Angiosperm353 kits
targets single‐copy genes, which should be less subject to
paralogy issues (e.g., Johnson et al., 2016; Baker et al., 2021),
paralogs found using HybPiper and tree‐to‐tree distances
were removed from the analyses, and Phyparts did not
detect gene duplication in our datasets. However, our other
analysis detected strong evidence for hybridization and ILS
(Figure 7; Appendix S14). ILS has been associated with
rapid radiation events (e.g., Mao et al., 2019), which could
be the case in Brunellia based on the very short branches
detected here in the ML analysis (Appendix S12). All of
these events could generate conflict among reconstructed

A B

C D

E F

G

F IGURE 8 Ancestral character state reconstruction for seven morphological traits of Brunellia. (A) Leaf complexity, (B) inflorescence complexity, (C)
fertile portion of the inflorescence, (D) calyx merosity, (E) ratio carpel/calyx merosity, (F) carpel number, (G) endocarp shape. Gray branches indicate that
the character was not evaluated in that taxon.
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phylogenies inferred from diverse datasets (Mao et al., 2019).
Hybridization is one of the major forces in plant evolution
contributing to speciation (e.g., Grant, 1981; Rieseberg, 1997;
Payseur and Rieseberg, 2016) and is reported to co‐occur
with recent radiation and rapid adaptation to new
environments (e.g., Grant, 1981; Rieseberg, 1997;
Mallet, 2007; Marques et al., 2019, Morales‐Briones
et al., 2021). Here, we found that only three species (B.
acostae, B. hygrothermica, and B. stuebelii) appear as
probable parents of hybrids in 47.32% of the hybridization
tests (Appendix S14). Conflict among gene trees can also
reflect the presence of alternative alleles that remain in the
different lineages through successive speciation events,
known as ILS (e.g., Pamilo and Nei, 1988; Maddison, 1997;
Whitfield and Lockhart, 2007; Oliver, 2013; Jabaily
et al., 2018). ILS was observed in around 50% of the
branches in the phylogeny of Brunellia (Figure 7), which
likely explains the lack of a consistent topology among the
gene trees evaluated here.

Phylogeny and morphological character
evaluation

We recovered two clades in Oxalidales, one formed by
Oxalidaceae + Connaraceae and the other by Cephalota-
ceae + (Brunelliaceae + Cunoniaceae + Elaeocarpaceae).
This is consistent with Soltis et al. (2011), who used 17
genes from the three genomes (nuclear genome, plas-
tome, and mitogenome), and by Li et al. (2021), who used
76 plastid protein‐coding genes. In the latter clade (which
includes Brunelliaceae), our data indicated that Cepha-
lotaceae was sister to the other families, in agreement
with Wurdack and Davis (2009), Qiu et al. (2010),
Bradford and Barnes (2001), Sun et al. (2016), and Li
et al. (2021). However, this disagrees with the relation-
ships found by Soltis et al. (2011) where Brunelliaceae
was sister to Elaeocarpaceae (Cephalotaceae + Cunonia-
ceae). Most of our phylogenetic analyses recovered
Brunelliaceae sister to Cunoniaceae + Elaeocarpaceae.
Three of the analyses with the exon dataset recovered
Brunelliaceae sister to Elaeocarpaceae, as previously
found by Pillon et al. (2021), who also used the
Angiosperms353 toolkit. However, the relationships from
Pillon et al. (2021) may be an artifact of taxon sampling,
as they included only one Brunelliaceae accession and 37
taxa from Cunoniaceae.

Our analyses recovered Brunelliaceae as monophyletic
with high support. This result was previously found in a
study based on morphological characters (Orozco, 2001)
and plastid markers (Bradford and Barnes, 2001). Also, all
our analyses recovered two large clades in Brunelliaceae, 10
subclades and three isolated species. Infrageneric classifica-
tions of Brunellia (sections and subsections) based on
morphological characters (Cuatrecasas, 1970, 1985;
Orozco, 2001) partly conflict with our results. Cuatrecasas
(1970, 1985) used leaf complexity for delimiting sections,

i.e., section Brunellia was distinguished by the presence of
compound leaves, whereas section Simplicifolia was charac-
terized by the presence of simple leaves. Neither section is
monophyletic, and the two main clades (I and II) recovered
in our phylogenetic analyses contain members of both
sections. The reduction of leaflets and floral parts was
reconstructed as arising multiple times independently in
Brunellia, which is why the traditional classification does
not reflect the phylogenetic relationships. These reductions
were probably influenced by the colonization of the new
environments formed during the final uplift of the Andes
during the Quaternary, as has happened in other groups of
plants (Gómez‐Gutiérrez et al., 2017).

Our results also do not support the infrageneric
classification of Orozco (2001), who delimited five sections
within Brunellia, although subclade IId contains most (but
not all) of the species classified in sect. Simplicifolia by
Cuatrecasas (1985) and Orozco (2001) on the basis of
having simple leaves and floral reduction. Subclade IIa
contains all species included in sect. Brunellia subsect.
Colombianae of Cuatrecasas (1985) and sect. Simplicifoliae
subsect. Propinquae from Orozco (2001), with the addition
of B. acutangula Bonpl., B. integrifolia Szyszyl., and B.
susaconensis (Cuatrec.) C.I. Orozco. Most of the species of
sect. Brunellia were recovered in clade IA, except for several
undescribed species and B. ovalifolia Bonpl. Other sections
and subsections are not recovered in the molecular analyses.
The main clades of Brunellia cannot be defined with any of
the morphological characters studied here, as they are
defined on the basis of highly homoplastic traits (Figure 8;
Appendix S16).

Despite unclear morphological diagnosability in
Brunellia, geographic patterns can be aligned with our
results. In general, clade I is more broadly distributed than
clade II. Brunellia species of clade I grow from Colombia to
Peru and Bolivia, with one species, B. comocladiifolia
Bonpl., widely distributed from Costa Rica to Ecuador,
Venezuela, and the Greater Antilles (Cuatrecasas, 1970, 1985;
Orozco, 2001). Species of clade II are mainly distributed in
Colombia, Ecuador and Venezuela, but B. dulcis J.F. Macbr.
is endemic to Peru, and B. hygrothermica reaches Panama.

CONCLUSIONS

We found evidence to explain the topological variability and
the low branch support in Brunellia, consistent with the
topological incongruence between the coalescent and
concatenated methods and the high discordance between
the gene trees and the species trees. This could be due to
various factors, including a lack of phylogenetic signal,
hybridization, and high ILS associated with this rapid
radiation, which is consistent with results found in other
groups (Smith et al., 2015; Jabaily et al., 2018; Widhelm
et al., 2019). The precise causes of discordance remain a
fundamentally difficult set of phenomena to disentangle
(Morales‐Briones et al., 2021).
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SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.

Appendix S1. Voucher information for Brunellia species
and outgroups included in the phylogenetic analyses.

Appendix S2. Scorings of six morphological characters and
their states.

Appendix S3. Gene recovered in each taxon. The value
(shading) in each cell indicates gene recovery for that taxon.

Appendix S4. Sequence recovery statistics from Hyb‐Seq
data for Brunelliaceae and eight taxa included as outgroups.
Number of reads (NumReads), mapped to the targets
(ReadsMapped), percentage of reads on target (PctOnTar-
get), number of genes with reads (GenesMapped), number of
genes with contigs (GenesWithContigs), wrong percentage of
read on target calculated (GenesWithSeqs_, GenesAt25pct,
GenesAt50pct, GenesAt75pct, GenesAt150pct), and number
of genes with paralogs (ParalogWarnings) are shown here.

Appendix S5. Number of copies retrieved for each locus, by
sample, and number of potential paralogs. Blank spaces
correspond to one gene to aid visualization.

Appendix S6. Parameters evaluated to minimize potential
bias and error in phylogenetic reconstruction using exons.
The loci included in the study are shown.
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Appendix S7. Parameters evaluated to minimize potential
bias and error in phylogenetic reconstruction using super-
contigs. The loci included in the study are shown.

Appendix S8. Species tree for exons and supercontig using
dataset with and without locus exclusion. Trees were
inferred using ASTRAL analysis and maximum likelihood
analysis of concatenated data.

Appendix S9. Phylogenetic signal expressed as average
bootstrap support of branches within individual gene trees
based on (A) exons, and (B) supercontigs. Blue area includes
loci with higher than 60% average bootstrap support.

Appendix S10. Concordance factor statistics of the exons
dataset with locus exclusion and inferred using maximum
likelihood analysis of concatenated data. ID numbers
according to branches of the tree below.

Appendix S11. Concordance factor statistics of the supercontig
dataset with locus exclusion and inferred using maximum
likelihood analysis of concatenated data. ID numbers according
to branches of the tree below.

Appendix S12. Species tree for supercontigs with locus
exclusion inferred using maximum likelihood analysis of
concatenated data. Outgroups were removed to show the
relative branch lengths among Brunellia species.

Appendix S13. Bar‐plots showing concordance of genes
(gCF, A) and sites (sCF, B), and discordance gene gDF1,

gDF2, gDFP) and sites (sCF, sDF1, sDF2) on exons dataset
with locus exclusion, inferred using maximum likelihood
analysis of concatenated data. Numbers of branches (ID)
according to Appendix S10. The ID numbers were arranged
by clade and by their position in the tree (backbone or
terminal nodes).

Appendix S14. Significant test for hybridization using
concatenated supercontigs matrix with loci excluded. Only
those triplets that are significant after Bonferroni correction
of P‐values (Z‐score >4879) are shown. Frequency of
predicted hybridization events are shown for each taxon,
identified as sp1 to sp57.

Appendix S15. Density plot of gamma values from 4105
hypothesis test for hybridization.

Appendix S16. Infrageneric classification of Brunellia
according to Cuatrecasas (1985) and Orozco (2001).
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