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ABSTRACT

The first phylogenomic study using a custom target capture bait panel within the Isonandreae tribe in Sapotaceae is presented. The combin-
ation of taxon-specific and universal loci from the Angiosperms353 probe set achieved high species resolution within the genus Palaquium
and provides the first phylogenomic insights into Malesian representatives of Sapotaceae, where relationships between taxa often remain
poorly understood. The results highlight that generic and some species circumscriptions require further investigation and possible revision:
Aulandra longifolia is found to be nested in Palaquium, and P. rostratum within P. microphyllum. Population structure analysis produced limited
resolution between and within species, but the bait set was able to recover parameters that are potentially useful in population genomic

studies.
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INTRODUCTION

The genus Palaquium Blanco, containing ~120 species of
tropical trees (POWO 2022), has a range that extends from
India to Australasia and the western Pacific, with a centre
of diversity in Malesia (the distinctive floristic region com-
posed of Brunei, Indonesia, Malaysia, Papua New Guinea, the
Philippines, Singapore, and Timor-Leste). Its habitat ranges
from lowland to montane forest and swamp to coastal re-
gions (Ng 1972). The most extensive revision of the genus
published to date recognized 109 species in Malesia (Royen
1960), and taxonomic work has continued in subsequent re-
gional accounts (Ng 1972, Chai and Yii 2002, Chantaranothai
2014, Jessup 2019). Notable species include the well-known
and economically important Palaquium gutta (Hook.) Baill,,
the latex (known as gutta-percha) of which was used in the
insulation of early deep-sea telegraph cables that greatly fa-
cilitated transatlantic communication. Although its usage
has now declined with the advent of synthetic materials,
gutta-percha is still used in dentistry as a material for fillings
(Bansal et al. 2020). Several species of Palaquium, including
the heavy hardwood of Palaquium ridleyi King & Gamble,

have also been used in silviculture (Burkill 1935). Pennington
(1991) recognized five tribes, S3 genera, and around 1100
species in his morphological synthesis of the Sapotaceae
family: Chrysophylleae (19 genera), Isonandreae (which con-
tains Palaquium as well as Aulandra, Burckella, Diploknema,
Isonandra, Madhuca and Payena), Mimusopeae (17 genera),
Omphalocarpeae (four genera), and Sideroxyleae (6 genera).
Most of Sapotaceae, including representatives of Palaquium,
were found to be diploid, with polyploidy being rare and
mostly occurring in Sideroxyleae (Johnson 1991, Smedmark
and Anderberg 2007).

Phylogenetic classification

The earliest family-wide phylogenetic studies based on the
plastid marker ndhF determined that Isonandreae sensu
Pennington was paraphyletic (Swenson and Anderberg 2005),
and the authors proposed a three-subfamily classification of
Sapotoideae, Sarcospermatoideae, and Chrysophylloideae. In
this new classification, the subfamily Sapotoideae includes the
tribes Sideroxyleae and Sapoteae, the latter of which contains 11
genera, including those previous included in Isonandreae such
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as Madhuca, Payena, and Palaquium. However, sampling was
limited to one species representative of Palaquium, and relation-
ships among genera in Pennington’s (1991) Isonandreae have re-
mained largely unresolved in all subsequent studies (Smedmark
et al. 2006, Gautier et al. 2013, Richardson et al. 2014). Crown
node estimation for Sapotaceae has fluctuated between studies,
from 58.3 Mya (Rose et al. 2018) to 107 Mya (Richardson et al.
2014), but it is generally accepted that rapid speciation occurred
in the later history of the family, with Richardson et al. (2014)
finding that almost one-third of all species sampled across
Isonandreae evolved during the Pleistocene.

The last molecular phylogenetic study based on ITS nu-
clear data (which contained the largest sampling of Palaquium
species; around 40 accessions) found the genus to be non-
monophyletic, with representatives of the genera Aulandra and
Diploknema nested in the Palaquium clade (Richardson et al.
2014). Although there was a well-supported clade containing all
Palaquium species, interspecific relationships were mostly unre-
solved. This echoes the complexities in previous morphological
classifications, where Royen (1960) noted that his recognition
of seven groups in the genus was ‘without sharp distinction), due
to overlapping characters used to distinguish species (e.g. size of
leaves, leaf venation, indumentum). Most phylogenetic studies
also did not support the groups proposed by Royen (1960) and
have demonstrated that many morphological characters previ-
ously deemed as diagnostic are homoplasious, with characters
such as staminodes lost and then re-emerging in certain clades
(Swenson and Anderberg 2005, Mackinder et al. 2016). It is
clear that intensive phylogenetic research is needed to clarify
generic as well as species relationships and limits within the tribe
Isonandreae sensu Pennington (1991), especially since the bulk
of its representatives occur in Asia where many areas face severe
deforestation pressures (Gautier et al. 2013).

Previous molecular phylogenetic studies have been based
on Sanger sequencing of selected region-specific markers (e.g.
ITS, ETS, trnS-trnG, matK, and trnL-truF), and the intrinsic
limitations of these markers (which normally have a median
length of <1000 bp) have led to calls for augmentation with
Next Generation Sequencing (NGS) approaches (Coissac et
al. 2016, Wilkinson et al. 2017). More recently NGS methods
of target capture using baits (or probes) to capture numerous
orthologous, single/low-copy target loci across a genome, have
exponentially raised the number of phylogenetically informative
characters available and been successfully applied to clarify lin-
eage evolution and recent radiations (Nicholls ef al. 2015, Shah
et al. 2021; Yardeni et al. 2022; Boluda et al. 2022). Baits used
for target capture can be tailored to a group (taxon-specific
kits, such as in Couvreur et al. 2019 or Straub et al. 2020), or
designed to apply to a wider range of taxa (universal kits), for in-
stance across vertebrates (Lemmon et al. 2012) or angiosperms
(Johnson et al. 2019). Recent studies have highlighted the bene-
fits and limitations of each approach, particularly in relation to
their efficiency at lower taxonomic and microevolutionary scales
(Kadlec et al. 2017, Chau et al. 2018, Slimp et al. 2021, Yardeni
et al. 2022). Taxon-specific kits are expected to achieve higher
target capture success and more phylogenetic resolution than
the more conserved loci in universal kits (Woudstra et al. 2021).
There is strong evidence that useful sequence data can be ex-
tracted from degraded herbarium and museum specimens using
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a target capture approach (Hart et al. 2016, McCormack et al.
2016, Johnson et al. 2019; O’Connell et al. 2022), which opens
up the massive potential of collections and can mitigate limita-
tions in collecting fresh material from a wide range of species and
geographical areas.

Population genetic applications

In addition to phylogenomic studies, target sequencing loci
have also been shown to be applicable to population genomic
analyses and the assessment of demographic parameters such as
heterozygosity and introgression (Choo et al. 2020; Slimp et al.
2021; O’Connell et al. 2022). Unlike RADseq approaches that
require higher quality starting DNA and may result in allele-drop
out (missing data) that hampers deeper phylogenetic analyses
(Andrews et al. 2016, Leaché and Oaks 2017), target capture
overcomes these limitations by being applicable to degraded
DNA, with high target loci coverage allowing for the detection
of rare alleles (Chung et al. 2016), as well as paralogues (Yardeni
et al. 2022). Such demographic applicability can bolster assess-
ments of intra-specific variation for taxonomic purposes and
provide insight into the genetic diversity of populations.

The recent creation and application of a Sapotaceae-specific
bait set for the study of Malagasy genera in the endemic tribe
Tseboneae (Gautier et al. 2013, Christe et al. 2021, Boluda et
al. 2022) provides an ideal opportunity to assess its utility for
other tribes in the family from different geographical areas such
as Malesia. Coupled with the ongoing Flora of Singapore project
(Middleton et al. 2019), this bait set can be used to test a dense
sampling of Palaquium species occurring in a small tropical
island such as Singapore (Fig. 1) and in turn assess the validity
of existing morphological species limits, particularly identifying
where there may be incomplete isolation of lineages. As it is pos-
sible for recently diverged species to be non-monophyletic in
gene trees, an additional aim was to increase phylogenetic signal
by expanding sampling from the usual one or two samples per
species to at least six accessions per species. The Sapotaceae bait
set included 1019 loci in total: 531 family-specific monocopy
genes, 227 Short Tandem Repeat (STR, which are short repeti-
tive motifs with around one to six bases) markers as well as 261
of the 353 (~73%) single-copy loci from the Angiosperms353
universal target panel (Johnson et al. 2019) that were selected
and retained according to proximity to the Sapotaceae refer-
ence transcriptomes (Christe et al. 2021). The combination of
universal and taxon-specific loci in the same bait set afforded
an opportunity to compare the efficiency of each locus type for
phylogenetic informativeness, as well as test their ability to gen-
erate demographic markers that can reliably guide population-
level studies.

MATERIALS AND METHODS

Plant material sampling and outgroups

Multiple accessions of individual Palaquium species across
their natural range in Singapore were sampled in preparation
for phylogenetic analysis. To check for potential conspecifi-
city within the distribution of the genus and assess the validity
of putative taxonomic relationships, accessions in Peninsular
Malaysia and/or Borneo were also included for each species
wherever possible. Herbarium and silica-dried material held at
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Figure 1. Diversity of representative species of Palaquium in Singapore. A, Heritage tree of P. obovatum at the Singapore Botanic Gardens,
probably planted around 1897, standing at 31 m tall. B, Fallen leaves and corollas of P. microphyllum. C, Leaves of P. rostratum attached to
branch. D, Stilt roots of P. xanthochymum in freshwater swamp forest. E, Inflorescences of P. gutta, displaying typical flower clusters in axils of

leaf scars. Photographs: A, D, A. Phang; B, C, X.Y. Ng and E, PK.F. Leong.

SING and E (herbaria acronyms follow Thiers, continuously up-
dated) were assessed for suitability for DNA extraction, and only
collections within the last 25 years were selected to minimize ex-
traction failure due to sample DNA degradation. Fieldwork was
conducted in Singapore’s nature reserves to collect nine new
vouchers for species where herbarium and silica-dried material
was insuflicient.

In all, 77 unique accessions (20 silica-dried and 57 herbarium
samples) representing eight Palaquium species occurring in
Singapore were sampled: Palaquium gutta; P. hexandrum (Griff.)
Baill,; P. impressinervium Ng; P. microphyllum King & Gamble;
P obovatum (Griff.) Engl; P. oxleyanum Pierre; P. rostratum
(Miq.) Burck; and P. xanthochymum (de Vr.) Pierre. Palaquium
ridleyi, the sole locally extinct species, was not sampled due to
lack of available material (in Singapore only one collection, in
1892, is verifiable: the type specimen is found in K) (Supporting
Information, Table S1).

Raw sequence data of nine outgroup taxa were downloaded
from the NCBI Sequence Read Archive. These included eight
samples generated with similar target capture methods for
the study of Christe et al. (2021) and one for the Kew Plant
and Fungal Trees of Life Project (Baker et al. 2022) and repre-
sented four genera in the tribe Isonandreae and one from each
of the tribes Chrysophylleae, Gluemeae, Sapoteae, Sideroxyleae,
and Tseboneae (Pennington 1991, Swenson and Anderberg

2005, Gautier et al. 2013) (Supporting Information, Table
S1). Although tribal placement has not yet been fully resolved
(Christe et al. 2021), Sideroxyleae and Chrysophylleae have
been identified as outgroups that diverged early within the
family (Boluda et al. 2022), hence taxa from these tribes were
used to root phylogenies.

DNA extraction and library preparation

Genomic DNA were extracted from leaf material using a modified
cetyl-tri-methylammonium bromide method, with 24:1 chloro-
form: isoamyl alcohol and overnight precipitation in isopropanol at
-20°C (Doyle and Doyle 1987, Cullings 1992). Incubation timings
before the addition of chloroform: isoamyl alcohol were increased
to 12 hours for recalcitrant extracts. The samples were purified with
SeraMag magnetic carboxylate-modified microparticles (Cytiva,
USA) diluted to 5%, and the concentration of DNA quantified with
a Nanodrop Spectrophotometer (Thermo Scientific, Singapore).
For library preparation, 100-400 ng of DNA per sample was
used with 400 ng achieved for 70% of the samples. Then 80%
of the extracts were sheared with a sonication device (Covaris,
Woburn, MA, USA), using ultrasound cycles of 1 min for herb-
arium samples and 2 min for silica-dried samples, which pro-
duced an average insert size of 350 bp. Highly fragmented DNA
extracts were not sonicated. After drying samples in a speed

€202 1990}20 0 UO Jasn usspiaqy Jo AisIanun Aq GE90ZZL/VE L/Z/E0Z/RI91HE/UEBUUINOG/WO0D dNO DILSPED.//:SA)Y WO} PAPEOJUMO(


http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boad022#supplementary-data
http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boad022#supplementary-data
http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boad022#supplementary-data
http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boad022#supplementary-data
http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boad022#supplementary-data
http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boad022#supplementary-data

vacuum concentrator (Eppendorf) and eluting in ddH,0, dual-
indexed libraries were constructed with primers in the NEBNext
Multiplex Oligos for Illumina and reagents in the NEBNext
Ultra II DNA Library Prep Kit (New England Biolabs, MA,
USA) using the manufacturer’s protocol (Instruction Manual
v.6.1) at half the reccommended volumes according to the cost-
reducing strategies in Hale et al. (2020). Size selection was only
carried out for one high-quality silica-dried sample and then ap-
plying eight PCR cycles; for the rest, to preserve library com-
plexity, fragments were bead-cleaned with SeraMag magnetic
carboxylate-modified microparticles diluted to 5%, then amp-
lified with 10 PCR cycles following adapter ligation. Libraries
and fragment size were assessed with TapeStation using High
Sensitivity D1000 ScreenTapes (Agilent Technologies, CA,
USA) and quantification checked with a Qubit fluorometer
(ThermoFisher Scientific). The final library size was on average
350 bp.

Target capture and amplification

To prepare the dual-indexed libraries for target capture, sam-
ples were pooled equimolarly into nine tubes according to type
(herbarium or silica-dried) and library concentration (ranging
from 1.58 to 84 ng/pL), using 100 ng of library per specimen
where possible, minimally 5-10 ng for low concentration sam-
ples. Custom baits designed for the family Sapotaceae (Christe
et al. 2021) were used. This probe design targeted 227 microsat-
ellite and 792 protein-coding loci, with 2x tiling density, span-
ning around 20 000 probes of 90 bp each, of which 261 exons
corresponded to monocopy genes from the Angiosperms353
pool described by Johnson et al. (2019), consisting of a total of
1 034 731 bp (STR and flanking regions: 152 118 bp; nuclear
coding: 882 613 bp).

Hybridization of pools with specific biotinylated loci-
complementary probes (myBaits Custom Target Capture Kit
produced by Arbor Biosciences, Ann Arbor, MI, USA) was
undertaken with the manufacturer’s protocol (myBaits user
manual v.5.01), except that the incubation timing was adapted
to 40 hours at 65°C (Paijmans et al. 2016) to allow for maximum
capture, with each tube including an equal volume of liquid
wax (Bio-Rad Chill-Out, Hercules, CA, USA) to prevent evap-
oration. Streptavidin-encapsulated magnetic beads captured
the hybridized fragments, and 11-17 PCR cycles using KAPA
High-Fidelity DNA Polymerase (Roche, Indianopolis, IN, USA)
were performed for each pool, with the lowest number of cycles
for the best samples and highest for the most fragmented. PCR
products were run on TapeStation to measure size distribution
and concentration, and the pooled libraries were sequenced by
NovogeneAIT Genomics (Singapore) on an Illumina NovaSeq
instrument (San Diego, CA, USA) producing 2 x 150 bp paired-
end reads.

Sequenced data processing

Raw reads were checked for initial quality with FastQC v.0.11.9
(https ://www.bioinformatics.babraham.ac.uk/projects/
fastqc/) then trimmed with Trimmomatic v.0.39 (Bolger et
al. 2014), which removed adaptor sequences and low-quality
sections (including bases from the beginning and end of reads
if they fell below the Phred quality threshold, as well as reads
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shorter than 36 bp) with the settings LEADING: 3; TRAILING:
3; SLIDING WINDOW: 4:15; MINLEN: 36. Trimmed files
were quality-checked again with FastQC.

Further trimming and tidying of the reads to remove primers,
poly A-tails, and other unwanted sequences was carried out with
CutAdapt v.2.3 (Martin 2011), following the Hyb Baits pipe-
line (Nicholls et al. 2015; scripts available at https://github.
com/ckidner/ Targeted_enrichment). The trimmed reads
were then mapped to the bait sequence (Christe et al. 2021;
target file available at https://zenodo.org/record/4436715/#.
Yjlt949By3B) using Bowtie2 v.2-2.3.5 with the default value
for the threshold for the alignment score (G,20,8) (Langmead
and Salzberg 2012), Samtools v.1.9 (Li et al. 2009) to sort align-
ments, remove poor maps and obtain summary mapping statis-
tics, and bcftools to obtain a consensus sequence for each locus.
Sequences were aligned with the progressive method FFT-NS-2
in MAFFT v.7.407 (Katoh and Standley 2013), then AMAS v.1.0
(Borowiec 2016) was applied to obtain summary statistics for
each alignment (including alignment length, missing data, and
numbers of parsimony-informative sites). The output from the
Nicholls et al. (2015) pipeline was then used to infer four of the
eight phylogenies presented in this study (see the Phylogenomic
Analyses section).

To assess paralogy, two methods were employed, respect-
ively using the containerized HybPiper-RBGV and Yang-and-
Smith-paralogy-resolution pipelines utilised in Schmidt-Lebuhn
(2022), with scripts on https://github.com/chrisjackson-
pellicle/hybpiper-nf and https://github.com/chrisjackson-
pellicle/Yang-and-Smith-RBGV-scripts. First, a separate run
of HybPiper (Johnson et al. 2016) using the HybPiper-RBGV
container was undertaken using the trimmed reads as input and
the baits as reference, and genes with paralog warnings for more
than two individuals (Zhou et al. 2022) were then removed
for phylogenomic inference. Second, using the paralog-flagged
output files from the containerized HybPiper-RBGV run, the
‘monophyletic outgroup’ (MO) approach in Yang and Smith
(2014) was used to infer orthologues; this approach detects
gene duplication at a particular node and eliminates the side of
the rooted gene tree with fewer taxa, therefore filtering for low-
and single-copy genes.

Phylogenomic analyses
Both coalescent and concatenation approaches were used to
infer phylogenetic relationships; the former produces a species
tree from gene trees estimated at each locus, while the latter con-
catenates all genes before analysis. To model the multispecies
coalescent (MSC), ParGenes v.1.1.2 (Morel et al. 2019) was
used to obtain a maximum-likelihood (ML) tree for each locus
(with RAXML-NG v.1.1.0: Kozlov et al. 2019), employing a
general time reversible gamma-distribution model with auto-
matic MRE bootstrap convergence for a maximum of 100 boot-
strap replicates. Nodes with bootstrap support values of <0.1
were collapsed (this has been shown to improve species tree ac-
curacy: Zhang et al. 2017) using the pxcolt function in phyx v.1.3
(Brown et al. 2017) before using ASTRAL-III v.5.7.8 (Zhang et
al.2018) to generate a species tree with posterior probability and
quartet support. For concatenated supermatrices, AMAS was
used to concatenate all loci alignments, and RAXML-NG used
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to generate an ML species tree under the optimum general time
reversible gamma-distribution model (GTR + G) for invariant
site proportion and rate heterogeneity. Then 400 starting trees
(200 parsimony and 200 random) were generated and boot-
strap support values to estimate branch support for the best ML
tree were estimated with 1000 standard replicates; these were
the number of replicates required to achieve convergence with
the “-bs converge’ test set to “-bs-cutoft 0.02’ in RAXML-NG.
Trees were visualized with FigTree v.1.4 (http:/ /tree.bio.ed.ac.
uk/software/figtree) and the ape v.5.6-2 (Paradis and Schliep
2019), phytools v.1.0-3 (Revell 2012), and dendextend v.1.16.0
(Galili 2015) packages in Rstudio v.4.1.3 (R Core Team 2022)
were used for tanglegram plotting. Pie charts to represent and
visualize gene tree conflict were generated with Phyparts v.0.0.1
(Smith et al. 2015) and the PhyPartsPieCharts script (available
from https://github.com/mossmatters/MJPythonNotebooks/
blob/master/phypartspiecharts.py), using the species and gene
trees re-rooted at the outgroup taxon Sideroxylon gerrardianum
(Hook.f.) Aubrév.

STR loci were assessed for parsimony-informativeness, but
to prevent confounding effects they were removed from the
final alignments prior to the phylogenomic analyses. Eight main
phylogenomic analyses were conducted (the first four with
outputs from the HybPiper and Yang and Smith containerized
pipelines used in Schmidt-Lebuhn 2022; the last four using the
outputs from the pipeline by Nicholls et al., 2015): (i) a concat-
enated supermatrix with paralogues (flagged by HybPiper) re-
moved; (ii) an MSC-based species tree with paralogues (flagged
by HybPiper) removed; (iii) a concatenated supermatrix with
orthology inferred using the MO approach in Yang and Smith
(2014); (iv) an MSC-based species tree with orthology in-
ferred using the MO approach in Yang and Smith (2014); (v)
a concatenated supermatrix assembled following Nicholls et al.
(2015); (vi) an MSC-based species tree assembled following
Nicholls et al. (2015); (vii) a species tree from 261 coding loci
extracted from the Angiosperms353 universal pool and assem-
bled following Nicholls et al. (2015); and (viii) a species tree
from 531 coding loci, Sapotaceae/family-specific, identified
from Christe et al. (2021) and assembled following Nicholls
et al. (2015). All topologies can be found in the Supporting
Information, Figures S1-S8.

Population genetic analyses
Using the aligned reads to the references (first without STR
loci, then also separating the 261 loci from the Angiosperms353
universal pool) from the Nicholls et al. (2015) pipeline, variant
detection was undertaken with GATK v.4.1.3, applying Picard
v.2.19 and Samtools v.1.9 to sort, mark duplicates, and index,
then HaplotypeCaller to call SNPs on single samples to generate
GVCEF files (default ploidy: 2), which were then consolidated
with CombineGVCEF and jointly genotyped in GenotypeGVCE.
To minimize the influence of singletons (Linck and Battey 2019),
filtering to remove multiallelic SNPs and minor alleles below a
set frequency (maf 0.005) was undertaken with beftools v.1.15
and vcftools v.0.1.16, respectively. Linkage disequilibrium (LD)
was checked by applying the vcf.parser.py script from https://
github.com/CoBiG2/RAD_Tools to the filtered VCE file to ob-
tain one SNP per locus. Inference of population structure from

the remaining biallelic SNPs, was done using STRUCTURE
(Pritchard et al. 2000), processed and plotted via Structure
threader v.1.3.10 (Pina-Martins et al. 2017), with K values (i.e.
number of genetic clusters) set from one to 10, replicates at 10
for each K, with a burn-in of 20 000 and Markov chain Monte
Carlo repetitions at 100 000. The optimal value of K was as-
sessed with the software Kfinder2 v.1.0.0.0 (Wang 2019), which
generates three estimators of best K using: the Pr[X|K] method
(Pritchard et al. 2000) and the AK method (Evanno et al. 2005)
both of which consider the rate of change in log probability be-
tween successive values of K (AK), and then a parsimony index
that pinpoints the ideal K that generates the minimum admix-
ture.

To inspect genetic variation for each species, plink v.1.90
(Chang et al. 2015) was used to estimate heterozygosity and
inbreeding coeflicients (averaged across individuals within the
species), as well as nucleotide diversity (x) and Tajima’s D on
the filtered SNP dataset (averaged across loci), with reference
to Tajima (1989) for critical values to indicate deviation from
mutation-shift balance. Plink was also used to convert the con-
solidated VCF file to eigenvector/eigenvalue ones for Principal
Coordinate Analyses (PCA), and the first two dimensions were
visualized with the tidyverse v.1.3.2 package (Wickham et al.
2019) in Rstudio v.4.1.3. PCA analysis was additionally con-
ducted on the SNP dataset for P. obovatum, since the sample
size (14) for that species was the largest, and a Mantel test to
evaluate the association with geographical distance performed
with the ade4 v.1.7-20 package (Dray and Dufour, 2007) in
Rstudio v.4.1.3.

RESULTS

Target sequence capture

The final dataset consisted of 77 Palaquium accessions and nine
outgroup taxa from related genera. Bait specificity was expect-
edly higher for the Palaquium samples that had undergone the
hybridization process conducted in this study, with an average of
74.82% on-target reads (54.65%-84.23%), compared to 50.34%
for outgroups. Loci were successfully retrieved at high rates re-
gardless of the type of sampling storage: silica-dried samples
yielded only a marginally higher yield of successfully mapped
reads compared to herbarium samples (mean: 76.0% vs. 74.1%;
median: 77.3% vs. 75.9%), although there was greater variability
for the latter.

After quality checks, filtering, and trimming, the concatenated
supermatrix for all loci using the Nicholls et al. (2015) pipeline
contained 86 samples and 1019 loci, with total alignment length
0f 922 082 bases and 60 348 parsimony-informative sites, and a
missing data average of 7.7%. Although parsimony-informative
sites for microsatellite loci (including STR flanking regions)
were proportionally comparable to coding loci (0.08 vs 0.06),
the number of these sites was lower than for coding loci (53.73
vs 60.80 on average), and also saw more missing data (22.24%
vs 3.5%). This was expected as Christe et al. (2021) had noted
in their loci testing that STR capture was strongly dependent on
phylogenetic proximity to the bait reference species (in this case
Capurodendron Aubrév,, which is in Tseboneae, a different tribe
from Palaquium). The STR regions that were removed before the
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phylogenetic inference contained a total of 144 951 bases and
12 198 parsimony-informative sites (Supporting Information,
Table S2).

Putative paralogues for at least two individuals were flagged
by HybPiper for 259 loci (114 from STR regions, eight from
the Angiosperms353 pool, and 127 from the taxon-specific
set): the supermatrix without the paralogues and prior to STR
removal contained 760 loci (644 nuclear coding and 116 STR
regions), with a total alignment length of 744 219 bases, 59 711
parsimony-informative sites, and 2% missing data. For the MO
orthology inference, the supermatrix contained 799 loci (663
nuclear coding and 136 STR regions), with a total alignment
length of 883 630 bases, 91 805 parsimony-informative sites,
and 3.9% missing data. The STR regions that were removed from
the HybPiper and MO orthology inferences respectively con-
tained a total of 75 482 bases and 8599 parsimony-informative
sites, and 107 248 bases and 17 256 parsimony-informative sites
(Supporting Information, Tables S3, S4).

Phylogenomic analysis

The loci recovered in the target capture process produced well-
resolved phylogenetic trees, and all analyses were nearly topo-
logically congruent for species delimitation, except for the
placement of the outgroup taxon Diploknema butyraceae (Roxb.)
H.J.Lam, which is usually in clades containing other taxa from
Pennington’s (1991) tribe Isonandreae, either emerging near
Madhuca insignis H.J.Lam in most results, or closer to Isonandra
compta Dubard in the phylogenomic analyses (ii) and (vi),
though not always with strong support. For all the analyses save
(vii), which was generated only from 261 of the Angiosperms353
loci, internal nodes are fully resolved in the ML trees and mostly
so in the species trees (BS = 100; local PP > 0.98) except for
the accession of Palaquium hexandrum and P. sp. from Borneo
in the coalescent-based inferences and outgroup clades con-
taining the other Isonandreae taxa including Isonandra compta,
Madhuca insignis, and Diploknema butyracea. Maximum sup-
port (BS = 100; local PP = 1) was obtained in almost all trees
[except analysis (vii) from the Angiosperms353 loci] for every
major clade of known Palaquium species in Singapore. The
datasets addressing paralogues recovered near-identical top-
ologies to the analyses using the outputs from the pipeline by
Nicholls et al. (2015), and contained the same well-supported
nodes delimiting all main Palaquium species (Fig. 2; Supporting
Information, Figs S1-S6).

The genus Aulandra s clearly nested within Palaquium. Several
Palaquium species are not monophyletic as currently circum-
scribed: although four taxa (P. impressinervium, P. obovatum, P.
oxleyanum, and P. xanthochymum) emerge in strongly supported
distinct clades, P. rostratum is nested in the P. microphyllum clade.
The high density of within-species sampling results in a short-
branched tree near the tips with poorer support at the outermost
nodes, which is expected given fewer phylogenetically sorted
mutations that allow probabilistic modelling. Still, a few within-
clade nodes presented reasonably high ML bootstrap or local
posterior probability support, and geographical structure of
collections (i.e. separate clades for Borneo, Peninsular Malaysia,
and Singapore collections) can normally be distinguished. Three
sterile specimens were re-assessed and re-determined due to
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phylogenetic placement: two Peninsular Malaysian specimens
from P. hexandrum to P. obovatum, and one Bornean specimen
from P, gutta to P. sp.

The ASTRAL tree generated from 261 loci out of the
Angiosperms353 set is strongly supported for the deepest nodes
of the Palaquium clades, including the nesting of Aulandra. Node
support however progressively weakens towards the tips, with
P. hexandrum from Borneo emerging outside the clade with the
rest of the P. hexandrum accessions, and geographical sorting
less defined between Peninsular Malaysia and Singapore acces-
sions for P. xanthochymum, P. rostratum, and P. microphyllum.
There is also greater uncertainty for the placement of sister
taxa to Isonandra compta in the branch containing the other
outgroups (local PP = 0.86). The species tree based on the 531
taxon-specific coding loci in the bait set has greater support for
relationships among outgroup taxa (i.e. higher local PP = 0.92
regarding taxa sister to Isonandra compta), as well as clearer geo-
graphical structure equivalent to the coalescent-based species
tree generated with all loci. Although the analysis of gene tree
discordance showed widespread minor conflicts, there was less
discordance at the deeper nodes for the species tree from the
Sapotaceae-specific loci, with the node containing all Palaquium
species having more concordant and informative gene trees (185
out of 346) than the ones from the universal probe set (51 out
of 210) (Fig. 3).

Population genetic results

The LD-adjusted dataset from all loci (without STRs) with 790
SNPs produced the same STRUCTURE results and genetic
clusters as the non-LD-adjusted SNPs (Supporting Information,
Fig. S10), hence the latter dataset was maintained for down-
stream analyses. A total of 118 519 biallelic SNPs were iden-
tified, with P. obovatum containing the highest and P. gutta the
lowest number of SNPs (Table 1). The proportion of hetero-
zygosity ranged from 19% in P. microphyllum to 33% in P. gutta.
Pairwise nucleotide diversity (7) ranged from 0.00038 (P,
xanthocymum) to 0.0013 (P. obovatum). Tajima’s D was negative
for all species, which might indicate recent directional selection
(Slimp et al. 2021) although there was no significant deviation
from mutation-drift balance (assessed against critical values at
the 95% level in Tajima, 1989). Inbreeding coefficients (F) aver-
aged across each species were negative for all species except for P.
impressinervium, P. oxleyanum, and P. microphyllum; although the
F values for P. hexandrum and P. obovatum were not significantly
different from zero (P > 0.05).

An analysis of population structure using the total SNP
dataset did not show geographical structure within species, and
in some taxa did not resolve species boundaries. The expectation
of eight genetic clusters according to the number of included
species was not supported by the estimators for best K. The most
likely number of distinct genetic groups was K = 4 as estimated
by Pritchard and the Parsimony index. Although the Evanno
method identified the best K as 8, this seemed unlikely because
of random noise introduced by the additional genetic groups
in the plot (Fig. 4). The four clusters corresponded to major
nodes in the earlier phylogenetic results prior to lineage separ-
ation, with only P. impressinervium and P. obovatum, respectively,
emerging as distinctive gene pools. For the other two clusters,
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Figure 2. Tanglegram comparing coalescent-based species trees generated from different pipelines: the one using all loci from Nicholls et al.
(2015) (left) and the paralogue-aware MO inference from Yang and Smith (2014) (right).

the first consisted of both P. microphyllum and P. rostratum,
and the second comprising four species as currently defined:
P. gutta, P. oxleyanum, P. hexandrum, and P. xanthochymum. P.
hexandrum showed the most significant account of admixture
at different levels of K up to 10. (Fig. 4). The 261 loci from the
Angiosperms353 universal pool produced 15 926 biallelic SNPs
and showed even less population structure than the full dataset,
hence further comparative species-level analyses was not under-
taken.

The clusters seen in the PCA scatter plot for the consolidated
SNP dataset (Fig. S) appeared closer to K = 3 than the inferred
population structure (K = 4): P. impressinervium being the most
clearly separated, and overlaps seen for P. microphyllum and P.
rostratum, with P. obovatum emerging close to the grouping of
P gutta, P. oxleyanum, P. hexandrum, and P. xanthochymum (Fig.
5). A PCA on the P. obovatum dataset showed some degree of
spatial distribution, though not necessarily varying according to
proximity, as the accession from Pulau Ubin, an island ~2 km oft
the coast of mainland Singapore, showed greater similarity in the
first two principal component axes to accessions from Kedah,
a state of Malaysia >600 km away (Supporting Information,
Fig. S9). The Mantel test found a negative but insignificant
(P=0.81) correlation between genetic variability and geo-
graphical distance.

DISCUSSION

Phylogenetic insights into species

This is the first phylogenomic study within the Isonandreae tribe
of Sapotaceae that successfully applies a custom target capture
bait panel to a densely sampled cross-section of Palaquium rep-
resentatives. The combination of taxon-specific and universal
loci within a bait set was able to achieve high resolution across
a relatively wide phylogenetic distance. The loci from the uni-
versal bait set provided less population-level resolution, which
was expected given the kit’s general applicability to all angio-
sperms, but it was still able to achieve a similar level of interspe-
cific resolution as the taxon-specific loci, showing how useful
the Angiosperms353 panel can be for resolving uncertainties in
species delimitation within families considered taxonomically
difficult. Nonetheless, resources permitting, a taxon-specific bait
set would afford much greater clarity for species across its distri-
bution, particularly in terms of geographical structure that may
guide consideration for subspecies or varietal circumscription.

Paralogue filtering did not impact the delineation of spe-
cies relationships in this study, even though paralogue inclu-
sion has been shown in other analyses to compromise species
tree inferences (Altenhoff ef al. 2019; Fernidndez et al. 2020).
In this study, it is possible that regardless of the removal or
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Figure 3. Coalescent-based species trees from 261 from the Angiosperm 353 set (left) and 531 genes in the family/taxon-specific probes
(right); gene tree discordance is represented by pie charts at each node: proportion concordant with the shown topology (blue), the most
frequent conflicting bipartition (green), other conflicting bipartitions (red), and gene trees that are uninformative (grey). The top number
refers to the number of homologues concordant with the species tree at that node, and the bottom the number of homologues in conflict.
Selected taxa outside Singapore are highlighted (yellow) to indicate differences in phylogenetic placement.

Table 1. Numbers of recovered SNPs and population statistics for species in this study

Number of SNPs SNPs SNPs Heterozygosity =« F Tajima’s D
individuals (unfiltered) (filtered, (filtered, only (average (average (average (average
no missing biallelic markers) individual) acrossloci) individual) across loci)
data)
P gutta S 41576 11 548 9745 0.3284 0.000404 -0.01311 —-0.40621
P. hexandrum 6 52742 23989 21538 0.3247 0.000881 -0.15972 -0.15972
P.impressinervium 10 54098 31136 27995 0.2084 0.000721 0.553409  -0.98256
P microphyllum 12 55025 25489 22 405 0.1896 0.000532 0.198521 -1.08973
P. obovatum 14 86421 59 681 53033 0.1986 0.00130S5 -0.26109 —-0.86731
P, oxleyanum 8 48 328 18 818 16 549 0.2529 0.000525 0.056708  —-0.70999
P, rostratum 10 53264 22818 20065 0.1954 0.000483 —-0.01928 -1.18776
P. xanthochymum 9 43412 12051 10358 0.2915 0.000384 -0.07507 -0.18334

incorporation of the 135 loci flagged by HybPiper as paralo-
gous, there remained sufficient phylogenetic information in
the rest of the strongly recovered 644 loci. Yan et al. (2022)
showed that gene tree-based inference in the presence of
paralogues can still produce robust and accurate species tree
inferences, even when addressing the presence of incomplete
lineage sorting. It may also be the case that a whole-genome
duplication (WGD) event, as a likely source of paralogues,
has not taken place recently for the lineages under study.
Sapotaceae, with numerous other families in the Ericales
order, had shared an ancient WGD around the Cretaceous—
Paleogene boundary, but probably has not experienced an-
other since then (Wang et al. 2021; Zhang et al. 2022). The

much higher number of parsimony-informative characters
in the MO orthology inference compared to the removal of
HybPiper-flagged paralogues (74 549 vs. 51 112), although
having no substantial effect on phylogenetic outcomes here,
also provide indication that methods such as the former (Yang
and Smith 2014), which explicitly allow for gene duplication,
can preserve more loci and phylogenetic signal. Other than
the presence of paralogues, gene tree discordance may also be
due to horizontal gene transfer or noise arising from sequence
assembly (Michel et al. 2022), however, the similar results
across pipelines provide support that node resolution appears
driven by a select few genes, similar to findings in other studies
(Shen et al. 2017; Walker et al. 2018).
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Figure 4. Population structure of selected Palaquium species inferred from 118 519 SNPs with the STRUCTURE software; colours represent

genetically distinct clusters, and each sample is separated by vertical bars.

The nesting of Aulandra longifolia in Palaquium was also an out-
come in a wider ITS-based phylogenetic analysis (Richardson et
al. 2014) using the same voucher, although that result was not
strongly supported. Richardson et al. (2014) found Diploknema
to be polyphetic and D. butyracea to be nested within Palaquium,
which is not the case here, where the taxon is clearly placed in the
outgroup clades. This requires further investigation, including

into the different vouchers of D. butyracea used in the various
studies, and wider sampling of Aulandra and Diploknema species.

All phylogenetic trees raised uncertainties regarding the
monophyly of Palaquium microphyllum and P. rostratum, with
the latter occurring in a well-supported clade nested within the
former (Fig. 2), although this might be resolved by an expanded
sampling of other species within the clade. A difficulty that cuts
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Figure 5. PCA scatter plot of SNP variability (out of 118 $19 SNPs) for the 77 ingroup samples.

across the genus and family, is that while there are clear mor-
phological distinctions (in this case P. microphyllum has mature
leaves that are half the blade size of P. rostratum and floral parts
substantially smaller than the latter), there are almost always
overlapping characters between two species (such as incon-
spicuous leaf venation and glabrous surfaces). It is thus possible
that those features that merit placing one species into synonymy
with another, may be distinguishing factors between other spe-
cies. Population genetic analyses on independent SNPs further
indicate that the delineation between P. microphyllum and P.
rostratum is tenuous, with both species forming a single gen-
etic cluster. Monophyletic species concepts cannot recognize a
species nested within parental taxa even if it appears to be well
on its way to diverging completely, since it results in taxonomic
paraphyly (Baum and Shaw 1995; De Queiroz 2007). However,
a conflict between phenotypes and genotypes may lead to con-
sideration of alternative species concepts that reconcile tem-
poral dimensions and paraphyletic lineages (Freudenstein et al.
2017; Boluda et al. 2021).

Amid the species concept debate that continues unabated
(Wells et al. 2022), the fundamental question is whether P
rostratum is sufficiently morphologically distinct, with well-
characterized features separating it from P. microphyllum. Two
possible solutions present themselves: one is the unified spe-
cies concept where lineages only have to be evolving separately
to be considered different species (De Queiroz 2007), or that
the rank of subspecies is appropriate, conceptualized by incom-
pletely separated lineages within a more inclusive species (De
Queiroz 2020). There appear to be some genomic grounds to

re-circumscribe P. rostratum as a subspecies of P. microphyllum
in a historically connected and ecologically similar distribution
across Malesia, but this is a decision best achieved after greater
sampling outside Singapore to confirm the relationship and as-
sess the extent of morphological and genetic dissimilarities.

It is equally possible that rainforest tree species are less likely
to be resolved as monophyletic as widespread populations of
significant longevity take an extremely long time to coalesce.
This is due to their being predisposed to larger effective popu-
lation sizes, and conceivably manifest a pattern whereby re-
cently evolved monophyletic taxa are nested within progenitor
species (Pennington and Lavin 2016). Extensive radiation in
Palaquium from west to east of Wallace’s line is well-documented
(Richardson et al. 2014), and species including the ones in this
study have large effective population sizes, which coupled with
long generation times (e.g. Ridley, 1902, noted that some P. gutta
trees have been recorded to take 21 years to produce fruit), sug-
gest that it may take even longer than 50 million years to achieve
monophyly atallloci (Baker et al. 2014; Naciriand Linder 2015).
This may well explain the nesting pattern seen for P. microphyllum
and P. rostratum, and the less-than-expected number of genetic
clusters attained in the population structure analysis.

Population perspectives: potential and limitations

It may be the case that the recovered targets did not contain a
sufficient diversity of SNPs to detect population structure, as it
has been previously noted that slower-evolving and more con-
served genes hybridize more successfully to targets (Paijmans
et al. 2016). The Sapotaceae-specific probes, containing mostly
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conserved orthologues, were designed for broad relevance
across the family, and although some intron-exon boundaries
were included (Christe et al. 2021), the intronic regions might
not have contained sufficiently variable sequences for detailed
assignment of populations. Using the same set of baits on taxa
in the genus Capurodendron, STRUCTURE results in (Boluda et
al. 2021) also did not recover gene clusters that matched species
definitions; the authors had noted the possibility of insufficient
signal in loci selection, due to phylogenetically distant species
used in the bait design.

Nonetheless the Sapotaceae-specific probes, other than being
able to resolve broad and deep phylogenetic relationships, can
still be helpful to population genetic investigations. More than
100 000 SNPs were recovered in the species under study, with
statistical power in the numerous loci to infer heterozygous
signatures and nucleotide diversity. These parameters can be
important to guide conservation assessments, for instance to
pinpoint species at risk of inbreeding depression or low levels of
genetic diversity that may benefit from external introductions,
potentially in the form of targeted street planting of trees. Such
population genomic findings in Singapore, where habitat frag-
mentation is significant, may help to guide conservation policy
in many areas grappling with deforestation pressures amid urban
encroachment (Lim et al. 2019) and inform perspectives in en-
vironments at risk of dynamic change and degradation.

Future work

More work is needed to define morphological structures char-
acterizing the genus, including fertile ones. Although Palaquium
impressinervium emerges clearly as the earliest diverging species
of the genus, supporting the findings of the earlier ITS phylo-
genetic study (Richardson et al. 2014), it falls out of the clade
inclusive of all other Palaquium species. However, the morpho-
logical traits that support such stark separation from the rest of
the genus are not straightforward to assess. Only immature buds
and incomplete fruit have been collected in Malaysia (Ng 1969);
in Singapore, no fertile specimen has been collected or observed
in the last 50 years and sterile characteristics are not sufliciently
distinctive, hence a detailed study of actual fertile material would
be needed for more complete modelling of ancestral trait evolu-
tion and clearer identification of morphological features separ-
ating Palaquium species.

Although outgroup sampling is limited, tribal limits in the
coalescent-based results are congruent with the results of studies
employing the same set of taxon-specific target probes to other
genera (Christe et al. 2021; Boluda ef al. 2022), with firm back-
bone support for the subfamily Sapotoideae and monophyly
confirmed for Pennington’s tribe Isonandreae. There still how-
ever remain multiple relationships to be clarified between
Sapoteae (Christe et al. 2021), Isonandreae, and closely related
groups such as the subtribe Gluemineae. The phylogenomic
findings reported here support a similar approach for further
studies containing more comprehensive sampling.

CONCLUSION

This study highlights the effectiveness of a target capture ap-
proach in phylogenetic reconstruction and indicates that
including universal probes into a taxon-specific kit (Hendriks

et al. 2021; Ufimov et al. 2021), can be useful in delimiting
Palaquium species, and probably other closely related taxa in the
Isonandreae. Greater taxonomic clarity is thus within reach for
Southeast Asian representatives of Sapotaceae, where many gaps
remain in poorly understood genera such as Palaquium. Our re-
sults, even on a subset of species, throw up clear issues needing
further study: while morphological species limits seem clear,
phylogenetic ones are often not, and greater sampling to cover
all 120 or so species of Palaquium is likely to uncover interesting
patterns and the need to revisit current species circumscriptions.
Generic limits, including Aulandra, are also clearly needing to
be investigated further and probably revised. The selected loci
in the Sapotaceae bait set helped to resolve relationships in geo-
graphically widespread taxa and recover valuable parameters to
study genetic diversity. However, a study of fine scale population
genetic structure would require taxon-specific bait sets closer to
the species under study, with a greater proportion of intronic re-
gions in the probes to capture sufficient variability. Conservation
studies require the detection of changes in effective population
size to a limited number of generations (tens, at most hundreds;
Maisano Delser et al. 2016). Therefore, methods such as RADseq
may be required to supplement where a taxon-specific bait set is
unable to detect sufficient divergence.

SUPPLEMENTARY DATA

Supplementary data is available at the Botanical Journal of the
Linnean Society online.

Figure S1. ML tree from concatenated supermatrix obtained
from HybPiper pipeline, paralogues, and STRs removed. Node
values indicate bootstrap support percentages, and the scale bar
shows per site units of substitutions.

Figure S2. Coalescent-based species tree from HybPiper
pipeline with paralogues and STRs removed. Node values in-
dicate posterior probability, and the scale bar shows coalescent
units.

Figure S$3. ML tree from concatenated supermatrix with
orthology inferred using the MO approach in Yang and Smith
(2014). Node values indicate bootstrap support percentages,
and the scale bar shows per site units of substitutions.

Figure S4. Coalescent-based species tree with orthology in-
ferred using the MO approach in Yang amd Smith (2014). Node
values indicate posterior probability, and the scale bar shows co-
alescent units.

Figure SS. ML tree from concatenated supermatrix assem-
bled following Nicholls et al. (2015). Node values indicate boot-
strap support percentages, and the scale bar shows per site units
of substitutions.

Figure $6. Coalescent-based species tree assembled follow-
ing Nicholls et al. (2015). Node values indicate posterior prob-
ability, and the scale bar shows coalescent units.

Figure S7. Coalescent-based species tree from 261 coding
loci extracted from the Angiosperms353 universal pool and
assembled following Nicholls et al. (2015). Node values indi-
cate posterior probability, and the scale bar shows coalescent
units.

Figure S8. Coalescent-based species tree from 531 coding
loci, Sapotaceae/family-specific, identified from Christe et al.
(2021) and assembled following Nicholls ef al. (2015). Node
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values indicate posterior probability, and the scale bar shows co-
alescent units.

Figure S9. PCA scatter plot of SNP variability (out of 53 033
SNPs) from 14 samples of P. obovatum collected in various local-
ities in Singapore and Peninsular Malaysia.

Figure S10. Population structure of selected Palaquium spe-
cies inferred from 790 unlinked SNPs with the STRUCTURE
software; colours represent genetically distinct clusters, and each
sample is separated by vertical bars.

Table S1. Sample information.

Table S2. Summary statistics for each alignment generated from
the pipeline following Nicholls et al. (2015) (alignment names with
‘Block’ indicate STR loci; Genes 1-531 are family-specific; Genes
532-792 are extracted from the Angiosperms353 universal pool).

Table S3. Summary statistics for each alignment generated
using the MO approach in Yang and Smith (2014) (alignment
names with ‘Block’ indicate STR loci; Genes 1-531 are family-
specific; Genes 532—792 are extracted from the Angiosperms353
universal pool).

Table S4. Summary statistics for each alignment generated
from the HybPiper pipeline with paralogues removed (align-
ment names with ‘Block’ indicate STR loci; Genes 1-531
are family-specific; Genes 532-792 are extracted from the
Angiosperms353 universal pool).
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