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A B S T R A C T   

Introgression and hybridization are important processes in plant evolution, but they are difficult to study from a 
phylogenetic perspective, because they conflict with the bifurcating evolutionary history typically depicted in 
phylogenetic models. The role of hybridization in plant evolution is best documented in the form of allo- 
polyploidizations. In contrast, homoploid hybridization and introgression are less explored, although they 
may be crucial in adaptive radiations. Here we employ genome-wide data (ddRAD-seq, transcriptomes) to 
investigate the evolutionary history of Nepenthes, a radiation of c. 160 species of iconic carnivorous plants mainly 
from tropical Asia. Our data indicates that the main radiation is only c. 5 million years old, and confirms previous 
bifurcating phylogenies. However, due to a greatly expanded number of loci, we were able test for the first time 
the long-standing hypotheses of introgression and historical hybridization. The genus presents one very clear 
case of organellar capture between two distantly related but sympatric groups. Furthermore, all Nepenthes species 
show introgression signals in their nuclear genomes, as uncovered by a general survey of ABBA-BABA-like sta-
tistics. The ancestor of the rapid main radiation shows ancestry from two deeply diverged lineages, as indicated 
by phylogenetic network analyses. All major clades of the main radiation show further introgression both within 
and between each other, as suggested by admixture graphs. Our study supports the hypothesis that rapid 
adaptive radiations are hotspots of introgression in the tree of life, and highlights the need to consider non- 
treelike processes in evolutionary studies of Nepenthes in particular.   

1. Introduction 

Introgression is emerging as a fundamental process in the diversifi-
cation of life in general and plants in particular, for example in the form 
of hybrid speciation or the exchange of genetic variants between species 
(e.g. Abbott et al., 2013; Folk et al., 2018). Introgression is the process 
through which species or populations exchange parts of their genomes 
through hybridization and subsequent repeated back-crossing. Intro-
gressed genetic variants may facilitate environmental adapation 
(Racimo et al., 2015) and promote rapid adaptive radiations (Meier 
et al., 2017; Seehausen et al., 2014). In phylogenetics, however, intro-
gression is usually considered an exception rather than the norm. This is 
at least partially due to the methodological challenges that are 
encountered when seeking robust empirical evidence of introgression in 
a phylogenetic framework. 

Phylogenies aim to establish evolutionary relationships in the form 

of a tree-like graph which connects observed entities via hypothetical 
common ancestors and lines of descent (Felsenstein, 2004; Maddison, 
1997). Species trees, in particular, have the scope to represent the 
descent of species, and thus should reflect all genetic loci or genes which 
make up the species, i.e. the genome. As such, a species tree is neces-
sarily a multi-locus phylogeny and can be understood as a summary over 
many gene trees (geneaologies), and as a cloud or container of gene trees 
(Edwards, 2009; Maddison, 1997). However, the genes of any given 
species do not necessarily share the same history, and hence gene trees 
within any nuclear and between nuclear and organellar genomes may be 
conflicting. Discordance or incongruence among gene trees frequently 
arises from biological processes rather than from methodological arte-
facts, and it must not be discounted when summarising genomic data 
into species trees (Degnan and Rosenberg, 2009; Hahn and Nakhleh, 
2016; Maddison, 1997). If introgression occurred, it can become 
apparent as incongruent gene trees with lower evolutionary divergence 
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between species against a baseline of non-introgressed gene trees. The 
problem is that introgression is just one of several confounding causes of 
gene tree incongruence. 

The most important and ubiquitous source of gene tree incongruence 
is incomplete lineage sorting (ILS), or ’deep coalescence’, which is 
observed when mutations have arisen as segregating polymorphisms in 
ancestral populations and then became ’sorted’ into descendants 
(Degnan and Rosenberg, 2009; Edwards, 2009). In sexual populations, 
mutations do not cause instant ’substitutions’ but instead transient 
polymorphims that remain in a population for a time proportional to the 
population size. Time to fixation of a mutation can take longer than the 
time in between speciation events, resulting in gene geneaologies 
incongruent with the species tree. ILS is expected to be particularly 
prevalent in rapid radiations, at both young and ancient phylogenetic 
nodes with short branch lengths (Degnan and Rosenberg, 2009). 

How do species tree inference methods perform in the face of gene 
tree incongruence? A diverse array of concepts and computational 
strategies exists for summarising phylogenomic datasets into species 
trees (reviewed by e.g. Liu et al., 2015). The simplest is to concatenate 
all loci and fit a bifurcating phylogeny to the entire “supermatrix” as one 
(Rokas et al., 2003). Although concatenation ignores ILS and other 
conflicting signals, its accuracy can be similar to or better than that of 
“ILS-aware” strategies even if ILS is present (Mirarab et al., 2016; Tonini 
et al., 2015). “ILS-aware” strategies in general adopt a coalescent model 
to handle ILS, and, for example, construct bifurcating species trees as 
“supertrees” in the form of democratic majority-rule summaries of 
quartet topologies contained in gene trees (e.g. ASTRAL, Mirarab et al., 
2014; Zhang et al., 2018b). While many species tree methods thus 
handle ILS with more or less appropriate results, the detection and 
handling of introgression is generally beyond their scope. 

Many targeted introgression inference methods employ population 
allele frequencies and are thus not suitable to phylogenetic sampling 
schemes and timescales (Twyford and Ennos, 2012). Phylogenetic net-
works, i.e. graphs which contain closed circles, rather than only bi-
furcations, can be estimated for scenarios in which both ILS and 
introgression operate, using certain assumptions to ease the problem of 
identifiability (Solís-Lemus et al., 2017; Solís-Lemus and Ané, 2016; 
Wen et al., 2018; Zhang et al., 2018a). Unfortunately, current imple-
mentations are computationally limited to networks with relatively few 
species (Folk et al., 2018; Wen et al., 2018). To overcome this problem, a 
two-step procedure to analyse introgression in species phylogenies can 
be used. First, a bifurcating species tree is fitted to the data using 
concatenation or ILS-aware methods. Second, the same data is scanned 
for signatures of introgression against the bifurcating hypotheses. 
Hence, a bifurcating phylogeny serves as a null-model to describe the 
data, and signals which are not expected under bifurcation remain to be 
explained, potentially by introgression. One prominent test to identify 
non-treelike signals and to distinguish introgression from ILS is Patter-
son’s D-test (“ABBA-BABA test”, Durand et al., 2011; Green et al., 2010). 
A suite of similar statistics has recently been developed (Blischak et al., 
2018; Hahn and Hibbins, 2019; Hibbins and Hahn, 2019; Pease and 
Hahn, 2015). Other methods specifically evaluate the probability that 
particular gene trees, such as mitochondrial or plastid phylogenies, are 
not resulting from ILS in a species tree, which presents a test for 
organellar introgression (e.g. Folk et al., 2017; Joly, 2012). 

Similar to computational tools, phylogenomic sequencing strategies 
are manifold. As whole genome sequencing remains challenging and is 
not necessary for many purposes, transcriptomic (RNA-seq) and 
reduced-representation genome sequencing (RRS) methods are popular 
choices (e.g. McKain et al., 2018). Transcriptomes yield thousands of 
genic sequences which are informative from young radiations to the 
most deeply diverged plants (One Thousand Plant Transcriptomes 
Initiative, 2019; Wickett et al., 2014), but are relatively costly and 
require live material. Among RRS methods, restriction-site associated 
DNA sequencing (RAD-seq, e.g. Baird et al., 2008; Peterson et al., 2012) 
occupies the opposite end of the spectrum: it scales to many samples 

because of a lower price and yield tens of thousands of short anonymous 
loci, but its usefulness is limited to population genomics and phyloge-
nomics of shallow and intermediate levels of sequence divergence 
(Cariou et al., 2013; Eaton and Ree, 2013; Nadeau et al., 2013; Wagner 
et al., 2013). Another common approach uses target-capture probes to 
sub-sample genomes through hybridization capture, which is robust 
over shallow and deep levels of sequence divergence but limited to a pre- 
defined set of just a few hundred loci (e.g. Johnson et al., 2019). 

Here we investigate the phylogeny of a radiation of iconic carnivo-
rous plants through reconstruction of species trees and introgression. 
Nepenthes (Nepenthaceae) are long-lived vines or shrubs and produce 
strongly modified leaves in the form of a pitcher (Cheek and Jebb, 2001; 
Clarke, 2001, 1997; Ellison and Adamec, 2018; Juniper et al., 1989; 
McPherson, 2011, 2009). While understanding of the biomechanics and 
physiology of Nepenthes traps has made significant progress in recent 
years, much is still unclear about trap functional diversity and its evo-
lution within the genus that contains at least 160 species, distributed 
from Madagascar to New Caledonia, and from northeast India and 
southern China to northern Australia (Cheek and Jebb, 2001, 2013; 
Clarke, 1997, 2001; Clarke et al., 2018b; McPherson, 2009, 2011). This 
evolutionary radiation has produced tremendous morphological varia-
tion of the pitcher trap, such that all its anatomical parts were modified, 
extended or eliminated in different combinations. Additional diversity 
exists at the level of prey spectra (e.g. Chin et al., 2014) and presumably 
in the digestive mechanisms, as the pitcher fluids range from slightly to 
extremely acidic, from watery to viscid (Bonhomme et al., 2011), from a 
few millilitres to more than one litre in volume, and contain different 
solute proteins (Biteau et al., 2013) as well as different communities of 
interacting animals and microbes (Beaver, 1983; Bittleston, 2018; 
Kitching, 2000; Sickel et al., 2016; Takeuchi et al., 2015). In most Ne-
penthes habitats, multiple species co-occur and often hybridize naturally 
(Peng and Clarke, 2015). The dynamics of the Nepenthes radiation, as 
well as factors promoting speciation, sympatric coexistence and func-
tional divergence of the pitcher traps, remain elusive. They may include 
adaptations in carnivory among other more conventional drivers of 
plant speciation (Givnish, 2010; Rieseberg and Willis, 2007; Widmer 
et al., 2009). An essential resource to test such hypotheses is knowledge 
of the evolutionary history. 

Nepenthaceae belong to the “non-core Caryophyllales” (Chase et al., 
2016; Cuénoud et al., 2002), and form a clade with Ancistrocladaceae, 
Dioncophyllaceae, Droseraceae, and Drosophyllaceae, of which the 
latter three comprise carnivorous genera of predominantly flypaper- 
type traps. Indeed, such traps may be ancestral to this clade of five 
families, but may have been lost in Ancistrocladaceae and some Dio-
ncophyllaceae (Heubl et al., 2006; Renner and Specht, 2011). While the 
pitcher traps of Nepenthes could thus be derived from flypaper-type 
traps, they present a spectacular case of functional convergence at mo-
lecular and morphological scales with the pitcher traps of Cephalotus 
(Oxalidales) and Sarraceniaceae (Ericales) (Bauer et al., 2013; Fleisch-
mann et al., 2018; Fukushima et al., 2017; Juniper et al., 1989). 
Uncovering the phylogeny of the crown Nepenthes radiation was the aim 
of several previous efforts (Mullins, 2000; Meimberg et al., 2001; 
Meimberg and Heubl, 2006; Alamsyah and Ito, 2013; Nauheimer et al., 
2019; Murphy et al., 2019). While each study speculated that observed 
gene tree incongruence is due to introgression, or that hybridization 
played a major role in speciation, these hypotheses were never tested. 
The present study aims to close this gap using an appropriately large 
sample of genome-wide markers. 

We focussed in particular on incongruent phylogenomic patterns and 
aimed at distinguishing ILS from introgression as their causes. We 
furthermore asked what the age of Nepenthes is. Because of the ease with 
which contemporary species hybridize in nature and cultivation, and 
because of a possibly young age of the radiation, we expected strong 
gene tree incongruence due to both ILS and introgression. 
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2. Methods 

2.1. Plant material and sequence data generation 

We included a total of 243 individual Nepenthes plants representing 
at least 144 morphospecies and one natural hybrid, along with 26 out-
group taxa (Table S1). Our sampling is nearly exhaustive for accepted 
Nepenthes taxa and relevant outgroups. We generally sampled one in-
dividual per species but included multiple individuals where possible. 

ddRAD-seq libraries (Peterson et al., 2012) were prepared on DNA 
extracted with silica column kits (Nucleospin Plant II, Macherey Nagel, 
Düren, Germany) from fresh or liquid-preserved (Camacho-Sanchez 
et al., 2013) leaf material, using enzymes EcoRI and TaqI. Libraries were 
sequenced in 96-plex pools on Illumina HiSeq 2500 instruments, with 
varying single-end read lengths (101, 126, 151). Data was deposited at 
the European Nucleotide Archive (ENA) under project PRJEB37794. For 
transcriptomes, total RNA was extracted from Nepenthes leaves or 
pitchers using the Total RNA Mini Kit (Plant) (Geneaid Biotech Ltd, New 
Taipei City, Taiwan) with the “PRB” lysis buffer, using two lysis steps 
and a DNAse digest. RNA-seq libraries were prepared from 0.5 µg total 
RNA using the NEBNext Ultra Directional RNA Library Prep Kit for 
Illumina (New England Biolabs, Ipswich, MA, USA), and sequenced on 
an Illumia HiSeq 2500 for 126 bp paired-end reads. Data were deposited 
under ENA project PRJEB37797. Additional sequence data was down-
loaded from public sources in the form of transcriptomes (Bemm et al., 
2016; Fukushima et al., 2017; Walker et al., 2017) or large alignment 
files (Yang et al., 2015). 

2.2. ddRAD-seq read processing & nuclear data 

We genotyped ddRAD samples following a modified dDocent pipe-
line (Puritz et al., 2014). The principle steps are read demultiplexing and 
quality filtering, denovo assembly of reference contigs (“RAD-tags”), 
read mapping, variant calling and variant quality filtering. Raw reads 
were stringently filtered for an accurate barcode sequence by enforcing 
Phred score >=20 in each of the first five bases (the barcode). We then 
demultiplexed using process_radtags (Catchen et al., 2013) without the 
barcode-rescue option and quality-filtered reads to at least Phred score 
20 in all sliding windows of 15% of the read lengths. Reads passing filter 
(mean 1.5 million reads per sample, minimum 133,000, maximum 4.3 
million) were used to construct reference contigs based on their fre-
quency among all reads. Because we combined data from Illumina 
sequencing runs with varying read lengths, we included unique 96 bp 
reads and 121 bp reads if they occurred at least 25 times, but unique 146 
bp reads were allowed at the lower threshold of six occurrences as only 
few samples had these long reads. Unique reads passing these thresholds 
were clustered at identity 0.9 in VSEARCH (Rognes et al., 2016). Clus-
ters were globally aligned by MUSCLE (Edgar, 2004) and majority 
consensus contigs formed. These contigs were clustered once again using 
CD-HIT-EST (Li and Godzik, 2006) at identity 0.9 and the longest contigs 
retained as the final RAD-tags. Reads of each sample were mapped 
against this reference using bwa-mem (Li, 2013), and variants were 
called by freebayes (Garrison and Marth, 2012). Only bi-allelic single 
nucleotide polymorphisms (SNPs) were retained. The resulting .vcf files 
were quality filtered by removing any contigs with reads mapped from 
two control libraries (water templates), or with any SNPs showing het-
erozygote excess (Hardy-Weinberg tests, p <= 0.05), and by retaining 
only SNPs with allele balance between 0.25 and 0.75, and quality-depth 
ratio > 0.25. Individual genotypes were further filtered for minimum 
and maximum read depth cut-offs corresponding to at least three reads 
and at most the mean plus two standard deviations of the read depth per 
individual. Putative organellar RAD-contigs were identified by mapping 
against a Nepenthes plastome (Yao et al., 2019) and a mitochondrial 
genome (Gruzdev et al., 2018), and removed from the .vcf files. Each 
Nepenthes sample had ~ 100,000–2,000,000 post-filtering SNPs, but the 
outgroups only ~ 800–6,000 SNPs. Further filters for missingness were 

specific to downstream analyses (see below). 

2.3. Organellar ddRAD data 

Demultiplexed ddRAD reads were mapped to a plastid genome as-
sembly of N. mirabilis (Genbank NC_041271.1, Yao et al., 2019), and a 
mitochondrial genome assembly of N. ventricosa × alata (Genbank 
MH798871.1, Gruzdev et al., 2018), using bwa-mem. Haploid SNP and 
indel genotypes were called by freebayes. To generate alignment files, 
variants were applied to the reference genomes, and regions with less 
than three reads aligned were masked by gap characters, using bcftools 
consensus (Li et al., 2009). 

2.4. Transcriptomic data processing 

Orthology inference from transcriptomes followed the pipeline of 
(Yang and Smith, 2014) with slight modifications. In brief, tran-
scriptomes were de novo assembled by Trinity and coding sequences 
predicted by transdecoder (Grabherr et al., 2011; Haas et al., 2013). 
After clustering with mcl (van Dongen, 2001) from an all-versus-all 
BLASTP comparison table, the clusters were aligned on the peptide 
sequence, and maximum-likelihood trees inferred on the reconstituted 
DNA alignments. To form finer clusters, excessively long branches were 
trimmed and the trees cut on long internal branches. The alignment, tree 
inference and pruning/cutting procedure was iterated once again and 
the final clusters accepted as homologous gene sets. We then generated 
the final ortholog gene sets by pruning paralogs according to the 
maximum-inclusion strategy. Fourty-four ortholog gene sets matched 
the Nepenthes organelles (aligned with bwa to Genbank MH798871.1, 
Genbank NC_041271.1) and were excluded, so that the transcriptome 
data used in this study contains only nuclear sequences. 

2.5. Preparation of datasets, tree estimation and molecular dating 

We prepared a total of eight phylogenomic datasets for the purposes 
of species tree inference, rooting of the species tree, molecular dating, 
and testing of introgression. The datasets differed in their composition of 
ddRAD-seq and transcriptome data, the sub-genomes which they 
represent, the data missingness, and were analysed with several tools 
(Table 1). 

As SNP-only alignments are known to distort the branch length es-
timates of maximum-likelihood algorithms (Leaché et al., 2015), we 
included invariant sites in the ddRAD data by inserting SNP genotypes 
into the reference RAD-tag sequence, with heterozygotes as ambiguity 
code. 

To determine the topology within the Nepenthes species tree relative 
to outgroups (rooting), we created the dataset ’rooting low missingness’ 
(RLM). We selected a subset of 24 samples representing main lineages of 
Nepenthes and seven outgroup taxa, and for these we constructed an 
alignment matrix that contained ddRAD data and transcriptome data 
together. We strictly filtered genes for presence in all 20 transcriptome 
samples, and RAD-tags for presence in 20 out of 24 ddRAD samples. We 
used RAxML v. 8.2.4 (Stamatakis, 2014) to generate a concatenated 
supermatrix species tree of RLM under the GTR + CAT substitution 
model, and calculated branch support values with the SH-like likelihood 
ratio test. As an alternative to the supermatrix, we inferred the separate 
gene trees from all transcriptome loci and ddRAD-loc using RAxML 
(GTR + CAT), and fed them into ASTRAL v. 5.1.2 (Mirarab et al., 2014; 
Zhang et al., 2018b) to construct a supertree. ’Gene trees’ from indi-
vidual ddRAD-loci always contained very large polytomies, as expected 
from the low number of SNPs per ddRAD-locus (usually less than ten). 
However, ASTRAL naturally handles gene tree polytomies by consid-
ering all of the implied quartets. 

To estimate species trees for the genus Nepenthes itself, we used 
exclusively ddRAD data, from 235 Nepenthes samples (incl. six dupli-
cates) and no outgroups. To evaluate the effect of the number of 
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included loci and missing data, we built three different datasets: the 
most stringently filtered matrix required SNPs to be present in at least 
212 (90%) of samples (M212), the intermediate stringency dataset 
required SNP presence in at least 118 (50%) of samples (M118), and for 
the most relaxed dataset we filtered SNPs for presence in at least four 
samples (M4). Supermatrix trees were inferred using RAxML as 
described above for M212 and M118, but for the much larger alignment 
M4 we used ExaML v. 3.0.20 (Kozlov et al., 2015; GTR + CAT). A 
supertree was estimated using ASTRAL and RAxML ’gene trees’ (as 
above) for M212, but ASTRAL failed to complete for the larger datasets 
M118 and M4. 

To generate organellar phylogenies, we filtered the columns of 
alignments resulting from variant application to the mitochondrial and 
plastid reference genomes for data presence in at least 70% of in-
dividuals (datasets PLAS and MITO, Table 1). Maximum-likelihood 
phylogenies were inferred using RAxML with the GTRGAMMA model 
and uncertainty assessed through 1,000 rapid bootstraps. 

The dataset ’SNAQ-transcriptomes’ (STR, Table 1) was specifically 
compiled to test for introgression with gene trees. To this end, genes 
from the transcriptome orthology inference (see above) were filtered to 
contain at least 10 taxa, resulting in 8,058 genes. These were then 
further filtered down according to more specific criteria (see section 
phylogenetic networks below). 

Divergence times for Nepenthes were estimated by combining phy-
logenomic data with fossil calibrated dates of Angiosperm diversifica-
tion (Magallón et al., 2015). The DATING supermatrix (Table 1) 
contained transcriptomic data (one-to-one orthologs) from 14 Nepenthes 
and 24 outgroups (Table S1). These outgroups were selected because 
their divergence times had previously been estimated (Magallón et al., 
2015), and curated phylogenomic sequence data were available for 

them (Yang et al., 2015). Thus, we took 18 samples from the peptide 
alignment of 1,122 orthologs of Yang et al. (2015), and emended this 
alignment by sequences from 20 additional transcriptomes (these were 
also used for the rooting analysis in the RLM dataset). The ortholog 
sequences in the additional transcriptomes were identified by BLAST 
searches against Yang’s Nepenthes cf. alata sequence (“WQUF”, recip-
rocal best hits, c. 1,100 found in each transcriptome), and re-aligned by 
MUSCLE (Edgar, 2004). Furthermore, this alignment was extended by 
1,094 genes from the transcriptome part of the RLM alignment (i.e. 
orthologs identified in this study, present in all of the 20 additional 
transcriptomes). The added genes were non-redundant with respect to 
Yang’s set of genes, as tested by BLASTP search of the majority consensi. 
The final DATING alignment was filtered for minimum column occu-
pancy of 30% and minimum 100 amino acid sites per gene. A super-
matrix species tree was inferred using RAxML (PROTCATWAG). The 
nodes of this tree were dated with RelTime (Tamura et al., 2018, 2012) 
as implemented in MEGA-CC version 7.0.26–1 (Kumar et al., 2016). We 
specified the WAG substitution model with five gamma-distributed rate 
categories and invariant sites, and similar clock rates were merged on 
one standard error. Brassicaceae (Arabidopsis thaliana) was specified as 
the outgroup. For 13 nodes that were also present in the Angiosperm 
time-tree of Magallón et al. (2015), we supplied absolute time calibra-
tions in the form of upper and lower limits on age, i.e. the upper and 
lower bounds of the 95% credibility intervals of Magallón et al. (2015) 
(Table S2). 

Phylogenetic trees were rooted or re-rooted using Dendroscope v. 
3.5.7 (Huson and Scornavacca, 2012) to avoid swapping of support 
values (Czech et al., 2017), and then plotted using the R package APE v. 
5.3 (Paradis and Schliep, 2019). 

Alignments, tree files and further outputs are deposited at Mendeley 

Table 1 
Overview of the phylogenomic data matrices and their purposes in this study. Alignments, tree files and further outputs are deposited at Mendeley Data (https://data. 
mendeley.com/datasets/fp77hgb466/2, DOI: https://doi.org/10.17632/fp77hgb466.2), and raw sequencing data at the European Nucleotide Archive (ENA), projects 
PRJEB37794 and PRJEB37797.  
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Data (https://data.mendeley.com/datasets/fp77hgb466/2, DOI: 
https://doi.org/10.17632/fp77hgb466.2). 

2.6. Testing cyto-nuclear discordance 

We evaluated the degree to which discordance of organellar (plastid 
and mitochondrial) phylogenies with a bifurcating species tree was ex-
pected under a neutral coalescent model similar to the method of (Folk 
et al., 2017). In brief, we used DendroPy v. 4.4.0 (Sukumaran and 
Holder, 2010) to simulate 10,000 gene trees under the containing 
ASTRAL supertree M212. The branch lengths of this species tree are in 
coalescent units (ratio Ne / generations), and were originally estimated 
from diploid, biparentally inherited nuclear markers. However, organ-
ellar markers are generally expected to be haploid and maternally 
inherited in plants, and therefore should experience only 1/4 of the Ne 
of nuclear markers, or in other words, four-fold increased rates of coa-
lescence and genetic drift relative to nuclear markers. Hence, for the 
simulation of organellar markers, branch lengths of the species tree were 
multiplied by the factor four. The frequency of bi-partitions in simulated 
organellar trees was then annotated on the observed organellar trees 
using the function prop.clades in APE (Paradis and Schliep, 2019). 

2.7. non-parametric introgression tests (D3) 

We used the D3 statistic (Hahn and Hibbins, 2019) to test for signals 
consistent with introgression in dataset M4 (Table 1). This metric is 
theoretically similar to Patterson’s D-statistic (Durand et al., 2011; 
Green et al., 2010; Patterson et al., 2012), also called ABBA-BABA. 
Patterson’s D-test exploits the expectations that on the tree of four 
taxa ((A,B),(C,D)); two site patterns at the tips of the tree should be 
equally common if evolution proceeded under a bifurcating tree and ILS 
alone, whereas significant deviations can be interpreted as introgres-
sion. D3 applies the same rationale, but on the basis of genetic distances. 
It furthermore has the important practical advantages that it (1) uses 
trios of the configuration ((A,B)C); rather than quartets of samples, and 
hence (2) the identity of the introgression pair within the test is not 
ambiguous, unlike in Patterson’s D-test where a priori assumptions about 
non-introgressing outgroups are necessary. D3 was found to have almost 
the same power and false-positive rate as Patterson’s D (Hahn and 
Hibbins, 2019). 

To explore signals consistent with introgression in the Nepenthes 
radiation as a whole, we applied D3 tests to a large number of auto-
matically generated test trios. To generate these trios, we developed an 
algorithm (using the ETE toolkit, Huerta-Cepas et al., 2016) that finds all 
possible test trios that follow the topology of a rooted, bifurcating spe-
cies tree (supermatrix tree, M4). First, all possible pairs of taxa within a 
clade were formed, and then to each pair all possible taxa from the sister 
clade, i.e. taxa basal to the pair, were added to form trios. This process 
suggested computationally unfeasible numbers of D3 test trios - there-
fore, redundant trios were discarded entirely, and partially redundant 
trios (trios that share one pair of taxa) were randomly downsampled so 
that each pair of taxa would appear in at most ten test trios. Similar 
procedures to sample taxa sets from a given species tree were imple-
mented by Malinsky et al. (2020) and Lambert et al. (2019) who 
retained partially redundant taxa sets. 

The D3 test was implemented in a python script, with pairwise ge-
netic distance per site calculated as the absolute difference in allele 
frequency (thus including heterozygous sites). The significance of a test 
was assessed by 100 bootstrapped datasets with blocks of 20 sites (Hahn 
and Hibbins, 2019), and tests were considered significant at p <= 5%. 

Large numbers of significant D3 test results were summarised as 
pairwise signals of introgression by the following logic: each test trio ((A, 
B),C); was decomposed into the two non-sister pairs A-C and B-C. The 
sign of the D3 statistic indicates which of these two pairs has the lower 
genetic distance and therefore in the framework of this test has a 
signature of introgression, while the absolute value of D3 is the 

magnitude of the signature in that pair. The test provides no evidence for 
or against introgression in the second pair of the trio. Inspecting all 
significant D3 test trios, we thus collected the absolute D3 statistics for 
all pairs of samples and extracted their maximum D3 for visualization. 
The pairwise matrix of D3 statistics was ordered according to the to-
pology of the species tree from which the test trios were generated, and 
plotted as a heatmap in R. 

2.8. Phylogenetic networks (SNAQ) 

We inferred phylogenetic newtorks using the SNAQ method from the 
PhyloNetworks package v. 0.10.0 (Solís-Lemus et al., 2017). This algo-
rithm uses the topology (but not the branch lengths) of unrooted gene 
trees to fit an unrooted phylogenetic network with up to m directed 
migration edges, based on maximum pseudo-likelihood. Importantly, 
SNAQ models both ILS and migration (introgression), but it places a 
constraint on the network architecture, namely that no edge may be part 
of more than one introgression loop (“level one networks”). The 
computational feasibility of SNAQ and the interpretability of its results 
are limited by the number of taxa and the resolution of the gene trees on 
which the analysis is based. Therefore, we used SNAQ to test for intro-
gression among only few taxa and sets of gene trees that were taxa- 
complete and relatively well resolved. In effect, these constraints 
restricted the use of SNAQ to the main lineages of Nepenthes and 
outgroups. 

In the first analysis, we used gene trees from ddRAd loci (dataset 
M212), which allowed to include N. danseri but no outgroups. We 
generated 211 sets of taxa, each of which represented all five lineages in 
the EDG (Early Diverging Grade: N. pervillei, N. madagascariensis, 
N. distillatoria, N. khasiana, N. danseri) and one lineage of the EC (Eastern 
Clade). Thus, we exhaustively explored all species and samples from the 
EC, using each once, but we used each sample from lineages in the EDG 
several times (randomly chosen). This strategy effectively treats the 
multiple species belonging to a lineage as replicates, which produce 
technically but not phylogenetically independent results. A SNAQ ana-
lyis was conducted for each set of taxa, using all gene trees from dataset 
M212 that could be pruned to at least four taxa from the specific set of 
taxa. We sequentially estimated networks from m = 0 through m = 2 
with ten independent runs each. We retained the best plausible network 
of m = 2 for further analysis, based on ranking by maximum likelihood 
and network plausibility. Candidate networks were deemed plausible if 
the direction of migration edges did not conflict with a biologically 
meaningful rooting, here on N. pervillei. Finally, results from the 211 
SNAQ analyses were summarised by extracting the most common 
network, and the frequency of its migration edges was counted among 
all 211 networks. 

In the second analysis, we used gene trees from transcriptomes which 
allowed to include outgroups (dataset STR). Following the same strategy 
as above, we generated 45 taxa sets as technical replicate observations of 
the same phylogenetic events. Each taxa set consisted of six taxa, 
including two outgroup taxa, the EDG species N. khasiana and 
N. pervillei, and two Nepenthes of the EC (Eastern Clade), thereby sam-
pling all 45 possible pairs of EC Nepenthes and using the other samples 
multiple times. The remaining steps were done as described above (gene 
tree pruning, SNAQ runs, identification of one best plausible network for 
m = 2, summarising of results). 

2.9. Admixture graphs (TreeMix) 

We fitted admixture graphs with the tool TreeMix v. 1.13 (Pickrell 
and Pritchard, 2012). TreeMix uses allele frequency information from 
multiple observed populations (or species) to fit an admixture graph 
using maximum-likelihood under a model of pure genetic drift. To avoid 
the computationally prohibitive search of phylogenetic network space, 
the TreeMix heuristic first optimises a bifurcating tree and examines 
residual population co-variation that is poorly explained by it, and then 
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places a number of migration edges on the tree to account for the 
residuals. 

We ran TreeMix analyses for each of nine different sets of taxa, which 
were selected to test specific hypotheses on admixture between the main 
lineages of Nepenthes or within each of these lineages. Allele frequency 
data were generated by filtering from ddRAD dataset M212 (Table 1) 
specifically for each taxa set, allowing no missing data. This resulted in 
21,000–51,000 SNPs per each taxa set. Each TreeMix analysis explored 
the number of migration edges from zero to up to 12, and was replicated 
48 times with different random number seeds. Replicates with the 
highest likelihood were used for visualization using a custom plotting 
function in R. To evaluate how many migration edges were meaningful, 
we inspected the relative increase in log-likelihood of the fitted 
admixture graph upon adding further migration edges. 

3. Results 

3.1. Position of the phylogenetic root of Nepenthes 

Analysis of transcriptomes and ddRAD data replicate previous re-
ports that Nepenthaceae is closely affiliated with Droseraceae and 
Drosophyllaceae - Ancistrocladaceae (Fig. 1). Sister to Nepenthaceae 
were Drosophyllaceae - Ancistrocladaceae rather than the Droseraceae, 
but gene tree discordance at this deep phylogenetic node was extreme 
with less than 50% of gene trees agreeing with this arrangement (QS =
quartet support, ASTRAL), as previously reported (Walker et al., 2017). 
Virtually all gene trees agreed that Nepenthaceae are monophyletic 
(>99% QS). The crown of the genus Nepenthes can be divided into a 
species-poor early diverging grade (EDG) with mostly western distri-
bution, and an eastern clade (EC) that can be further divided into two 
species-rich clades. The EDG holds N. pervillei from the Seychelles as 
sister to all other Nepenthes, while all further species with a western 
distribution branch off sequentially, starting with N. madagascariensis 
followed by a sister clade of the two species from the Indian subconti-
nent, N. distillatoria and N. khasiana, then N. danseri from Waigeo near 
New Guinea. We noted strong gene tree discordance within the genus 
Nepenthes, implied by the relatively low QS throughout the basal back-
bone (Fig. 1 B), ranging from 56% to 67% (Fig. 1 A). Relatively high 
congruence (86% QS) was observed at the node separating the EC from 
N. danseri, but much lower QS were again observed within the sub- 
clades of the EC. 

Notwithstanding gene tree incongruence, the exactly identical to-
pology was obtained by both supertree and supermatrix (concatenation) 
inference methods, the latter showing full SH-like support throughout 
the tree (Figure S1). The combination of transcriptomes with ddRAD 

data in both supermatrix and supertree methods was robust: for two 
species we included two representatives with different data, one with 
both transcriptome and ddRAD data and a second one with only ddRAD 
and the transcriptome entirely as missing characters (N. khasiana, 
N. pervillei). In both species, the two representatives clustered together 
with very high QS. We therefore interpret the placement of species with 
only one type of data, especially the critically important early diverged 
Nepenthes with only ddRAD data (N. danseri, N. distillatoria, 
N. madagascariensis), as reliable. 

3.2. DNA sequence divergence and molecular clock dating of the 
Nepenthes radiation 

The Nepenthes radiation comprises at most c. 3.7% DNA sequence 
divergence over all sites, and 8.9% at the more neutrally evolving four- 
fold degenerate sites (FFDS), as counted in the codons of 1,334 genes in 
dataset RLM (Table S3). The high values are found between the most 
basal lineage N. pervillei and any other species, while N. khasiana, the 
second-most basal lineage in this dataset, was c. 2.2% (5.3% at FFDS) 
diverged from any species of the main Southeast Asian radiation. Within 
the latter clade, sequence divergence at all sites ranged from 0.35% to 
1.47%, and from 0.8% to 3.4% at FFDS. 

We seeked to estimate how evolutionary divergence in sequence 
translates to time in years using a molecular clock. The topology of the 
DATING supermatrix tree (Fig. 2) was fully congruent with the RLM 
Nepenthes species tree (Fig. 1) in respect to Nepenthes and its allies, and 
all branches recieved full SH-like support. Nepenthaceae split from its 
bona-fide sister lineage, the extant Drosophyllaceae - Ancistrocladaceae, 
in the late Cretaceaous to early Tertiary at c. 76 (CI 58.3–93.8) Mya. 
However, the separation from Droseraceae was also dated to approxi-
mately the same time frame, consistent with the strong gene tree conflict 
at this node (see above). The extant Nepenthes crown is marked by 
N. pervillei, whose ancestors separated from the remaining Nepenthes 
lineage at c. 12.3 (CI 6.4–18.2) Mya. N. khasiana from India last shared a 
common ancestor with the Eastern Clade (EC) at c. 7.6 (CI 3.3–11.9) 
Mya. The two sub-clades in the EC diverged onwards from c. 5.5 (CI 
2.1–9.0) Mya. This is the upper limit for the ages of all approx. 150 
species in the EC. 

3.3. Nuclear ddRAD species trees 

We next investigated the Nepenthes radiation with only nuclear 
ddRAD data for 235 individual Nepenthes samples. Supermatrix analysis 
of dataset M4 resulted in a well resolved species tree that showed full 
SH-like support on 93.5% of its internal branches (Fig. 3). The basal 

Fig. 1. Rooted species tree for Nepenthes 
with relevant outgroups and representatives 
of selected lineages within the genus. A) 
Supertree (ASTRAL) from combined tran-
scriptome and ddRAD data with complete 
representation of putative early diverged 
lineages within the genus, inferred from 
dataset RLM. Node labels indicate gene tree 
incongruence as the Quartet Support, which 
is the percentage of gene tree-induced quar-
tets supporting the species tree’s topology. 
Scale bar shows branch lengths in coalescent 
units (the ratio of effective population size to 
time in generations). B) Gene tree incongru-
ence illustrated by the 1334 transcriptome 
gene trees (Densitree plot, true branch 
lengths not shown) that contributed to the 
supertree on the left (in addition to gene 
trees from ddRAD loci).   
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topology recovered exactly the RLM and DATING trees, i.e. the same 
EDG (see section 3.1). The power of the M4 dataset is demonstrated in 
that it resolved plausible phylogeographic structure within taxa, such as 
grouping of N. pervillei samples by the islands of Mahe and Silhouette, 
and grouping of populations within N. gracilis, N. bicalcarata, 
N. ampullaria, and N. rafflesiana according to their spatial distances 
(Fig. 3). As another indicator of the robustness of the inference, we 
conducted three additional bifurcating species tree analyses of the same 
nuclear ddRAD data (two additional supermatrices differing in column 
occupancy: M118, M212; supertree on dataset M212, Table 1). These 
revealed inconsistencies throughout the backbone of the radiation 
(Fig. 4), while the topology within sub-clades remained largely stable 
(Figures S2, S3, S4). Together, the four alternative analyses delineated 
the main structure of the Nepenthes crown radiation. Ten main groups 
with at least four species each are defined by consistent appearance in all 
four alternative species trees (Figures 3, 4, S2, S3, S4):  

1. early diverging grade (EDG): The species from the far Western range 
of the genus (Madagascar, Seychelles, Sri Lanka and North-East 
India) and N. danseri from Waigeo Island near New Guinea can be 
distinguished as a grade against all other Nepenthes (the “Eastern 
clade”).  

2. mirabilis-group. This group is a clade and sister to all other species in 
the Eastern clade, comprising widespread lowland species of both 
Sundaland and Sahul. It corresponds exactly to “clade 1′′ sensu 
Murphy et al. (2019). A nested sub-clade of lowland to alpine en-
demics from Sulawesi, New Guinea, and New Caledonia corresponds 
to the N. tomoriana group of Murphy et al. (2019). 

The following groups form the second major sub-clade of the Eastern 
Clade (EC), and correspond to "clade 2" sensu Murphy et al. (2019):  

3. Tentaculatae. This clade is consistently placed as the earliest 
branching within "clade 2", and contains highland species from 

Borneo and Sulawesi. It is fully congruent with section Tentacu-
latae (Cheek and Jebb, 2016a).  

4. Insignes. This clade branches off subsequent to the Tentaculatae 
and occurs in the Philippines and New Guinea. It is congruent 
with sect. Insignes sensu Clarke et al. (2018b) except that we do 
not find N. campanulata to be a member.  

5. Pyrophytae. This clade unites all endemic species from the Malay 
Peninsula and Indochina and is broadly congruent with sect. 
Pyrophytae (Cheek and Jebb, 2016b) sensu Clarke et al. (2018b).  

6. Montanae. A large radiation of all species endemic to Sumatra 
and Java, which exactly corresponds to sect. Montanae sensu 
Clarke et al. (2018b). This clade is consistently sister to the 
Pyrophytae (Fig. 4).  

7. copelandii-group. This clade is a radiation endemic to Mindanao 
(southern Philippines), and may be sister to either the philip-
pinensis-group or the maxima-group (see below).  

8. philippinensis-group. A clade of mostly north-western Philippine 
endemic species, with small sub-clades restricted to Palawan, 
Luzon or Visayan islands. At least one species reached the 
Mindanao region (N. viridis). The group may be sister to the 
copelandii-group, or to a rajah-copelandii-maxima-group clade 
(Fig. 4).  

9. rajah-group. A small clade of four species endemic to ultramafic 
highlands of northern Borneo. Despite striking morphological 
and geographical connections, it is not sister to Palawan’s high-
land species (philippinensis-group), but either to the maxima- 
group, a maxima-copelandii-group clade, or to N. campanulata.  

10. maxima-group. A large radiation that dominates mid-elevation to 
highland environments with endemic species in Borneo. Nested 
within the Bornean radiation is a sub-clade with N. maxima and 
its allies from Sulawesi, the Moluccas and New Guinea. 

The mirabilis-group, copelandii-group, philippinensis-group, rajah- 
group and maxima-group were here named after the oldest described 
taxon in that clade, or after particularly well-known species. 

Fig. 2. Timetree of Nepenthes and selected representatives of diverse angiosperm orders as outgroups, generated from the amino acid sequences of 2,216 genes 
(dataset DATING) by RelTime (Tamura et al., 2012). Blue node bars indicate Confidence Intervals, and calibrated nodes (Magallón et al., 2015) are marked by red 
asterisks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 3. Bifurcating species tree for the genus Nepenthes estimated by maximum-likelihood from a concatenated supermatrix of ddRAD data (dataset M4). Major 
lineages that were consistently grouped in this and alternative species trees (M118, M212 supermatrix trees, M212 supertree) are named and indicated by vertical 
bars. The colouring scheme is consistent with that in the organellar gene trees (Fig. 5). SH-like support values are shown only if less than 100. Scale bar indicates 
number of expected substitutions per site. 
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In addition to the EDG and the nine major clades, within "clade 2" 
there are six species-poor, isolated lineages which all occur on Borneo:  

1. N. northiana branches off the "clade 2" backbone just after the basal 
Tentaculatae (supermatrices M4, M118, supertree M212), but may 
also be sister to the Insignes (supermatrix M212). It is a limestone 
specialist with a very small range in southwest Sarawak.  

2. N. hirsuta and N. hispida form a clade and inhabit the shrub layer of 
Bornean heath and lower montane forests; they branch off after the 
Insignes within "clade 2", or later, after the divergence of Montanae- 
Pyrophytae.  

3. N. mapuluensis (east Borneo) shares a similar morphology and habitat 
type with N. northiana, but it was never affiliated with that species in 
any dataset. It appears to derive directly from the "clade 2" backbone.  

4. N. albomarginata, a lowland to mid-elevation species widespread in 
Sundaland, may be sister to Montanae-Pyrophytae or diverge 
directly from the backbone of "clade 2".  

5. N. reinwardtiana and N. macrovulgaris (the former widespread in 
Borneo and Sumatra, the latter endemic to northern Borneo) formed 
a clade that was consistently sister to a clade that unites 
N. campanulata with the rajah-, maxima-, copelandii-, and philip-
pinensis-groups. 

6. N. campanulata, a specialist of overhanging limestone cliffs in Bor-
neo, was sister to the rajah group, or sister to a clade uniting the 
philippinensis-, copelandii-, rajah-, and maxima-groups. 

3.4. Organellar phylogenies and cyto-nuclear discordance 

We analysed the plastid and mitochondrial information contained in 
ddRAD data separately from the nuclear data. Read mapping statistics 
showed that Nepenthes ddRAD samples contained 0.6–22.7% of plastid- 
derived reads, which covered 6–13.7% of the sites of the plastome at 
least three reads deep (alignment PLAS, Table 1). The resulting phy-
logeny re-capitulated certain lineages already detected in the nuclear 
species trees, but also showed several important incongruences (Fig. 5, 
left). Species from the Indian subcontinent (N. distillatoria, N. khasiana) 
did not form a clade but instead N. distillatoria was placed in between the 
basal-most species N. pervillei and N. madagascariensis, while N. khasiana 
was placed closer to the Malesian taxa. N. danseri joins Malesian taxa in a 
large unresolved multifurcation. From this multifurcation emerge 
several well supported clades, among some isolated species. Yet of the 
groups identified in the nuclear species trees, only the Tentaculatae, the 
copelandii-group, the rajah-group as well as some of the species-poor 
isolated lineages are recovered as monophyletic in the plastid tree. 
The large mirabilis-group was split into a sub-group consisting of the 
New Guinean endemics around N. treubiana, whereas the predominantly 
west-malesian species were grouped in a mixed clade also uniting the 
Montanae and Pyrophytae. The philippinensis-group was unresolved with 

the maxima-group. Some species for which we included multiple ac-
cessions (N. albomarginata, N. ampullaria, N. gracilis) contained rather 
divergent plastids from distant clades. Remarkably, all New Guinean 
members of the maxima-group, i.e. six samples including accessions of 
N. maxima, N. klossii and N. oblanceolata, which were firmly placed with 
Sulawesian and Bornean relatives in the nuclear species tree, were 
grouped with full bootstrap support within Insignes. More precisely, 
plastids of these New Guinean N. maxima - allies are sister to the plastids 
of the New Guinean species N. biak and N. insignis, members of a clade 
(nuclear trees) which is otherwise restricted to the Philippines. 

We tested whether this case of cyto-nuclear incongruence, peculiarly 
corresponding to geographic overlap of Nepenthes from two distant nu-
clear groups, could be the result of ILS alone. We simulated neutral gene 
trees under the bifurcating species tree (M212 supertree), to generate an 
expected distribution of plastid phylogenies if only ILS had occurred. 
None of 10,000 simulated plastid phylogenies replicated the observed 
plastid phylogeny. In particular, it was not possible to generate any gene 
tree in which the New Guinean branch of the maxima-group formed a 
clade with any Insignes (Figure S5). This result was robust to the 
assumed rate of coalescence within species, i.e. it did not matter whether 
the branch lengths of the species tree were re-scaled to reflect the lower 
effective population sizes of organellar loci, or left at their original 
(nuclear) lengths (Figure S6). In contrast, bi-partitions contained in the 
nuclear species tree topology, including the monophyly of N. maxima 
sensu lato, were common in simulations. This analysis strongly rejects 
ILS as an explanation for the observed plastid-nuclear incongruence. 

The mitochondrial portion of the ddRAD data comprised 0.9–16.7% 
of reads per sample, thereby covering 4–22% of the sites of the mito-
chondrial reference genome at a depth of three or more reads (dataset 
MITO, Table 1). Notably the proportion of SNPs in the MITO alignment 
was only about half that found in the PLAS alignment, and the mito-
chondrial phylogeny was overall much less resolved. Nevertheless, the 
mitochondria of Nepenthes (Fig. 5, right) display exactly the same basal 
topology as the plastids, i.e. the sequential branching of N. pervillei, then 
N. distillatoria, N. madagascariensis, then N. khasiana, but N. danseri in a 
very large polytomy with Malesian taxa. This polytomy furthermore 
holds an unresolved mix of species and small sub-clades from distant 
nuclear lineages, namely from the mirabilis-group, Montanae, Pyrophy-
tae, and Insignes. Some of the main nuclear groups are clades in the 
mitochondrial tree, and directly join this polytomy, namely the rajah- 
group, Tentaculatae, the copelandii-group, and a clade in which the 
philippinensis-group is sister to most members of the maxima-group. 
Mirroring the plastid tree, cyto-nuclear incongruence was also evident in 
the mitochondrial tree, and all New Guinean species of the maxima- 
group were firmly placed sister to N. insignis from New Guinea. As for the 
plastids, this topology was never expected under species tree M212 and 
ILS alone, implying that ILS can not explain this case of mito-nuclear 
incongruence (Figures S7 and S8). 

Fig. 4. Three different backbone topologies among 
the major clades of Nepenthes’ Eastern Clade sub- 
clade 2 are suggested by nuclear ddRAD data, 
depending on filtering of the sequence data and tree 
inference methods. Shown are the results for three 
supermatrices of different occupancy (RAxML, SH- 
like support values in red, showing only support 
values less than 100) and one supertree method 
(ASTRAL, Quartet Support in red). The topology in 
M4 and M118 supertrees was identical, but SH-like 
support values differed at certain nodes (annotated 
in red). Unstable bi-partitions, i.e. those not consis-
tently present in all four species trees, are high-
lighted in turquois; each tree contains seven of such 
unstable bi-partitions. EDG = early diverging grade. 

Full trees are presented in Figures 3, S2, S3 and S4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 
article.)   
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Fig. 5. Nepenthes organellar phylogenies from ddRAD markers aligning to organellar reference genomes (datasets PLAS and MITO). Bi-partitions receiving less than 
70% bootstrap support are collapsed to polytomies. Each sample is labelled (in colour) with the group it is assigned to based on the nuclear species trees. Grey boxes 
highlight the Insignes and maxima-groups, showing organellar capture. Scale bars indicate number of expected subsitutions per site. 
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Fig. 6. Patterns of introgression in the genus Nepenthes as measured by the D3 statistic (pairwise matrix, right) against species tree M4 (left), both derived from the same data (alignment M4). Results for N. danseri and 
the natural F1 hybrid N. × trusmadiensis are omitted here and and shown in Fig. 7 because of their higher scale. 
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3.5. Tests of introgression in Nepenthes nuclear data 

3.5.1. General survey of D3 statistics 
We scanned for introgression signals against our largest supermatrix 

species tree (M4, Fig. 3) using the D3 statistic and the alignment un-
derlying this tree. The tree induced 2,135,445 initial D3 test trios, which 
contained 27,413 unique species pairs. After downsampling to at most 
ten trios per sample pair, we retained 255,669 unique trios (11.97%) for 
D3 tests. Significant D3 was found in almost all testable pairs of samples, 

and varied over three orders of magnitude (Fig. 6, Fig. 7). The D3 sta-
tistics appeared to be phylogenetically structured, i.e. clades of the 
species tree consistently showed higher or lower values. However, 
interpretation of these D3 signals is challenging as illustrated by the 
results for N. × trusmadiensis. This taxon is undoubtedly a natural F1 
hybrid between N. macrophylla and N. lowii from Mount Trus Madi, 
Borneo (Marabini, 1983). As expected, the test trio of N. × trusmadiensis 
with its true parental populations showed a very high and significant D3 
statistic (Fig. 7, right). But when the true parental populations were 
replaced by N. lowii accessions from other locations, or by closely related 
species (N. ephippiata, any members of the rajah-group), we also ob-
tained high D3 statistics. Furthermore, trios that did not include the true 
parents nor close relatives also yielded high D3 statistics, and frequently 
so for the pair excluding N. × trusmadiensis. Hence, the “control” of a 
known F1 hybrid demonstrated that the hybrid status of one sample in a 
D3 test trio may result in significant D3 values not only for that sample, 
but also in significant D3 statistics between distant species, creating 
misleading signals of introgression, or “spillover-effects”. Hence, the 
explorative D3 survey across the species tree showed that introgression 
may affect most Nepenthes taxa, but it could not pinpoint which partic-
ular lineages actually participated in introgression. Therefore, we used 
this survey to generate hypotheses which we subsequently tested by 
methods which do consider the non-independence of introgression sig-
nals on a tree. 

3.5.2. Phylogenetic networks with SNAQ 
The D3 survey showed the highest signals of introgression between 

N. danseri and other EDG species (Fig. 7, left), even higher than D3 for 
the hybrid ’control’ sample N. × trusmadiensis. Thus, we hypothesized 
that N. danseri is introgressed with ancestry from both the EC and the 
EDG. To test this hypothesis, we constructed phylogenetic networks 
around N. danseri, the EDG, and the EC using SNAQ. Surprisingly, SNAQ 
never inferred N. danseri as a donor or recipient of introgression in our 
search over a large number of alternative taxa sets. Instead, SNAQ 
consistently inferred networks in which the Eastern Clade, the sister 

Fig. 8. Phylogenetic networks inferred with SNAQ 
among the basally branching lineages of Nepenthes. 
Coloured edges are hybridization edges and 
contribute the annotated ancestry proportions γ 
(averages, minimum and maximum). Light grey 
values indicate the proportion of taxon sets in which 
the corresponding hybridization edge was found. A) 
Most common network based on ddRAD data 
(M212, lacking an outgroup) for 211 taxa sets and 
independent SNAQ runs. Each taxon set contained 
samples from the five named species of the early 
diverging grade (EDG), and one sample from the 
Eastern clade, thereby exhaustively exploring all 
species and samples from the Eastern clade. B) Most 
commonly found network based on transcriptome 
data, among 45 taxon sets and independent SNAQ 
runs. Each taxon set contained N. khasiana, 

N. pervillei, two randomly sampled outgroups, and two samples from the Eastern clade, thus exhaustively exploring all pairwise combinations of samples from the 
Eastern clade. Since this network is rooted with 
outgroups, the horizontal dimension indicates 
evolutionary time. The green arrow does, however, 
not suggest hybridization between lineages living in 
distant times. Instead, this arrow indicates that a 
lineage branched off the species tree before 
N. pervillei and survived at least until the hybridi-
zation event, in which it acted as the minor donor. 
Apart from the admixed EC, “pure” descendants of 
this hybridization donor lineage are not known, 
hence it does not appear as a tip (terminal branch) 
on the right of the tree. (For interpretation of the 
references to colour in this figure legend, the reader 
is referred to the web version of this article.)   

Fig. 7. Introgression statistics D3 against species tree M4 for N. danseri (left) 
and the natural F1 hybrid N. × trusmadiensis (N. lowii × N. macrophylla from 
location Mount Trus Madi, Sabah; xTM, right). The X-axis shows the taxa and 
topology used in the D3 tests [((A,B),C);]. EC = eastern clade, EDG = early 
diverging grade, lowii_T = N. lowii Trusmadi, mac = N. macrophylla, L = N. lowii 
and N. ephippiata, R = rajah-group, any* = any other taxa excluding L and R. D3 
is shown as violin plots with the median indicated by a dot and the number of 
D3 values printed atop (number of significant tests at the p = 5% threshold). 
This figure complements Fig. 6 by showing the D3 values that were omitted 
there because of higher scale. 
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Fig. 9. Maximum-likelihood admixture graph with seven migration edges (TreeMix) for the Nepenthes radiation. Allele frequency data for 23 sub-groups of the Nepenthes radiation were used (dataset M212). This plot 
shows topology only, branch lengths are meaningless. Inset on the lower left shows the log-likelihoods of 48 replicate TreeMix runs, each with migration edge parameters from zero to 12. The mirabilis-group sensu strictu 
here comprises N. ampullaria, N. mirabilis sensu lato, and N. rafflesiana sensu lato. 
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lineage of N. danseri, received introgression (gamma = 2–31%) from the 
N. pervillei branch (Fig. 8 A). This single introgression event already 
maximised SNAQ’s pseudo-likelihood, as further events were not fitted 
even when we allowed them in the model. It thus appeared that 
N. danseri did not introgress, but instead its very strong D3 signals could 
be “spillover-effects” of introgression between other lineages, as previ-
ously exemplified by the N. × trusmadiensis case. Indeed, a very high D3 
for N. danseri - EC is consistent with introgression from a lineage basal to 
all extant Nepenthes into the EC, since this can reduce the genetic dis-
tance N. danseri-EC (simulations confirm this conclusion; see Mendeley 
Data, doi: https://doi.org/10.17632/fp77hgb466.2). 

When using ddRAD data, where no outgroup was available, SNAQ 
placed the introgression donor lineage with N. pervillei. However, these 
networks were unrooted, and therefore did not imply that the N. pervillei 
lineage was the introgression donor, which is anyway unlikely given the 
geographic distance between Seychelles and Southeast Asia. To include 
an outgroup, we repeated the SNAQ analysis with transcriptomes 

(dataset STR, Fig. 8 B). Despite the differences in taxon sampling and 
method of sequence data generation, 86.7% of SNAQ networks based on 
transcriptomes were congruent with those from ddRAD data, inferring 
one hybridization event into the stem of the EC. Astoundingly, the 
introgression donor (gamma c. 3.7%) was not grouped with N. pervillei 
but instead it descended directly from the stem of the whole genus. This 
would imply a previously unknown, hypothetical Nepenthes lineage that 
split off the Nepenthes stem lineage before N. pervillei, and then survived 
through time at least until it hybridized with a lineage sister to 
N. danseri, i.e. the stem of the EC. Such hypothetical “archaic ghost” 
Nepenthes could now be extinct, or else not yet discovered. 

Following up on this unexpected result, we investigated the gene 
trees more closely. Genes introduced to the EC from a hypothetical 
ancient lineage that diverged before N. pervillei should show a topology 
in which the EDG forms a sister clade to the EC, or is nested within the 
EC. Furthermore, the phylogenetic distance between EC and EDG should 
be greater in these discordant gene trees than in the species-tree 

Fig. 10. Overview of bifurcating topologies at the base of the genus Nepenthes, showing all alternatives reported by this and previous studies that produced original 
data, and the results from this study. Triangles here mean that N. danseri resp. N. vieillardii are unresolved in a multifurcation with other Malesian taxa. N. masoalensis 
not shown. 
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concordant gene trees. Indeed, among the 1,334 gene trees in dataset 
RLM, 43 (3.2%) showed the EDG as a sister clade to the EC, and in 79 
trees the EDG was nested in the EC. The minimum phylogenetic distance 
(ML branch length) between EC and EDG Nepenthes was significantly 
greater in the 43 gene trees with reciprocal monophyly than in those 
concordant with the base of the species tree (species tree-like = 0.019, 
reciprocal monophyly = 0.023; p = 0.01104; 100,000 permutations). 

Together, the SNAQ analyses of ddRAD and transcriptomes (Fig. 8) 
suggest that an introgression event produced the EC, with a large 
contribution from a lineage sister to N. danseri and a smaller contribu-
tion from an unknown lineage that diverged before any other extant 
Nepenthes. 

3.5.3. Admixture graphs with TreeMix 
To provide an overview of plausible introgression events during the 

main Nepenthes radiation that may explain the ubiquitous D3 intro-
gression signals, we fitted admixture graphs using TreeMix. We arranged 
the samples (data M212 without N. × trusmadiensis) in nine different 
subsets, each to test introgression among a specific set of clades as 
identified in bifurcating species trees. 

In a global admixture graph, all ddRAD Nepenthes samples except the 
known hybrid N. × trusmadiensis were aggregated as 23 populations 
according to the clades (Fig. 9). The log-likelihood increased upon 
addition of admixture events, and did not reach a plateau with 12 
admixture events, the largest number we explored, suggesting that 
substantial co-variance still remained unexplained. Admixture graphs 
for the remaining eight subsets of taxa are shown in Figure S9 A-H. These 
results suggested four major admixture events among the main clades of 
the Nepenthes crown radiation:  

1. The tomoriana-group showed a c. 60% genomic contribution from a 
lineage sister to N. ampullaria or N. mirabilis and N. rafflesiana s.l., 
and a c. 40% contribution from a lineage diverged at the base of 
"clade 2".  

2. The common ancestor of the Pyrophytae and Montanae had c. 50% 
contributed by two deeply diverged lineages within "clade 2" each; 
the closest living relative of one of the donors could be N. mapuluensis 
and the other a basal lineage in "clade 2".  

3. The philippinensis-group showed a c. 80% genomic contribution from 
near the copelandii-group, and c. 20% were contributed from 
Insignes.  

4. Insignes were modelled as c. 75% derived from a basal lineage in 
"clade 2" and c. 25% from the rajah-group lineage 

Further introgression events have likely ocurred within each of the 
ten species-rich clades, and often such that the likelihood of the 
admixture graphs did not reach a plateau upon adding up to 12 
admixture edges (Figure S9 A-H). Substantial admixture was also 
detected for three of the five species-poor lineages of "clade 2": 
N. mapuluensis was modelled as sister to Montanae-Pyrophytae with 
strong introgression from the more basal diverged Tentaculatae, 
whereas N. albomarginata may have > 20% ancestry from each of three 
lineages, namely from the base of the maxima-group, the common 
ancestor of Pyrophytae-Montanae, and the N. hirsuta lineage. No 
admixture events were proposed to involve the remaining phylogenet-
ically isolated lineages, N. reinwardtiana-N. macrovulgaris, and 
N. campanulata. We note that TreeMix did not propose significant 
admixture involving the EDG species. 

4. Discussion 

4.1. Bifurcating Nepenthes phylogenies are consistent across studies and 
methods 

Molecular phylogenies of Nepenthes have been studied for over 20 
years. The pioneering work of Mullins (2000), Meimberg et al. (2001, 

2006), and Alamsyah and Ito (2013) provided fundamental insights and 
motivated novel hypotheses that later projects aimed to test. The last 
years saw a renewed interest in phylogenetics of Nepenthes with four 
independent studies being published (Biswal et al., 2018; Bunawan 
et al., 2017; Murphy et al., 2019; Nauheimer et al., 2019). While all of 
these provided new insights, three studies (Biswal et al., 2018; Bunawan 
et al., 2017; Nauheimer et al., 2019) had a regional focus or limited 
taxon sampling and used few independent genetic markers. Murphy 
et al. (2019) produced the most extensive phylogeny of Nepenthes yet, 
using target-capture probes resulting in 255–677 loci, on 197 samples 
from 151 described or putative Nepenthes species. The present study is 
similar in taxon sampling (243 samples from at least 144 Nepenthes 
species and one natural hybrid), but expands the scale of genomic data 
by a factor of ten to thousand-fold (4,500 to > 350,000 loci from ddRAD- 
seq, and 1,300 to 8,500 ortholog genes from transcriptomes), and pro-
vides separate phylogenies for the nuclear, plastid and mitochondrial 
sub-genomes. This expanded genomic survey gave the statistical power 
for the first analysis of introgression in the Nepenthes radiation. 

Despite the stark methodological differences, an independently 
generated ddRAD dataset combined with transcriptomes (this study) 
and target capture data (Murphy et al., 2019) yielded some remarkably 
consistent results. Bifurcating nuclear species trees estimated by the two 
studies fully agree on the early diverging grade (EDG), that N. danseri is 
sister to a clade of all other Malesian Nepenthes (the Eastern Clade, EC), 
and two large clades within the EC (Fig. 4). Furthermore, both studies 
show that N. vieillardii is not within the EDG, a hypothesis originally 
inspired by plastid gene trees and the isolated geographic distribution in 
New Caledonia (Meimberg et al., 2001; Meimberg and Heubl, 2006; 
Mullins, 2000). While our organellar phylogenies do not reject this hy-
pothesis, they provide little clarification since N. vieillardii resides in 
very large polytomies. Nuclear data on the other hand place N. vieillardii 
within the EC, as sister to New Guinean species of the mirabilis-group 
resp. tomoriana-group (Fig. 4). These relationships are found in super-
matrix and supertree approaches in the present study, while Murphy 
et al. (2019) find a different position for N. vieillardii in their supertree 
(Fig. 10), which they, however, explain as a consequence of high missing 
data. 

Regarding the topology at the base of the genus Nepenthes, it is 
noteworthy that, despite differences in taxon sampling and methodol-
ogy, all plastid phylogenies (Meimberg et al., 2001; Meimberg and 
Heubl, 2006; Mullins, 2000; Nauheimer et al., 2019) are fully congruent 
with one another and also largely congruent with the plastid and 
mitochondrial gene trees of the present study (Fig. 10). We add confi-
dence that the basal multifurcation in the plastid tree is not an artefact, 
and we clearly place N. pervillei organelles as the earliest branching 
followed by those of N. distillatoria. Nuclear markers of early studies 
could not reveal which Nepenthes lineage diverged first, due to lack of 
outgroups or nuclear data from N. pervillei (Meimberg and Heubl, 2006; 
Mullins, 2000). Nuclear data from the present study (RNA-seq), target 
capture (Murphy et al., 2019), and the ITS (Alamsyah and Ito, 2013) all 
agree that N. pervillei is the most diverged of all living Nepenthes line-
ages, in agreement also with its morphology. The nuclear data from the 
three studies also support a sister relationship for N. khasiana and 
N. distillatoria. However, we show here that N. distillatoria’s organelles 
diverged from those of other Nepenthes more basally than its nuclear 
genome. Although this could be a case of organellar capture from an 
older lineage into N. distillatoria, simulations suggest that some cyto- 
nuclear incongruence is expected at this node of the species tree under 
ILS alone, albeit with a probability of only 0.6% (Figure S5). 

Both the present study and Murphy et al. (2019) identify the same 
“unstable” or rather phylogenetically isolated taxa within the Malesian 
"clade 2", namely N. albomarginata, N. campanulata, N. hispida - 
N. hirsuta, N. northiana, N. mapuluensis, and N. reinwardtiana - 
N. macrovulgaris. Furthermore, both studies agree in remarkable detail 
on many of the topologies within the main Malesian groups, for example 
that the New Guinean Insignes are sister to the northern branch of the 
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Philippine Insignes (e.g. N. ventricosa), not to the southern branch (e.g. 
N. merrilliana). A minor difference of the two studies concerns the 
placement of N. thai: whereas Murphy et al. (2019) place N. thai within 
the Indochinese sub-clade of the Pyrophytae as sister to N. kerrii, the 
present study resolves it as sister to N. benstonei in the Peninsular 
Malaysian sub-clade of the Pyrophytae. On the other hand, Murphy et al. 
(2019) placed N. kongkandana as sister to N. benstonei. Morphology and 
geography both suggest that N. thai is more similar to N. benstonei 
(Cheek and Jebb, 2009) than to N. kerrii or N. kongkandana, supporting 
the placement of N. thai found in this study. Furthermore, our study 
provides phylogenetic perspectives for a number of samples and species 
not included in previous studies, and we comment on their taxonomic 
relevance in Text S1 of the Supplemental Information. To conclude, the 
sequence data collected in the present study yield overall highly 
consistent results with those of previous studies, if approached only with 
bifurcating phylogenetic models. 

4.2. Admixture is widespread in the Nepenthes radiation 

We tested the hypothesis that bifurcating species trees are incom-
plete models of the Nepenthes radiation. This is important, because high 
levels of introgression can mask the history of lineage splitting (Fontaine 
et al., 2015), and confound phylogenetic analyses. We found strong gene 
tree conflict in the backbone of the genus, in both transcriptome and 
ddRAD data. Similar results were obtained by Murphy et al. (2019), but 
discussed only in terms of the degree of support it lends for bifurcating 
species trees. We inferred that gene tree conflict in Nepenthes is due to 
introgression rather than ILS and/or gene tree estimation error alone, 
highlighting the evolutionary consequences of introgression. 

A clear case of organellar capture is presented by the Insignes-like 
organelles of the New Guinean N. maxima allies. Our plastid tree from 
ddRAd data is nearly perfectly congruent with the plastid tree from 81 
complete plastid gene sequences of Nauheimer et al. (2019), as far as the 
taxon overlap goes. We recover Nauheimer et al’s plastid clades A and B, 
albeit with lower sub-clade resolution. Nepenthes organellar gene trees 
are in many parts incongruent with the nuclear species trees, but we 
showed that it is not necessary to invoke introgression in most cases, 
because ILS suffices except for the Insignes-like organelles of the New 
Guinean N. maxima allies. The same case of plastid-nuclear incongru-
ence was already observed by Mullins (2000), who suspected it to be the 
result of hybridization. Hypothetically, organellar capture from Insignes 
into the maxima-group may have occurred when the latter dispersed 
towards New Guinea from the West (Borneo, Sulawesi, Moluccas) and 
encountered an already established Insignes, producing fertile hybrids. 
While significant nuclear introgression signals (D3, Fig. 6) are found 
between New Guinean N. maxima allies and Insignes, they do not 
generally exceed in magnitude those between the Bornean or Sula-
wesian maxima-group and Insignes. It appears that nuclear Insignes 
material, which must have been present in an early hybrid population, 
was subsequently excluded and replaced by N. maxima material. Arti-
ficial hybrids between Insignes and N. maxima are viable and could be 
used to experimentally test this hypothesis and the mechanism behind it 
(Tsitrone et al., 2003) through observation of their fertility, meiotic 
recombination rates and fitness. 

Introgression has shaped the radiation of Nepenthes in a much more 
profound way than occasional organellar capture, as suggested by 
ubiquitous D3 signals throughout the nuclear species tree. We stress that 
ubiquitous D3 patterns do not imply introgression between all recent 
species pairs, but likely reflect introgression among some of the ances-
tral lineages. Another challenge of interpretation is that significant D3 
signals in a trio of species may reflect not only introgression within that 
trio or its ancestors, but also introgression with related species or line-
ages that were not themselves present in the trio (ghosts), akin to a 
“spillover-effect” (see also simulation study in Mendeley Data, DOI: 
https://doi.org/10.17632/fp77hgb466.2). The phylogenetic non- 
independence of ABBA-BABA like statistics on a tree is well known 

(Pease and Hahn, 2015). Another point to consider are alternative ex-
planations for D3 signals, such as heterogeneity in substitution rates, 
and strong ancestral population structure (Hahn and Hibbins, 2019). 
However, strong variation between Nepenthes lineages in the rate of 
sequence evolution appear not very plausible because life history, a 
major predictor of substitution rates (Smith and Donoghue, 2008), is 
similar across the genus. Ancestral population structure on the other 
hand would have to persist through multiple speciation events to ac-
count for non-treelike patterns between distantly related lineages, a 
scenario that is not plausible, as pointed out by Malinsky et al. (2018). 
Thus, we are reasonably confident that a large part of the D3 signals in 
Nepenthes is due to introgression, even though D3 cannot simply be 
translated into a phylogenetic network model. 

While most studies using ABBA-BABA-like statistics limit their 
introgression tests to a narrow set of a priori hypotheses, we have 
explored such patterns globally against the complete bifurcating species 
tree. Two recent studies have taken similar approaches: Malinsky et al. 
(2018) developed a method to summarise and visualise f4 statistics 
(Green et al., 2010) from all possible combinations of taxa in the radi-
ation of Lake Malawi Cichlids, and found that the majority of nodes of 
their species tree was affected. Lambert et al. (2019) discovered intro-
gression in a radiation of Mexican spiny lizards by exhaustively 
searching against the bifurcating species tree for significant DFOIL 
(Pease and Hahn, 2015), a statistic that can indicate the direction of 
introgression. They summarised the results as proportions of significant 
tests between particular lineages. Two arguments stand in favour of such 
unguided, explorative analyses over isolated tests on selected lineages: 
(1) introgression may go undetected if it involves non-suspicious line-
ages, and (2) isolated tests could be misled because of the non- 
independence of introgression signals on a species tree. 

An unexpected signal in our data is that of a deep admixture event at 
the base of the main EC Nepenthes radiation (Figure 8 and D3 statistics). 
The putative ancestral hybrid population had a major genomic contri-
bution from a lineage sister to N. danseri, and a minor contribution from 
another lineage that diverged prior to all extant Nepenthes. Since no 
genetically pure descendants nor fossils of this lineage are known, and 
analogous to the field of human genetics (e.g. Durvasula and Sankar-
araman, 2020), we refer to this lineage as an “archaic ghost” population 
(AG). Patterns suggesting AG admixture of the EC are detected in both 
ddRAD and transcriptome sequences. We extrapolate that the diver-
gence time of the AG and the recipient N. danseri-like lineage was at least 
around 7 My at the time of hybridization, given that AG must have 
diverged before N. pervillei and given the point estimates of our dated 
phylogeny. Admixture between Nepenthes lineages with 7 My divergence 
is not implausible from the viewpoint of reproductive barriers, as 
evident from the numerous man-made hybrids between deeply diverged 
extant lineages (e.g. N. khasiana-hybrids). At present, we can not 
exclude the possibility that the deep coalescence of hundreds (RNA-seq) 
or thousands of loci (ddRAD-seq), which was interpreted as AG admix-
ture by SNAQ, has an alternative explanation, such as long-term 
balancing selection, or paralogy. The latter problem, i.e. mistaking 
paralogs for orthologs, can be exacerbated by polyploidy, and indeed 
Nepenthes shows several palaeo-polyploidizations (Walker et al., 2017). 
However, if paralogy, or more precisely the differential retention of 
paralogs (homeologs) between lineages, were an explanation for the AG 
admixture-like gene trees, it would be required that the same paralogs 
were lost multiple times independently in the sequential branches of the 
EDG (N. pervillei, N. khasiana, etc) while two or more paralogs survived 
through several speciation events up to the ancestor of the EC. It remains 
to be tested how realistic this scenario is for dozens or hundreds of loci, 
and given the presumably ancient timing of Nepenthes’ polyploidizations 
and re-diploidizations. To corroborate the AG admixture hypothesis for 
Nepenthes, and to study the timing of admixture and selective regimes 
acting upon introgressed regions, future work should aim to place 
admixture in the context of a genome assembly, and replicate in-
dividuals of N. danseri, in comparison with those from putatively 
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introgressed EC taxa. 
We used TreeMix as another parameterised approach to interpret the 

ubiquitous admixture signals in the whole radiation, because the limited 
resolution of gene trees from ddRAD-loci within the recently diverged 
EC, as well as the large number of species, made the application of 
phylogenetic network tools impossible. Within the EC, we found major 
admixture events at the base of five of the nine sub-radiations, and for 
three of the five species-poor lineages (Fig. 9). This suggests that 
admixture is part of the explanation why these sub-radiations and 
species-poor lineages were inconsistently arranged in the different 
datasets and bifurcating phylogenetic models of the present study 
(Fig. 4) and by Murphy et al. (2019). Dozens of further admixture events 
were detected within each sub-radiation, and these were often between 
species overlapping in their current geographic range. However, some 
caution is advised for TreeMix results, because the power of this method 
to infer the correct number and property of admixture events is not 
known. Furthermore, we have a sampling design with a single (or a few) 
samples from many species, while TreeMix models populations that 
diverge by neutral drift of ancestral variation only. Nevertheless, it is 
clear that due to the young age of the radiation and generally large 
effective population sizes (dioecious mating system), most genetic 
variation in Nepenthes must be ancestral (older than speciation), and 
homoplasy should be very rare. 

4.3. What does admixture reveal about the biology of the radiation? 

Evolutionary lineages vary dramatically in their rates of phenotypic 
and phylogenetic diversification, and Nepenthes is no exception. 
Although quantitative studies of diversification rates and trait evolution 
are still pending, it is clear that lineages of the EDG, which split at least 
about 5 Mya (N. danseri), presumably by geographic isolation (allop-
atry), have accrued almost zero net-diversification, that they are similar 
in their ecology, their floral and vegetative traits, and their carnivorous 
syndrome. During the same time, the EC has radiated to >150 species in 
many different habitat types, evolved spectacular morphological di-
versity with strong modifications of the carnivorous syndrome, and 
occurs in communities of multiple sympatric species. What can explain 
these stark differences? Most likely, repeated geographic isolation and 
novel ecological opportunities (soils, climates, prey spectra) played a 
role. However, N. danseri occurs in the same region as most of the EC 
(insular Southeast Asia / Australasia), yet it failed to diversify (with the 
possible exception of N. weda and N. halmahera; no molecular data is 
available). Therefore, we propose that introgression and hybrid speci-
ation could be the key factor that allowed one lineage to radiate rapidly 
while those without remained in relative phenotypic stasis. A growing 
number of studies report that alleles underlying adaptation or repro-
ductive isolation in recent rapid speciation events and radiations were 
not new, but much older than these events and brought together by 
introgression (reviewed in Marques et al., 2019). Our study suggests that 
introgression occurred throughout the Nepenthes radiation and particu-
larly the EC, whereas no introgression events were proposed for the 
species-poor EDG lineages (nothwithstanding D3 signals, which could 
be due to “spillover-effects”, see sect. 3.5.1). We hypothesize that 
introgression was a crucial factor supplying the genetic variants 
required for the rapid radiation of the EC. The “deep introgression” at 
the base of the EC between two lineages that diverged for several My 
could have been a key event that combined divergent adaptive alleles 
and thereby hot-started the EC radiation, similar to the “hybrid swarm” 
origin of Lake Victoria Cichlids (Meier et al., 2017), and species of cod 
(Árnason and Halldórsdóttir, 2019). The AG warrants further study, as 
methods are now available that can detect introgressed genomic regions 
even if the source population (species) is unknown (Plagnol and Wall, 
2006). It may also be found that an AG contributed different alleles to 
the different lineages of the EC or that there were multiple AG admixture 
events, similar to the history of different modern human populations 
that harbor different archaic alleles (Vernot and Akey, 2014). Allele 

sorting and repeated hybrid speciation could have generated the sub- 
radiations of Nepenthes on different landmasses. Similar phenotypes 
and trapping syndromes have evolved seemingly repeatedly (Bauer 
et al., 2012; Moran and Clarke, 2010), but appreciation of introgression 
and ILS could mean that these represent hemiplasy rather than 
convergence in the strict sense. That ancestral, introgressed variation is 
important in plant radiations was also demonstrated by Pease et al. 
(2016) in wild tomatoes (Solanum sect. Lycopersicon). They report that 
introgression was one of three important sources of adaptive genetic 
variation in this radiation, in addition to de-novo mutations and sorting 
of ancestral variation through speciation processes. Future studies may 
test such hypotheses in Nepenthes, albeit the genetic basis of adaptation 
and reproductive isolation in the genus is presently unknown. 

4.4. Appreciating ILS and introgression in Nepenthes - practical 
consequences for future studies 

Bifurcating phylogenies based on few markers, or phylogenies from 
combined analyses of nuclear and plastid markers, were employed in 
several comparative evolutionary studies (Bauer et al., 2012; Gilbert 
et al., 2018; Merckx et al., 2015; Schwallier et al., 2017, 2016). In the 
light of expanded genomic data, these phylogenies were not fully 
representative of the actual history of Nepenthes. Instead there is a great 
amount of gene tree discordance in Nepenthes, due to ILS as well as 
admixture. We may thus expect that hemiplasy, the sharing of homol-
ogous alleles or traits due to the sorting of ancestral variation into de-
scendants or introgression (Avise and Robinson, 2008; Hahn and 
Nakhleh, 2016), is common in the genus. Bifurcating species trees could 
be appropriate for some applications in taxonomy and systematics. 
However, ignoring the complex, network-like phylogenetic history of 
Nepenthes genomes could mislead macro-evolutionary studies of diver-
sification rates, phylogeography, and phylogenetic comparative ana-
lyses. In Quercus, for example, introgression confounds naive inference 
of phylogeography and clade ages (McVay et al., 2017). Recent work 
substantiates the concern that phylogenetic comparative analyses for 
both Mendelian and quantitative traits can be flawed by ILS (Mendes 
et al., 2018) as well as introgression (Hibbins et al., 2020). Therefore, 
future studies that utilize Nepenthes phylogenies for evolutionary infer-
ence should aim to mitigate the risks of hemiplasy (e.g. Wu et al., 2018). 

4.5. The age of Nepenthes and phylogeography 

Using a bifurcating species tree, we dated the Nepenthes stem age to 
the late Cretaceous, consistent with several previous reports (Fleisch-
mann et al., 2018; Nauheimer et al., 2019). Our point estimate and 
confidence interval for the Nepenthes stem age match almost exactly the 
estimates given in the source of the secondary calibrations (Magallón 
et al., 2015), although we did not constrain the ages of nodes close to 
Nepenthes and used a different dataset and dating algorithm. We 
acknowledge that molecular dating of this radiation with a pronounced 
history of introgression may be confounded (McVay et al., 2017), and 
therefore urge caution for susceptible nodes. The crown age and ages 
within the EDG, however, should be unproblematic in this regards. On 
the other hand, divergence time estimates should generally be under-
stood with caution, because molecular dating methods can show poor 
performance under some circumstances, and in particular the accuracy 
of a posteriori calibration methods such as RelTime is the matter of 
ongoing debate (Beavan et al., 2020). 

The crown age of Nepenthes was investigated by several previous 
studies and reviewed by Nauheimer et al. (2019), who pointed out 
methodological flaws or lack of detail in some of these reports (30 M 
years, Merckx et al., 2015; 15 M years, Biswal et al., 2018; 8.7 M years, 
Fleischmann et al., 2018). Nauheimer et al. found an age of c. 20 (“HPD” 
9–35) Mya for the split of N. khasiana, using plastome data and the same 
secondary calibrations as the present study. This point estimate is 
considerably older than our estimate of 7.6 Mya, although confidence 
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intervals overlap. Here, we estimated the crown age using the basal- 
most species N. pervillei at 12 (6–18) Mya, and that the main radiation 
in Southeast Asia is 2–9 My old. This is younger than most previous 
estimates, but still consistent with the presence of Nepenthes pollen in 
Bornean coal deposits from the late Miocene (c. 7 Mya; Anderson and 
Muller, 1975). If correct, a younger age does not support Nauheimer 
et al.’s hypothesis that the docking of the Indian continental plate with 
the Asian mainland (~40 Mya) played a direct role in speciation of 
extant lineages, although it can not be excluded that ancestral Nepenthes 
reached Asia from West Gondwana via the Indian plate. Given that these 
plate tectonic events appear far too old to explain Nepenthes’s phylo-
geography, we hypothesize that the MRCA of Nepenthes occurred on a 
larger landmass from which it dispersed to several destinations, and 
subsequently went extinct. Before its extinction, a continental MRCA 
could have sequentially seeded descendants in the Seychelles, then 
Madagascar, and lastly the eastern Indian subcontinent, from where 
Southeast Asia was (re-)colonised. Candidate regions are Africa, Eurasia 
(including Southeast Asia) and India, all of which supported mega-
thermal evergreen vegetation during the Miocene (Morley, 2011). The 
current distribution of Nepenthes together with a dated phylogeny im-
plies that the long-distance dispersal events in this hypothesis are not 
unrealistic. The vast range of N. mirabilis, from China to Australia and 
from Sumatra to the Pacific, may be a modern analog of the hypoth-
esised spread of ancestral Miocene Nepenthes around the Indian ocean. 

5. Conclusion 

The present study confirms bifurcating phylogenies of Nepenthes that 
were previously reported, and provides novel insight into the timing and 
frequency of introgression. Due to the genome-wide scale of locus 
sampling, and nearly exhaustive taxon sampling, which includes many 
recently described species that were never before available to phyloge-
netic analysis, we expect that our phylogenetic trees and networks will 
be an important resource for further evolutionary studies of Nepenthes, 
as well as systematics and pressing conservation issues (Clarke et al., 
2018a). Appreciating that introgression and incomplete lineage sorting 
heavily shape the Nepenthes radiation, we advocate that these processes 
be taken into consideration and warrant further study of this rapid ra-
diation of iconic carnivorous plants. 
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Magallón, S., Gómez-Acevedo, S., Sánchez-Reyes, L.L., Hernández-Hernández, T., 2015. 
A metacalibrated time-tree documents the early rise of flowering plant phylogenetic 
diversity. New Phytol. 207, 437–453. https://doi.org/10.1111/nph.13264. 

Malinsky, M., Matschiner, M., Svardal, H., 2020. Dsuite - fast D-statistics and related 
admixture evidence from VCF files. bioRxiv 634477. Doi: 10.1101/634477. 

Malinsky, M., Svardal, H., Tyers, A.M., Miska, E.A., Genner, M.J., Turner, G.F., 
Durbin, R., 2018. Whole-genome sequences of Malawi cichlids reveal multiple 
radiations interconnected by gene flow. Nat. Ecol. Evol. 2, 1940–1955. https://doi. 
org/10.1038/s41559-018-0717-x. 

Marabini, J., 1983. Eine neue Nepenthes-Hybride aus Borneo. Mitteilungen Bot. 
Staatssamml. Münch. 19, 449–452. 

Marques, D.A., Meier, J.I., Seehausen, O., 2019. A Combinatorial View on Speciation and 
Adaptive Radiation. Trends Ecol. Evol. 34, 531–544. https://doi.org/10.1016/j. 
tree.2019.02.008. 

McKain, M.R., Johnson, M.G., Uribe-Convers, S., Eaton, D., Yang, Y., 2018. Practical 
considerations for plant phylogenomics. Appl. Plant Sci. 6 https://doi.org/10.1002/ 
aps3.1038. 

McPherson, S., 2011. New Nepenthes - Volume 1. Redfern Natural History, Poole. 
McPherson, S., 2009. Pitcher plants of the Old World. Redfern Natural History, Poole. 
McVay, J.D., Hipp, A.L., Manos, P.S., 2017. A genetic legacy of introgression confounds 

phylogeny and biogeography in oaks. Proc R Soc B 284, 20170300. https://doi.org/ 
10.1098/rspb.2017.0300. 

Meier, J.I., Marques, D.A., Mwaiko, S., Wagner, C.E., Excoffier, L., Seehausen, O., 2017. 
Ancient hybridization fuels rapid cichlid fish adaptive radiations. Nat. Commun. 8, 
14363. https://doi.org/10.1038/ncomms14363. 

Meimberg, H., Heubl, G., 2006. Introduction of a nuclear marker for phylogenetic 
analysis of Nepenthaceae. Plant Biol. 8, 831–840. https://doi.org/10.1055/s-2006- 
924676. 

Meimberg, H., Wistuba, A., Dittrich, P., Heubl, G., 2001. Molecular phylogeny of 
Nepenthaceae based on cladistic analysis of plastid trnK intron sequence data. Plant 
Biol. 3, 164–175. https://doi.org/10.1055/s-2001-12897. 
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