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ARTICLE INFO ABSTRACT

Keywords: The integration of genomics and phylogenetics allows new insight into the structure of gene tree discordance, the
BUCKy relationships among gene position, gene history, and rate of evolution, as well as the correspondence of gene
C‘_IPSiC”m function, positive selection, and gene ontology enrichment across lineages. We explore these issues using the
Discordance tribe Capsiceae (Solanaceae), which is comprised of the genera Lycianthes and Capsicum (peppers). In combining
Genome structure . . . . .

Lycianth the annotated genomes of Capsicum with newly sequenced transcriptomes of four species of Lycianthes and

clanthes . . . .
S}I:IaQ Capsicum, we develop phylogenies for 6747 genes, and construct a backbone species tree using both concordance

and explicit phylogenetic network approaches. We quantify phylogenetic discordance among individual gene
trees, measure their rates of synonymous and nonsynonymous substitution, and test whether they were posi-
tively selected along any branch of the phylogeny. We then map these genes onto the annotated Capsicum
genome and test whether rates of evolution, gene history, and gene ontology vary significantly with gene po-
sition. We observed substantial discordance among gene trees. A bifurcating species tree placing Capsicum within
a paraphyletic Lycianthes was supported over all phylogenetic networks. Rates of synonymous and nonsynon-
ymous substitution varied 41-fold and 130-fold among genes, respectively, and were significantly lower in
pericentromeric regions. We found that results of concordance tree analyses vary depending on the subset of
genes used, and that genes within the pericentromeric regions only capture a portion of the observed dis-
cordance. We identified 787 genes that have been positively selected throughout the diversification history of
Capsiceae, and discuss the importance of these genes as targets for investigation of economically important traits
in the domesticated peppers.

1. Introduction

The field of phylogenetics has been revolutionized in this era of
genomics and bioinformatics, both in terms of the numbers of markers
being used for tree reconstruction, and more fundamentally, the kinds
of questions that can be addressed with information from hundreds to
thousands of genes. These include, for example, measuring discordance
among gene trees, determining the causes of gene discordance, testing
whether evolutionary histories are more accurately characterized as
trees or networks, measuring rate heterogeneity amongst lineages and
loci, and identifying lineage-specific instances of positive or negative
selection (Stephens et al., 2015; Scornavacca and Galtier, 2016; Solis-
Lemus and Ané, 2016; Sanderson et al., 2017). By integrating these
analyses with mapped and annotated genomes, we can now push these
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investigations further and ask: How do gene histories vary with gene
position on chromosomes? How do substitution rates vary according to
gene position? Do gene functions vary with genealogy? And, do genes
selected along a lineage collectively represent an enrichment of specific
gene ontologies?

In this study, we target this synthesis of genomics with phyloge-
netics using the tribe Capsiceae, which is comprised of Capsicum L. and
Lycianthes Hassl. (Dunal) (Solanaceae; Olmstead et al., 2008). The
pepper genus Capsicum forms the foundation of a multibillion-dollar
industry, has transformed global culinary cultures for hundreds of
years, and serves as a model system for ecological, genomic, and de-
velopmental evolution (Haak et al., 2012). Transcriptome and genome
sequences and abundant genetic resources are available for multiple
species in the genus, reflecting its global importance (Kim et al., 2008;
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Ashrafi et al., 2012; Gongora-Castillo et al., 2012; Park et al., 2012; Liu
et al., 2013; Kim et al., 2014; Qin et al., 2014; Fernandez-Pozo et al.,
2015; Hill et al., 2015). Capsicum is one of only a handful of genera of
land plants for which full genomes have been assembled and annotated
for more than one species. Given this abundance of genomic resources
and the cultural, scientific, and economic importance of Capsicum, it is
perhaps surprising that very little is known about the evolutionary di-
versification of Capsicum beyond the few species that have been culti-
vated, or within the broader context of Solanaceae. Indeed, the re-
lationship between Capsicum and Lycianthes remains unresolved, with
phylogenetic evidence suggesting that Capsicum may be embedded
within Lycianthes (Sarkinen et al., 2013). Thus, even the taxonomic
status of Capsicum and its relatives is problematic. Resolving these re-
lationships has far-reaching implications for understanding the di-
versification of the clade and the evolution and ecology of pungency,
and will provide resources for improving crop diversity and agricultural
sustainability (Albert and Chang, 2014; Brozynska et al., 2015;
Fernandez-Pozo et al., 2015).

Capsicum and Lycianthes have remained taxonomically separated
because of their geographical, ecological, and morphological distinc-
tiveness. With ca. 35 species of annual and perennial herbs and shrubs,
Capsicum (Fig. 1a) is native only to Mexico and Central and South
America, with the exception of Capsicum annuum var. glabriusculum,
which also extends into the USA. The capsaicinoids that result in fruit
pungency are expressed to varying degrees in all but six species, though
only five species have been domesticated (Carrizo Garcia et al., 2016).
In comparison, pungency is lacking altogether in Lycianthes (Fig. 1b).
With ca. 250 species, Lycianthes is one of the largest genera in Sola-
naceae, occurring from Mexico to South America, Asia and the South
Pacific. Lycianthes exhibits a diversity of habits including small trees,
vines, shrubs, herbs, and epiphytes. Several Lycianthes species produce
edible berries and are grown as ornamental shrubs (Nee, 1991;
Williams, 1993; Barboza, 2013). Capsicum flowers have stamens that
dehisce by longitudinal slits, and offer an energy-intensive nectar re-
ward to primarily bee pollinators (Kristjansson and Rasmussen, 1991;
Jarlan et al., 1997; Meisels and Chiasson, 1997; Raw, 2000; Cauich
et al., 2015). Lycianthes stamens, on the other hand, dehisce by terminal
pores and are buzz-pollinated exclusively by bees, which receive pollen
as their only reward (Dean, 2004). Many Lycianthes species are noc-
turnal or crepuscular bloomers, which may offer a competitive ad-
vantage by allowing access to a wider diversity of pollinators (Smith
and Knapp, 2002).

Attempts to resolve the Capsiceae phylogeny have relied exclusively
on a few plastid and nuclear ribosomal genes, or at most, these in
combination with a single low-copy nuclear gene (Walsh and Hoot,
2001; Sarkinen et al., 2013; Carrizo Garcia et al., 2016). Support for the
paraphyly of Lycianthes with respect to Capsicum is weak in these
published studies, suggesting that additional data are necessary to more
fully understand the evolutionary processes involved in the diversifi-
cation of this clade. Several such processes could be involved. For ex-
ample, rapid diversification along the backbone of the phylogeny could
simply require more informative characters to provide better resolution
and support. In this case, the paraphyly of Lycianthes may indeed reflect
the true history of these lineages. On the other hand, rapid diversifi-
cation could also result in the incomplete sorting of individual genes, in
which case the gene trees obtained through the limited sequence data
available to date might not reflect the dominant species topology.
Further still, the concatenation methods used in prior analyses could
obscure instances of past hybridization and introgression events, re-
sulting in a bifurcating tree that oversimplifies the relationships among
the two genera. In any of these scenarios, an improved phylogenetic
hypothesis is critical to identify genes that have been selected through
Capsicum and Lycianthes evolution, to polarize the reconstruction and
quantify the divergence of key traits through time, and to update the
taxonomy of Capsicum and Lycianthes.

Here we present four new transcriptomes from species spanning
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Fig. 1. Flowers of Capsicum baccatum (Photo Credit: G. Barboza) (a) and
Lycianthes asarifola (b). All species of Capsicum have stamens with long-
itudinally dehiscing anthers, whereas all species of Lycianthes release pollen
through terminal pores. Capsicum species also present a nectar reward to pol-
linators, which is evident on the lowermost petal in 1a. The buzz pollinated
flowers of Lycianthes present pollen as the only reward.

major clades of Lycianthes and the non-pungent Capsicum clade to
broaden the genomic resources available for the tribe. Our objectives
are three-fold. First, by incorporating genomic data from the pungent
species of Capsicum, we construct gene trees from nearly 7000 loci to
calculate the extent of discordance amongst genes, identify the causes
of this discordance, and estimate the Capsiceae backbone species tree.
Second, given the global importance of this clade, identifying genomic
patterns in the divergence of Capsicum and Lycianthes could yield va-
luable insights into the evolution of culturally or economically sig-
nificant traits. To this end, we measured rates of synonymous and
nonsynonymous nucleotide substitution in these genes and identified
which ones may have experienced positive selection during the di-
versification of the clade. Third, as recombination rates are suppressed
in the pericentromeric regions in Capsicum (Qin et al., 2014; Hill et al.,
2015), we expect these genes to evolve more slowly than those towards
the chromosome ends. For the same reason, we expect to find less
discordance among genes close to the chromosome centers compared to
those at the chromosome ends. To explore these issues, we incorporated
an annotated genome of Capsicum annuum and tested the hypothesis
that the diversity of gene histories should be greater towards
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chromosome ends than pericentromeric regions. Ultimately, we present
data to expand our understanding on the evolution within Capsiceae
and provide foundational genomic resources for more targeted phylo-
genetic studies within this dynamic clade.

2. Materials and methods
2.1. Sampling and library construction

Three species from the major clades of Lycianthes (Sarkinen et al.,
2013) and the non-pungent clade of Capsicum (Carrizo Garcia et al.,
2016) were selected for transcriptome sequencing. Fresh leaf, root,
flower, and flower bud tissues were collected and frozen in liquid ni-
trogen from University of Utah greenhouse individuals of L. saltensis
Bitter, L. biflora (Lour.) Bitter, and C. rhomboideum (Dunal) Kuntze, and
from leaves, roots, and rhizomes from a UC-Davis individual of L.
asarifolia (Kunth & C.D. Bouché) Bitter. Preserved specimens of these
plants are housed at UC-Davis (DAV) and the Garrett Herbarium (UT; SI
Table S1). RNA extractions were conducted with Qiagen RNeasy Plant
Mini Kits (Qiagen, Valencia, CA) on 100 mg of tissue pooled from all
sampled organs, and yields were quantified using a Qubit 2.0 Fluori-
meter (Invitrogen, Carlsbad, CA). Libraries were constructed from
cDNA following Zhong et al. (2011). All four paired-end libraries were
sequenced on a single [llumina HiSeq 4000 (Illumina, San Diego, CA)
lane at UC Davis.

2.2. Transcriptome assembly

Paired-end reads were trimmed of adapter sequences, quality fil-
tered, and assembled de novo using the commercially available CLC
Genomics Workbench 8.5.1 (Qiagen, Valencia, CA). We tested the im-
portance of three parameters on the quality of assemblies. First, we
varied the number of nucleotides trimmed from the 5 end of the se-
quence from 13 to 15 nucleotides. Second, we filtered reads based on
quality, using thresholds of 0.05, 0.02, and 0.01. Third, we altered the
k-mer size used for de-Brujin graph-based assembly from 20 to 50 nu-
cleotides by 10-nucleotide intervals. For each transcriptome, we se-
lected the combination of parameters that maximized the average N50
length. Plastome transcripts were assembled separately with the Map
To Reference assembler of Geneious 9.1.7 (Kearse et al., 2012), using
the complete C. chinense Jacq. plastome sequence (Park et al., 2016) as
a reference. Individual plastome coding DNA sequences (CDS) were
parsed to eliminate low-coverage intergenic spacer regions.

Gene ontology (GO) annotation of nuclear and plastid contigs. Contigs
from the de novo assemblies were annotated using Blast2Go 4.0.7
(Conesa et al., 2005). A BLASTX search was conducted on a local non-
redundant protein database constructed from all Solanaceae sequences
on GenBank using an expectation value of 1.0E-25, which was followed
by mapping and annotation of the GO terms and protein functions as-
sociated with the BLAST results. We conducted a second round of
Blast2Go analyses using a local database constructed from the C. an-
nuum cv. CM334 genome, a Mexican landrace hot pepper (Criollo de
Morelos 334; Kim et al., 2014), to associate our de novo contigs with
Capsicum gene names. Contigs that did not blast to a single C. annuum
gene were eliminated from all downstream analyses. To eliminate po-
tential paralogs, we also removed all contigs that blasted to more than
one C. annuum gene with equally high expectation values. As gene
content and synteny are unusually conserved throughout species in
Solanaceae (Park et al., 2012; Hill et al., 2015), we also used this second
round of BLAST results to estimate the positions of the de novo contigs
onto the 12 chromosomes of C. annuum.

2.3. Phylogenetic analyses

We used gene tree, species tree, and phylogenetic network ap-
proaches to reconstruct the phylogeny of Capsicum and Lycianthes. We
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broadened our taxonomic sampling to include C. frutescens L. and C.
annuum L., two pungent peppers with available genome or tran-
scriptome sequences (Ashrafi et al., 2012; Park et al., 2012; Liu et al.,
2013; Kim et al., 2014), and Solanum tuberosum L., which was used as
an outgroup. For these analyses, we only considered genes for which
sequence data were available for all seven taxa. GenBank data were
downloaded using the {rentrez}package (Winter, 2017) in R (R Core
Team, 2013), fetching only the top BLAST hit. Genes were initially
aligned with MAFFT 7.305b (Katoh and Standley, 2013). All alignments
were processed with trimAl 1.2rev59 (Capella-Gutierrez et al., 2009) to
remove introns and eliminate entire alignments containing clearly
mismatched or divergent sequences (e.g., < 50% match). This was done
to ascertain comparisons of genes across all species. Alignments were
visually inspected and manually adjusted in Geneious 9.1.7 to ensure
that all genes were in reading frame.

Gene trees were constructed using MrBayes 3.2.4 (Ronquist et al.,
2012). For each gene, we selected best fitting models of nucleotide
substitution using Bayesian Information Criterion through jModelTest
2.1.4 (Darriba et al., 2012), which used four chains and two runs of
1,000,000 generations each in the Bayesian tree estimation, and re-
moved 10,000 generations as burn-in period. Plastid genes were con-
catenated prior to the phylogenetic analyses. We then tallied which of
the possible 945 rooted, bifurcating tree topologies was recovered by
each gene, eliminating trees that were not fully resolved. Output from
MrBayes was used for Bayesian concordance analysis using BUCKy
1.4.3 (Ane et al., 2006; Larget et al., 2010), a species-tree approach that
determines the proportion of the genome for which a clade is sup-
ported. In the construction of this species tree, no assumptions are made
regarding the cause of incongruence among loci, whether incomplete
lineage sorting, hybridization, horizontal gene transfer, etc. This species
tree can then be compared to a population tree, which is constructed
using concordance factors and assumes that all incongruence results
from incomplete lineage sorting. To account for the alternate possibility
that incongruence among loci is the result of ancient hybridization
events rather than incomplete lineage sorting, we developed an explicit
phylogenetic network using the maximum pseudolikelihood approach
SNaQ (Solis-Lemus and Ané, 2016), as implemented in the PhyloNet-
works package in Julia 0.5 (Bezanson et al., 2017). We then conducted
goodness-of-fit tests to determine whether phylogenetic networks with
as many as three reticulations better explain gene discordance than the
coalescent tree. We used the TICR pipeline (Stenz et al., 2015) along
with the R package {phylolm} (Ho and Ane, 2014) to run BUCKy,
prepare input files for SNaQ, and to conduct goodness-of-fit tests.

These analyses were based on every gene for which we could make
unambiguous alignments. We were interested in determining whether
gene position should be considered while designing phylogenetic ana-
lyses that incorporate numerous nuclear genes. As rates of recombina-
tion decrease near centromeres (Qin et al., 2014; Hill et al., 2015), we
specifically tested whether randomizing the genes selected for the
analysis captures genome-scale heterogeneity better than genes that are
restricted to either pericentromeric zones or chromosome ends. We
created two datasets constructed using the 5% of genes closest to and
furthest from the centromere centers (hereafter referred to as “peri-
centromeric” and “paracentric,” respectively), and compared this to a
distribution of 100 sets of randomly selected genes. Centromere loca-
tions were inferred by reference to a high-density genetic map of C.
annuum (Qin et al., 2014). For both analyses, we identified all primary
and secondary splits that were present in at least 5% of gene trees and
recorded their concordance factors. We then constructed a null dis-
tribution of splits and concordance factors by analyzing 100 sets of 200
randomly selected genes. We tested whether the pericentromeric and
paracentric datasets captured all the secondary splits of the random
datasets, and whether concordance factors departed significantly from
the null distributions.
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2.4. Rates of evolution, positive selection, and gene ontology enrichment

We measured rates of substitution and identified instances of posi-
tive selection using a subset of genes, which were selected using three
criteria: (i) genes are expressed in all seven species, (ii) no stop codons
are present within the reading frame, and (iii) edited alignments are at
least 500 nucleotides long. We then examined whether positively se-
lected genes represented an enrichment of gene ontologies (GO), which
would suggest that these subsets of genes express functional unity. We
similarly tested for GO enrichment among all genes representing each
observed evolutionary history to determine the extent to which specific
gene functions have diverged independently of the species tree to-
pology.

We used the codeml program in PAML 4.8 (Yang, 2007) to measure
rates of synonymous (dS) and nonsynonymous (dN) substitution. We
then tested whether substitution rates of genes varied categorically
according to their associated gene tree topologies using analysis-of-
variance (ANOVA) and Tukey-Kramer tests. Second, we tested the hy-
pothesis that rates of substitution should increase with distance from
centromeres. We measured the distance of each gene from the cen-
tromere centers and weighted these distances by the total length of the
respective chromosomes. Third, we tested the hypothesis that phylo-
genies constructed from neighboring genes should become increasingly
dissimilar with increased distance from centromeres, reflecting the
higher rates of substitution expected in these regions. Both hypotheses
were tested used Pearson’s product-moment correlation analyses.

We used a time-calibrated chronogram developed using BEAST
2.4.0 (Bouckaert et al., 2014) to transform dS and dN to absolute rates
of substitution in units of substitution site ™! year ~'. For efficiency, we
used 26 genes for the BEAST analysis, with two genes randomly se-
lected from each chromosome and two genes from unplaced scaffolds.
To allow for rates of evolution to vary among lineages, we used a re-
laxed clock under a log-normal distribution and a Birth Death model. As
no reliable fossils were available to provide minimum dates for this
analysis, we used four secondary, normally distributed priors on nodes
throughout the tree, with minimum dates reflecting those in a Solana-
ceae-wide chronogram (Sarkinen et al., 2013). We placed a prior on the
root node with a mean offset of 19.13 million years (my), a prior on the
most recent common ancestor (MRCA) of Capsicum and Lycianthes with
a mean offset of 13.23 my, a prior on the Capsicum stem node with a
mean offset of 12.83 my, and a prior on the Capsicum crown with a
mean offset of 9.8 my. We ran the MCMC for 100 million generations,
assessed convergence and effective sampling using Tracer 1.6 [http://
tree.bio.ed.ac.uk/software/tracer/], and eliminated 20% of generations
as burn-in. We used the following formula to calculate substitution
rates: r = d/2T, where d represents the synonymous or nonsynonymous
distance between two species and T represents the age of their MRCA.

To identify genes with putative positive selection throughout the
diversification of Capsiceae, we used the branch-site test of positive
selection (Zhang, 2005) as implemented in codeml (Yang, 2007). This
model allows the ratio of nonsynonymous to synonymous mutations
(dN/dS, or w) to vary across specified branches and among sites. We
compared a null model, where o is fixed and no positive selection can
occur, to an alternative model, where positive selection can occur along
specified branches in the phylogeny, and tested for significant im-
provement in the more complex model using likelihood ratio tests at the
1% significance level (2A1 > 5.99). We tested for positive selection on
all branches of the ingroup phylogeny. Recent studies have indicated
that the branch-site test of positive selection can lead to false positives,
especially in genes where multiple mutations have occurred in a single
codon (Venkat et al., 2017). Results from this analysis should therefore
be viewed with caution.

We performed two analyses to identify instances of significant en-
richment of GO terms throughout the diversification of Capsiceae. First,
we tested whether positively selected genes on each branch of the
phylogeny represented GO enrichment. Second, we parsed genes
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according to their evolutionary history, and tested whether these gene
categories represented significant enrichment. For these analyses, we
used the singular enrichment analysis (SEA) tool of AgriGO (http://
bioinfo.cau.edu.cn/agriGO/), with Solanum as the reference back-
ground and significance assessed using Fischer’s tests (Du et al., 2010).

3. Results
3.1. De novo transcriptome assembly

Ilumina sequencing yielded ~97M, 95.7M, 88.9M, and 74.7
million reads for L. asarifolia, L. biflora, L. saltensis, and C. rhomboideum,
respectively. Raw reads are deposited in the NCBI Sequence Read
Archive (SRP129039). For each transcriptome, the average length and
N50 scores of contigs were maximized when 15 bp were trimmed from
5’ ends, nucleotides were filtered at a quality threshold of 0.02, and the
assembly k-mer size was set to 40 nucleotides. Increasing the quality
stringency from 0.05 to 0.02 or 0.01 resulted in the recovery of ~3000
fewer contigs, and contig length increased under the more stringent
settings. As the quality threshold of 0.02 had the maximum average
contig length, all subsequent analyses are based on the assembly under
these parameters. Among the four species, we assembled an average of
78,317 contigs, which had an average length of 830 base pairs (bp) and
N50 value of 1,353 bp. A total of 15,392 nuclear contigs were expressed
in all four new transcriptomes (SI Fig. S1). Summary statistics for each
species are presented in SI Fig. S2 and Table 1.

A total of ~0.32 million (M), 0.19M, 0.11 M, and 0.10 M reads
mapped to the Capsicum chinense plastome for L. asarifolia, L. biflora, L.
saltensis, and C. rhomboideum, respectively. The average sequencing
depth ranged from 63 to 289 reads per site. We recovered a total of 77
of 134 plastid genes without any plastome enrichment in the library
preparation, with the alignment of concatenated exons totaling
59,448 bp.

3.2. Gene annotation

Among the contigs from the four transcriptomes sequenced in this
study, between 48.7% (L. biflora) and 58.1% (C. rhomboideum) suc-
cessfully mapped to genes in a local database of downloaded
Solanaceae sequences (Table 2). Of these, over 60% were annotated
with specific GO terms. On average, 3.3 GO terms were associated with
each of these contigs, with some having as many as 31 distinct anno-
tations. GO terms are classified under three primary domains: the
functional activity of the associated protein (F), the biological process
in which this function is involved (P), and the location in the cell where
this process occurs (C) (Hill et al., 2008). The annotations associated
with the successfully mapped contigs included 1380F, 1872P, and 409C
unique GO terms (SI Tables S2-S4). Among all sampled genes, the most
common protein function was ATP binding, the most common process
was oxidation-reduction, and the most common locations were integral
membrane components. A total of 24, 24, 154, and 120 GO terms were
uniquely assigned to C. rhomboideum, L. asarifolia, L. biflora, and L.
saltensis, respectively.

Table 1
Assembly statistics for each de novo assembly. L = Lycianthes, C = Capsicum.

Statistics L. asarifolia L. biflora L. saltensis ~ C. rhomboideum

Total assembled
nucleotides

64,551,915 83,421,976 64,800,004 63,169,143

Number of unigenes 83,668 77,529 81,598 70,337
Average GC content (%) 38.9 38.5 39.2 39.1
Minimum contig length 163 163 162 164
Maximum contig length 15,861 16,970 16,961 16,638
Average contig length 772 858 794 898
N50 1234 1442 1277 1464
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Table 2
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Gene Ontology (GO) summary statistics, showing the number of contigs assembled for each species, the number and percent of these contigs that had significant
BLAST hits to other Solanaceae sequences, the number and percent of contigs annotated with GO terms, the maximum and average number of GO terms associated
with contigs for each species, and the number of percentage of de novo contigs that were successfully mapped to the Mexican landrace Capsicum annuum CM334 (CA)

genome.
Species # Contigs  # Blast Hits % Blast Hits ~ # with GO Terms % with GO Terms Max # GO Terms  Average # GO Terms # CA Hits % CA Hits
L. asarifolia 83,618 42,432 51 25,135 30 27 3.26 40,507 48
L. biflora 77,481 37,744 49 22,083 29 31 3.32 36,089 47
L. saltensis 81,909 44,860 55 27,643 34 23 3.20 41,616 51
C. rhomboideum 70,259 40,829 58 25,180 36 24 3.26 38,796 55
Average 78,317 41,466 53 25,010 32 26 3.26 39,252 50

3.3. Phylogenetics

Of the 15,392 genes expressed in all four transcriptomes, 11,219
produced significant BLAST hits with C. annuum, C. frutescens, and S.
tuberosum. After quality control filtering and trimming of these genes,
6747 alignments representing 10,187,553 total bp were retained for
phylogenetic analyses. The alignment of 77 concatenated plastid genes

included an additional 59,448 bp. All alignments are available for
download from Mendeley Data.

cf cf Cf cf cf
Ca Ca Ca Ca Ca
Cr Cr Cr La La
La Lb La Ls Ls
Ls La Ls Cr Cr
Lb Ls Lb Lb Lb
St St St St St
Tree 1:2349 genes  Tree 2: 960 genes Tree 3: 632 genes Tree 4:293 genes  Tree 5: 246 genes
cf cf cf cf cf
Ca Ca Ca Ca Ca
La Lb Lb Cr La
Ls Cr La Lb Ls
Cr La Ls La Cr
Lb Ls Cr Ls Lb
St St St St St
Tree 6: 118 genes  Tree7: 103 genes  Tree 8:100 genes  Tree 9: 97 genes Tree 10: 84 genes
cf cf cf cf cf
Ca Ca Ca Ca Ca
La Lb La Cr La
Ls La Ls La Ls
Lb Ls Lb Ls Lb
Cr Cr Cr Lb Cr
St St St St St
Tree 11: 78 genes ~ Tree 12:64 genes  Tree 13:64 genes  Tree 14:58 genes  Tree 15: 58 genes
cf cf cf cf cf
Ca Ca Ca Ca Ca
La Cr Cr La Ls
Ls Ls Lb Ls La
Lb La La Cr Cr
Cr Lb Ls Lb Lb
St St St St St
Tree 16:53 genes  Tree 17:49genes  Tree 18:35genes  Tree 19:21 genes  Tree 20: 16 genes
cf cf cf cf cf
Ca Ca Ca Ca Ca
Cr Cr Cr Cr Cr
Lb Ls La Ls La
La La Ls La Lb
Ls Lb Lb Lb Ls
St St St

St
Tree 21: 16 genes

Tree 22: 15 genes

Tree 23: 14 genes

St
Tree 24: 12 genes

Tree 25: 10 genes

Consensus trees from the phylogenetic analyses of the nuclear genes
supported 25 distinct topologies (Fig. 2). Of the 6747 genes analyzed,
969 produced trees that were not fully resolved. The most common
topology was supported by 2349 genes and placed L. biflora sister to the
remainder of Lycianthes and a monophyletic Capsicum, with C.

Fig. 2. Twenty-five distinct evolutionary histories recovered by the 5545 analyzed genes. The most common topology, which places Capsicum within a paraphyletic
Lycianthes, is also the species tree. St = Solanum tuberosum, La = Lycianthes asarifolia, Lb = Lycianthes biflora, Ls = Lycianthes saltensis, Ca = Capsicum annuum,
Cf = Capsicum frutescens, Cr = Capsicum rhomboideum.
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rhomboideum sister to the pungent peppers (C. annuum and C. fru-
tescens). The second most common topology, supported by 960 genes,
also placed Capsicum within a paraphyletic Lycianthes, with L. asarifolia
and L. saltensis forming a clade sister to all remaining species. The third
most common topology, supported by 632 genes, resolved Capsicum
and Lycianthes as reciprocally monophyletic, with C. rhomboideum sister
to the pungent peppers and L. biflora sister to L. asarifolia + L. saltensis.
The remaining topologies, supported by as many as 293 genes and as
few as 10 genes, varied primarily in the placement of L. biflora and C.
rhomboideum, rendering one, both, or neither genera monophyletic
(Fig. 2). The plastome phylogeny was identical to Tree 3, supporting
both genera as monophyletic.

The concordance and population BUCKy trees both supported the
most common gene tree topology (Fig. 2, Tree 1; Fig. 3), with a
monophyletic Capsicum and L. biflora sister to all ingroup taxa. All
secondary splits involved the alternate placements of L. biflora and C.
rhomboideum, with 19.3% of the genome supporting L. biflora as sister
to Capsicum and 11% supporting reciprocally monophyletic genera. The
identical concordance and population trees suggest that this incon-
gruence is best attributed to incomplete lineage sorting. We tested this
further by comparing the concordant species tree to an explicit phylo-
genetic network constructed using SNaQ, allowing up to three ancestral
hybridization events. Goodness-of-fit tests rejected the phylogenetic
networks as a significant improvement over the bifurcating species tree
(X% =3.89, p = 0.274).

We found that both the pericentromeric and paracentric datasets
had higher concordance factors (CF) for the primary splits as compared
to the distribution of randomized datasets (Fig. 4). Though all CFs were
within the 95% confidence interval of the randomized datasets, peri-
centromeric genes had higher CFs for the second and third primary
splits by more one standard deviation (Fig. 4a). Similar patterns were
observed among secondary splits, where the pericentromeric and
paracentric datasets tended to have higher or lower CFs as compared to
the randomized distribution (Fig. 4b). One secondary split, which was
supported by 8.1% of genes in the full analysis and an average of 8.9%
of genes in the randomized datasets, was not observed in the pericen-
tromeric dataset.

3.4. Molecular dating and rates of evolution

Our BEAST analysis achieved convergence and effective sampling
sizes of over 200 for all parameters (SI Fig. S3). After filtering out
alignments containing internal stop codons, we measured rates of sy-
nonymous and nonsynonymous substitution in a total of 5492 nuclear
genes, which had a mean length of 1336 bp. Across all nuclear genes
and pairwise lineage comparisons, average dS was 0.16 substitutions
site ™!, while dN was 0.03 substitutions site "', indicating that neutral
substitutions were more than four times as common as mutations
leading to changes in amino acids (Fig. 3; Table 3a). Rates of sub-
stitution varied among nuclear genes, with dS ranging from 0.0180 to
0.7000 substitutions site™! and dN ranging from 0.0003 to 0.1740
site™! (Fig. 3). Substitution rates were generally much lower amongst
the 77 plastid genes included in our analysis, with dS ranging from 0 to
0.114 substitutions site ™!, and dN ranging from 0 to 0.073 substitutions
site”!. We found no correlation between the topologies of gene trees
and their rate of evolution. However, we found that 16.3% of the
variance in dS is explained by the distance of genes from the cen-
tromere center (p < 0.01), with more paracentric genes having higher
average rates of synonymous substitution. By comparison, only 4.3% of
variance in dN was explained by gene position.

Incorporating the dates from the BEAST chronogram, we estimated
an average of 7.41 X 10™9 synonymous, and 1.41 X 10~° nonsynon-
ymous, substitutions site ' year ~! across all lineages (Table 3b). While
dS and dN within the pungent Capsicum species were each more than an
order of magnitude lower than the average across all lineages (0.014
and 0.0027 substitutions site ™!, respectively), the absolute rates of
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Fig. 3. Distribution of sampled genes across the twelve chromosomes of CM334
Capsicum annuum (C1-C12) and their associated rates of synonymous (dS) and
nonsynonymous (dN) substitution. (A) Chromosomes are depicted by hor-
izontal rectangles, with the position of the centromere indicated by the con-
striction. The histograms above each chromosome indicate dS (blue) and dN
(red) for each measured gene. Genes that have been positively selected at some
point through the diversification of Capsiceae are depicted by colored bars
within the chromosomes. Colors correspond to the branch of the phylogeny in
(B) on which the gene was positively selected. (B) Cladogram with branch
lengths proportional to the number of genes identified as positively selected
along each lineage. Branch labels indicate the number of GO terms that were
significantly enriched among the positively selected genes. (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. 4. Distributions of concordance factors associated with primary (A) and
secondary (B) splits from randomly selected BUCKy datasets. Boxplots depict
the distribution of concordance factors supporting each split among all ran-
domized datasets. These are compared to the concordance factors calculated
when using all available genes (red asterisk), the 5% of genes closest to the
centromeres of the twelve chromosomes (purple asterisk), and the 5% of genes
furthest from the centromeres (green asterisk). The pericentromeric genes
generally have concordance factors that are more than one standard deviation
away from the randomized datasets, and in one case failed to recover a sec-
ondary split. This pattern was less apparent with the paracentric dataset. In all
cases, the total evidence analysis recovered concordance factors within one
standard distribution of the averaged randomized datasets. Splits are visually
represented with cladograms. St = Solanum tuberosum, La = Lycianthes asar-
ifolia, Lb = Lycianthes biflora, Ls = Lycianthes saltensis, Ca = Capsicum annuum,
Cf = Capsicum frutescens, Cr = Capsicum rhomboideum. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

synonymous and nonsynonymous substitution since their estimated
divergence 0.11 Ma were the fastest amongst all lineages (Table 3).
Out of 5492 genes tested, we identified 787 genes that exhibited
significant positive selection on at least one branch of the ingroup
(Fig. 3). GO terms associated with these genes included 268 function
(F), 352 process (P), and 95 cellular component (C) annotations. The
number of selected genes varied among branches from 17 genes (stem
branch of C. annuum) to 297 genes (stem lineage of pungent Capsicum),
with 179 genes selected on more than one branch of the phylogeny. Of
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the 787 genes exhibiting positive selection, fifteen have been previously
identified as having some importance in domestication. Of these, six are
directly involved in the biosynthesis or regulation of capsaicin
(CA01g17970, CA02g27850, CA04g10340, CA09g14690,
CA10g15980, and CA10g20920), three are involved in meristem
branching (CA02g04650, CA03g30380, and CA10g05080), five are
involved in the regulation of organ growth (CA00g84260,
CA03g28640, CA05g17330, CA08g03060, and CA12g02850), and one
is involved in gibberellin signaling (CA12g02780).

We observed significant enrichment of GO terms in several analyses.
First, we found that positively selected genes represented GO term
enrichment on all branches of the phylogeny (Fig. 3). Second, we found
that genes representing nineteen of twenty-five of the observed evolu-
tionary histories also represented GO term enrichment (Fig. 2). For
example, GO terms involving cis-trans isomerase and aldehyde and
ketone group transferase activities, enzymes associated with the fatty
acid and vanillin pathways, were overrepresented in the genes that
show Capsicum and Lycianthes as reciprocally monophyletic genera.

4. Discussion
4.1. The backbone Capsiceae phylogeny

We developed a strongly supported Capsiceae backbone species
tree, with a topology that is consistent with results from previous stu-
dies (Sarkinen et al., 2013; Carrizo Garcia et al., 2016). For a dataset
with only seven taxa, however, we observed high rates of incongruence
among gene trees, which represented 25 distinct and strongly supported
evolutionary histories (Fig. 2). We compared two possible explanations
for this pattern, and found that incomplete lineage sorting (ILS) ex-
plains the incongruence between the species tree and the remaining 24
genealogies significantly better than horizontal gene transfer resulting
from ancestral introgressive hybridizations (Solis-Lemus and Ané,
2016). As other recent genome-level phylogenetic analyses have found
that hidden alignment errors are responsible for more discordance than
ILS (e.g., Scornavacca and Galtier, 2016), we verified our results after
checking all alignments manually. Our molecular dating analysis is
consistent with what would be expected if ILS was responsible for gene
tree discordance, indicating that L. biflora, the remaining Lycianthes
clade, C. rhomboideum, and pungent Capsicum lineages all diverged
within 3 million years (SI Fig. S3). This rapid succession of cladogenetic
events could have prevented the fixation of lineage-specific alleles and
resulted in different genes depicting distinct histories (Takahashi et al.,
2001; Maddison and Knowles, 2006; Chung and Ané, 2011). Indeed, the
primary location of incongruence among genes is along this backbone
of the phylogeny. Whereas the Lycianthes asarifolia + L. saltensis and
pungent Capsicum clades are consistently supported by nearly all genes,
the relative position of these clades in relation to C. rhomboideum and L.
biflora is far more variable. We suspect that total genomic levels of
incongruence are likely higher than we were able to capture using these
analyses. The tissues that were sampled for transcriptome sequencing
varied among the four species, and the plants themselves were raised
under different environments and sampled at different growth stages.
As these analyses only incorporated genes that were expressed in all
four species, which likely excluded highly divergent genes.

Our genome-level support for the paraphyly of Lycianthes in relation
to Capsicum has important implications for the taxonomy of Capsiceae.
As Capsicum takes nomenclatural priority over Lycianthes, we expect the
circumscription of Capsicum to either expand, and/or Lycianthes to be
split into segregate genera if monophyly is to serve as a foundation for
taxonomy. Our dataset provides an opportunity, however, to serve as a
basis for understanding the genetics of the morphological traits that
have been historically used to unify Lycianthes as a genus. These traits
include, for example, the poricidal anthers and absence of nectaries
common to all Lycianthes (Fig. 1). Capsicum, as well as most of the close
relatives of Capsiceae (e.g., Witheringia, Physalis, Iochroma, Salpichroa,
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Table 3

Average rates of substitution site ! and substitution site ™!
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year ™!, calculated using pairwise comparisons of alignments of coding sequences. In each matrix, the

upper right triangle depicts nonsynonymous substitutions (dN) and the lower left triangle depicts synonymous substitutions (dS). A. dN and dS of 5492 nuclear genes.
B. Absolute rates of substitution of nuclear genes. C. dN and dS of plastid genes. D. Absolute rates of substitution of plastid genes.

L. asarifolia L. biflora L. saltensis C. annuum C. frutescens C. rhomboideum
A. Substitutions per site (nuclear)
L. asarifolia - 1.62E-01 2.08E—-02 3.49E-02 3.63E—02 2.89E—-02
L. biflora 3.20E-02 - 3.00E—-02 3.48E-02 3.62E—-02 2.87E—-02
L. saltensis 1.09E—-02 1.51E-01 - 3.31E-02 3.46E—02 2.69E—02
C. annuum 1.84E-01 1.82E-01 1.74E-01 - 2.70E—-03 1.42E-01
C. frutescens 1.93E-01 1.90E-01 1.82E-01 1.41E-02 - 1.51E-01
C. rhomboideum 1.51E-01 1.48E-01 1.40E-01 2.60E—-02 2.75E-02 -
B. Substitutions per site per year (nuclear)
L. asarifolia - 6.52E—-09 1.30E—-09 1.44E-09 1.49E-09 1.27E—-09
L. biflora 1.28E-09 - 1.22E-09 1.37E-09 1.42E-09 1.17E-09
L. saltensis 6.80E—-09 6.17E—-09 - 1.39E-09 1.45E-09 1.20E-09
C. annuum 7.82E—-09 7.26E—09 7.48E—-09 - 1.24E-08 7.44E—-09
C. frutescens 8.10E—-09 7.49E—-09 7.76E—09 5.47E—-08 - 7.77E—-09
C. rhomboideum 6.68E—09 6.03E—-09 6.25E—-09 1.35E—-09 1.41E-09 -
C. Substitutions per site (plastome)
L. asarifolia - 2.28E—-02 9.81E—-03 7.09E-03 7.14E-03 1.02E—02
L. biflora 8.14E—-03 - 1.29E-02 9.32E-03 9.37E—-03 1.29E-02
L. saltensis 2.17E-02 2.74E-02 - 1.15E-02 1.15E—-02 1.51E-02
C. annuum 2.35E-02 2.56E —02 2.84E—-02 - 4.81E-05 1.84E—02
C. frutescens 2.36E—02 2.57E—-02 2.84E—02 2.79E-04 - 1.84E—-02
C. rhomboideum 2.40E—02 2.58E—-02 2.77E—-02 9.78E—-03 9.82E—-03 -
D. Substitutions per site per year (plastome)
L. asarifolia - 8.64E—10 5.92E—-10 2.93E-10 2.95E—-10 4.23E—10
L. biflora 3.08E—-10 - 4.88E—-10 3.53E—-10 3.55E—-10 4.89E—-10
L. saltensis 1.31E-09 1.04E—09 - 4.75E-10 4.77E-10 6.24E—-10
C. annuum 9.73E—-10 9.70E—10 1.17E-09 - 2.18E—-10 8.93E—10
C. frutescens 9.75E—-10 9.72E—-10 1.17E—-09 1.27E—09 - 8.95E—-10
C. rhomboideum 9.92E—-10 9.79E-10 1.15E—-09 4.75E-10 4.77E-10 -

Nectouxia; Séarkinen et al., 2013), all have nectaries and longitudinally
dehiscing anthers. Our species tree topology, then, would require at
least two separate shifts in the states of these characters to explain their
distribution across the phylogeny: first, a shift to poricidal anthers and
loss of nectaries on the branch leading to MRCA of Capsiceae, and
second, a reversion back to longitudinally dehiscing anthers and pre-
sence of nectaries on the branch leading to the MRCA of Capsicum. On
the other hand, we have identified 769 genes that reconstruct a
monophyletic Lycianthes. Ancestral state reconstructions using phylo-
genies from these genes would only require a single evolutionary shift
(on the branch leading to the MRCA of Lycianthes) to explain the dis-
tribution of anthers and nectaries across Capsiceae. While this would
present a more parsimonious reconstruction, it could also very well be
the case that these genes themselves are involved in the expression of
these hemiplasious traits. Thus, while the species tree may present the
best summary of overall species relationships, it is not necessarily the
best topology to determine the evolutionary history of specific traits or
the genes that control their expression (Mendes et al., 2016). More
broadly, poricidal anthers and buzz pollination have also evolved in the
genus Solanum. Whether the multiple appearances of these syndromes
in Solanaceae are truly convergent, or reflect the incomplete sorting of
associated genes throughout the diversification of the family, remains a
key question. This issue of convergence vs. hemiplasy is even more
complicated in complex traits that depend on the expression of many
genes. For example, genes in our dataset that are associated with the
fatty acid and vanillin pathways, which are involved in the develop-
ment of capsaicin (Liu et al., 2013; Kim et al., 2014), are represented by
at least 12 distinct genealogies. An analysis of the evolution of traits
associated with these pathways using only the species tree would likely
mischaracterize the complexity of these traits; rather, a more thorough
analysis would incorporate the historical discordance in the very genes
involved in this expression.

Genealogies associated with enrichment of GO terms could similarly
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be used as a starting point to link gene history with key functional traits
involved in domestication, and to broaden the gene pool of these traits
in domesticated species by incorporating genotypes of wild relatives
(Albert and Chang, 2014; Brozynska et al., 2015). In our dataset, genes
associated with 19 of the 25 gene tree topologies (Fig. 2) represent the
enrichment of dozens of GO terms, indicating possible non-randomness
to the inheritance of alleles and associated genetic functions.

4.2. Genomic structure of substitution rate heterogeneity

We observed substantial heterogeneity in substitution rates among
genes, with dS varying ~41-fold and dN varying ~130-fold (Table 3).
This level of heterogeneity is much lower than the highest reported
instances of rate variance, which is as high as a 340-fold range of sy-
nonymous substitutions in Ajuga (Lamiaceae) (Zhu et al.,, 2014).
Averaged over all genes and lineages, absolute rates of substitution
varied 9-fold, with the highest rate of 5.47 x 10~ observed since the
divergence of the pungent peppers (Table 3). On average, we found that
plastid genes appear to be under greater evolutionary constraints than
nuclear genes, with the latter evolving about 5.8 times faster than the
former, on average (Table 3). While this general pattern is consistent
with all reports of substitution rates in other plant lineages, most of
these indicate only a 3-4 fold difference in rates between chloroplast
and nuclear genes (Wolfe et al., 1987; Drouin et al., 2008; Smith et al.,
2014; Zhu et al., 2014).

In addition to the observed differences in rates of substitution be-
tween nuclear and plastid genes, rates among nuclear genes vary with
their physical location on chromosomes (Fig. 3). In this dataset, the
distance of genes from the centromeres alone explains up to 16.3% of
the variance in synonymous substitution rates, with rates tending to
increase towards chromosome ends (Hill et al., 2015). Two independent
research groups have reported strong repression of recombination in
pericentromeric regions in Capsicum (Qin et al., 2014; Hill et al., 2015),
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which would result in reduced rates of mutation as the mutagenic ef-
fects of recombination would be minimized in these regions (Baker
et al., 2014; Lercher and Hurst, 2002). It should be noted, however, that
these conclusions are dependent on high-quality reference genome se-
quences that have accurately ordered contigs in pseudochromosomes to
provide correct relative positions of genes.

This chromosomal structure of rate heterogeneity has implications
for experimental design in the age of genomics. As genes near chro-
mosome ends tend to evolve more rapidly, these may be sought as
targets for resolving recent, rapidly diversifying, or intraspecific clades.
On the other hand, those more slowly evolving genes closer to the
centromeres could be useful for resolving deeper nodes in a phylogeny.
Our results suggest, however, that this simplified approach to gene
selection could result in overconfidence of species tree topologies.
While we found that gene history per se is independent of the position
of genes on chromosomes, the phylogenetic distance between the trees
from adjacent genes increases as those genes approach chromosome
ends, even though the physical distance between those genes decreases.
Targeting genes close to centromeres and avoiding genes near chro-
mosome ends may then seem like an attractive approach to reduce
phylogenetic noise. Our BUCKy randomization tests, however, indicate
that such an approach would result in increased confidence of primary
splits while simultaneously failing to capture the full spectrum of sup-
ported secondary splits, even if many genes are used (Fig. 4). We sug-
gest that phylogenomic experimental design should not only focus on
numbers of genes, rates of gene evolution, and gene tree congruence,
but should also sample genes throughout the length of the chromosome.
We acknowledge, however, that this approach may be impractical if the
study system includes distant relatives, where the unambiguous align-
ment of rapidly evolving genes may not be possible.

4.3. Positive selection through diversification

We identified 787 genes that have experienced instances of positive
selection throughout the diversification of Capsiceae (Fig. 3), which
could be the subject of further research to determine their functional
roles and utility in domestication. Nearly 70% of these genes were se-
lected since the divergence of the Capsicum clade, ~40% were selected
since the divergence of the pungent Capsicum clade, and ~15% were
selected since the divergence of C. annuum and C. frutescens. The dis-
proportionately high number of genes selected along these branches
likely reflects the hundreds of years of artificial selection that these
species have undergone, for example, to optimize fruit yield, shape,
size, maturity, and dehiscence, and plant architecture and dormancy
(Albert and Chang, 2014). For example, three genes (CA02g22280,
CA05g11830, CA12g21490) involved in the response to heat shock
(GO:0031072), which affects many pathways including those in flow-
ering, stress response, and pollination, (Guo et al., 2015), have been
positively selected through the diversification of the pungent Capsicum
species but have not yet been identified as important for domestication.
Genes that have been positively selected within Lycianthes but not in
Capsicum, including those representing GO enrichment, may be equally
important as targets of investigation to uncover the genetic basis for
desirable traits of our crops’ wild relatives.
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