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Abstract 

Dissecting the genetic mechanisms underlying dioecy (i.e., separate female and male individuals) is critical for under-
standing the evolution of this pervasive reproductive strategy. Nonetheless, the genetic basis of sex determination 
remains unclear in many cases, especially in systems where dioecy has arisen recently. Within the economically important 
plant genus Solanum (2,000 species), dioecy is thought to have evolved independently at least 4 times across roughly 20 
species. Here, we generate the first genome sequence of a dioecious Solanum and use it to ascertain the genetic basis of 
sex determination in this species. We de novo assembled and annotated the genome of Solanum appendiculatum 
(assembly size: 750 Mb scaffold N50: 0.92 Mb; 35,000 genes), identified sex-specific sequences and their locations 
in the genome, and inferred that males in this species are the heterogametic sex. We also analyzed gene expression 
patterns in floral tissues of males and females, finding approximately 100 genes that are differentially expressed between 
the sexes. These analyses, together with observed patterns of gene-family evolution specific to S. appendiculatum, con-
sistently implicate a suite of genes from the regulatory network controlling pectin degradation and modification in the 
expression of sex. Furthermore, the genome of a species with a relatively young sex-determination system provides the 
foundational resources for future studies on the independent evolution of dioecy in this clade. 
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Introduction 
Dioecy—the presence of separate female and male individu-
als in a species, usually accompanied by dramatic phenotypic 
differences between the sexes—is a substantial, evolutionarily 
potent source of intraspecific variation. In species with ge-
netic sex determination, these differences between males and 
females extend to their genomes, which show genomic dif-
ferentiation in and around the sex-determining region (or 
SDR) (Charlesworth 2002, 2013). Theory for the origin and 
emergence of these genomic signatures of dioecy—including 
sequence divergence in the SDR (Charlesworth and 
Charlesworth 1978; Rice 1987)—is well developed. 
According to the most prevalent model, genetically deter-
mined dioecy starts with mutations at two loci, one mutation 
resulting in male sterility and one mutation leading to female 
sterility; these two mutations are expected to be tightly linked 
within a single genomic region. The SDR is later formed by the 
suppression of recombination between these two loci. After 
establishment, the SDR can continue to expand (i.e., encroach 

on neighboring genomic regions), increasing the amount of 
the genome that is differentiated between the sexes (Otto 
et al. 2011). Although some evidence is consistent with this 
“two-locus” model for the evolution of dioecy (see below), 
this  pathway may  not be the  only  way to achieve  genetic sex  
determination (Henry et al. 2018). Accordingly, it remains 
unclear whether the origin and early evolution of dioecy 
unfolds in predictable and generalizable ways across indepen-
dent instances of the transition from hermaphroditism to 
dioecy. 

Empirical data from a diversity of dioecious systems can 
provide critical information for understanding the underpin-
nings of this transition, and for identifying common genomic 
features of genetic sex determination. However, although di-
oecy is extremely common in animal species (where it is more 
often termed “gonochorism”), its origins are due to a few 
ancient events that are shared across major taxa, making 
analyses of the early emergence and evolution of dioecy chal-
lenging in animal systems. In contrast, although only 5–6% of 

A
rticle

 The Author(s) 2021. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License 
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any 
medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com Open Access 
2946 Mol. Biol. Evol. 38(7):2946–2957 doi:10.1093/molbev/msab089 Advance Access publication March 26, 2021 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/38/7/2946/6189051 by Indiana U
niversity Libraries - Bloom

ington user on 30 June 2021 

https://orcid.org/0000-0002-3692-3152
https://orcid.org/0000-0002-8451-3609
https://academic.oup.com/mbe/article/38/7/2946/6189051
mailto:journals.permissions@oup.com
http://creativecommons.org/licenses/by-nc/4.0
mailto:rfguerre@ncsu.edu


angiosperm species have separate male and female individu-
als (Renner 2014), dioecy is phylogenetically widespread, oc-
curring across 43% of angiosperm families (Renner 2014). It 
has been estimated that dioecy arose at least 100 times in-
dependently within the flowering plants (Charlesworth 2002; 
Renner 2014). This repeated emergence of dioecy in plants 
makes them ideal for the study of genetic sex determination 
and the early stages of sex-chromosome evolution, in ways 
that ancient and static animal systems cannot match 
(Charlesworth 2015). 

Indeed, recent genomic analyses in young dioecious plant 
systems have made substantial progress toward evaluating 
the nature of the emerging SDR and uncovering the genetic 
factors and molecular mechanisms that regulate sex determi-
nation. For instance, sex differences in frequency of k-mers 
(sequence motifs of varying lengths) have been used to iden-
tify sex-specific genomic sequences and to identify the SDR in 
persimmon, kiwifruit, and date palm tree (Akagi et al. 2014, 
2018; Torres et al. 2018). Genomic approaches, combined 
with data from more classical analyses, have been used several 
times to test the two-locus model for the evolution of dioecy 
in plants (Charlesworth and Charlesworth 1978), with evi-
dence for this model found in species such as Silene, papaya, 
asparagus, and kiwifruit (Wang et al. 2012; Kazama et al. 2016; 
Harkess et al. 2017; Akagi et al. 2019). In other species, how-
ever, a single gene seems to be sufficient for the expression of 
maleness and the repression of female development (as in 
persimmon) (Akagi et al. 2014, 2016). 

Despite this emerging clarity, several challenges still arise in 
studying the genetic basis of dioecy in angiosperms. Because 
dioecy in many plants is not ancient, locating the SDR based 
on obvious signatures (such as large-scale genomic differen-
tiation) used for many animal sex chromosomes 
(Charlesworth 2013, 2015) might not be appropriate (but 
see clear exceptions in Silene, papaya, among others). 
Compounding this problem, plant genomes are often rich 
in transposable elements, which can contribute to the fast 
accumulation of repetitive sequence around the nonrecom-
bining SDR (Li et al. 2016); this can both obscure simple 
signatures of genomic differentiation expected to be associ-
ated with this region and can lead to difficulties in the de 
novo assembly and reconstruction of this region. Other chal-
lenges are biological. For instance, the genetic mechanisms 
involved in flower development are numerous and complex 
(involving various genes, small RNAs, epigenetic effects, and 
environment interactions) (Martin et al. 2009; Nag and Jack 
2010; Adam et al. 2011; Song et al. 2013; Akagi et al. 2016; 
Br€autigam et al. 2017; Murase et al. 2017), making it difficult 
to pinpoint the specific loci responsible for sex determination 
in any particular case. In addition, although several studies 
have made important contributions to understanding the 
genetic basis underpinning the evolution of dioecy, most cur-
rently examined plant systems also have high levels of sexual 
dimorphism, amplifying the potential for multiple correlated 
phenotypic changes to confound or mask the causal loci in-
volved in the initial emergence of sex differentiation. 

Dioecious species in the genus Solanum present the op-
portunity to study the recent and repeated evolution of 

dioecy in this speciose and economically important plant 
clade. Although most of the nearly 2,000 species in the genus 
are hermaphroditic,  there are  a number of cases  of  dioecy,  
andromonoecy (in which male and hermaphrodite flowers 
occur separately on the same plant), and even sexually fluid 
species (Anderson 1979; Symon 1979, 1981; Anderson and 
Levine 1982; Levine and Anderson 1986; Whalen and Costich 
1986; Anderson and Symon 1989; Anderson et al. 2015; 
McDonnell et al. 2019). Of these, there are 15–20 clearly di-
oecious Solanum species (Anderson et al. 2015), and their 
distribution across the phylogeny of the genus suggests that 
dioecy has independently evolved at least four times (i.e., 
dioecious species appear in four different sections: one in 
the potato group, one in Dulcamaroid, two in Geminata, 
and 14 in Leptostemonum; Knapp et al. 2004; Anderson 
et al. 2015). In all the dioecious species, female flowers still 
produce anthers and the majority of the anthers on the fe-
male flowers also include pollen (Anderson et al. 2015). The 
pollen grains produced by females, despite having high via-
bility (i.e., a metabolically active cytoplasm inferred from stain 
assays) and many of the same internal constituents as the 
pollen from male flowers, do not function in the usual way. 
They lack the typical three apertures that are important for 
emergence of the pollen tube (that is, they are inaperturate; 
Levine and Anderson 1986) (fig. 1). Nonetheless, the pollen in 
these female flowers  plays another  key  role in  Solanum: since  
there is no floral nectar (Anderson and Symon 1985), the 
inaperturate pollen is the only reward for the bee pollinators. 
Moreover, this consistent transition to inaperaturate pollen in 
female flowers suggests that independent transitions to di-
oecy within Solanum might often involve convergent pheno-
typic changes, at least for the emergence of females. 
Furthermore, there are currently no genomic analyses of di-
oecious Solanum species, and nothing is known of the mech-
anistic genetic basis of dioecy in this genus. 

Thus, our goal was to address the mechanisms underpin-
ning the emergence of dioecy in one such Solanum species. 
Solanum appendiculatum is the sole dioecious species in the 
Anarrhichomenum section of Solanum, which is estimated to 
be only 4 My old (Echeverrıa-Londo~ no et al. 2020). There is no 
evidence of sex chromosome divergence in the karyotypes of 
S. appendiculatum (Bernardello and Anderson 1990), and it is 
unknown whether males or females are heterokaryotypic (i.e., 
whether this is a XX/XY or ZZ/ZW sex-determination sys-
tem). Consistent with a very recent origin of dioecy (<4 My),  
this species shows very little sexual dimorphism: female flow-
ers are morphologically hermaphroditic but functionally pis-
tillate due to the nongerminable inaperturate pollen, whereas 
the male flowers never set fruit (fig. 1) (Anderson 1979). 
Previous studies of the early development of pollen in 
S. appendiculatum showed that pollen from the female flow-
ers develops a primexine (a cellulose layer that initiates the 
pollen wall formation) at the physical position that would 
otherwise develop apertures (Zavada and Anderson 1997). 
Intine (consisting primarily of cellulose and pectin) then accu-
mulates and thickens the pollen wall at these locations, result-
ing in the failure to develop germination pores (Zavada and 
Anderson 1997). Although the breeding system of this species 
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(sensu Neal and Anderson 2005) is well understood, including 
the structural basis of functional male sterility in females, the 
genetic basis of sex determination is unknown. 

In this study, we generated a high-coverage genome as-
sembly of S. appendiculatum by adopting a hybrid assembly 
strategy using PacBio long reads and Illumina short reads. We 
paired this with RNA-seq data from male and female bud and 
flower tissue. Based on the genome annotation in this new 
assembly, we assessed three lines of data for genomic signa-
tures of sex determination: 1) we investigated gene family 
dynamics through comparative analyses with seven other 
annotated (nondioecious) genomes in the Solanaceae; 2) 
we identified sex-biased gene expression in floral bud tissue 
and mature flowers; and, 3) we identified candidate sex-
specific regions based on the location of sex-specific k-mers 
in the genome assembly. Interestingly, we uncovered pectin-
related genes in all of these analyses. Pectin is associated with 
several sex-specific functions in plants (Micheli 2001), includ-
ing a direct functional role for pectin production in pollen 
wall and germination pore development (Gou et al. 2012; 
Jiang et al. 2013). Therefore, we propose that the putative 
mechanism of the transition to inaperturate pollen in females 
of S. appendiculatum is  a change in pectin regulation in fe-
male flowers. This genome assembly, and the putative SDR 
and candidate loci underpinning sex determination that 
emerge from it, also provide a clear framework for future 
studies of sex determination more broadly in Solanum. 

Materials and Methods 

Plant Sampling and Sequencing 
Individuals from two accessions (population locations) of 
S. appendiculatum (denoted accession nos. 670 and 716 by 
G.J.A.), originally collected from natural habitats in Mexico, 
were grown and maintained in the greenhouse at Indiana 
University. Accessions were founded by seeds of a single 
open-pollinated plant, so individuals are expected to be ap-

proximately half-sibs within accession. The original collection 
data and voucher information for these accessions are pro-
vided in Supplementary Material online. We collected young 
leaves from male and female individuals (three of each from 
accession 670, two of each from accession 716) and extracted 
DNA using the Qiagen DNeasy Plant Mini Kit. We treated 
samples with RNAase-A and used 100 ll of elution buffer. 
From each of these samples, we sequenced genomic DNA 
using the Illumina sequencing-by-synthesis technology 
(2  150 bp using HiSeq). Additionally, we obtained long-
read sequences from one male and one female (670-1190 
and 670-34) using the PacBio platform (sequencing carried 
out by Novogene Hong Kong). 

To characterize gene expression profiles, we collected buds 
(1 day prior to anthesis) and mature flowers from 12 individ-
uals (three males and three females from each accession) on 
the same day. Additionally, we collected  young leaves from  
the reference female (670-1190) from which we extracted 
RNA for genome annotation purposes. Tissues were ground 
using the Tissue-lyser (Qiagen), RNA was extracted using the 
Qiagen RNeasy Plant mini-kit and brought to a final concen-
tration of 70–200 ng/ll. A subset of RNA samples was 
checked for quality by agarose gel electrophoresis and visual-
ized by ethidium bromide staining. Sample quality was further 
evaluated using the Agilent 2200 RNA TapeStation system 
before library creation. Stranded, paired-end libraries of total 
RNA were generated for each sample using Illumina Truseq 
Stranded mRNA sample preparation kits. Short-read DNA 
and RNA quality control, library preparation, and pooling 
were performed by the Indiana University Center for 
Genomics and Bioinformatics. 

Flow Cytometry 
Fresh early-leaf samples were collected for three female and 
three male plants and shipped overnight on ice to Virginia 
Tech for flow cytometry. Because the predicted genome size 
was expected to be near 1 Gb, we used Capsicum chinense 

FIG. 1.  Pollen produced in male and female flowers of Solanum appendiculatum. On the left, male pollen is tricolporate, typical of the genus. On the 
right, inaperturate pollen produced by females is shown (lacking pores). Flowers of each sex are shown in the upper inset. 
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(3.2 Gb; Kim et al. 2017) as an internal standard. Leaf sam-
ples were prepared following Galbraith et al. (1983): in brief,  
0.5 g of fresh leaf material from each species was placed in a 
petri dish and nuclei were released by chopping with a razor 
blade under 0.5 ml ice-cold DeLaat’s buffer (de Laat and Blaas 
1984). After chopping, another 0.5 ml of ice-cold DeLaat’s 
buffer (total volume 1 ml) was used to wash the containing 
cell constituents into a 30-lm filter to separate nuclei from 
chopping debris. To concentrate the nuclei, samples were 
centrifuged under 4 C for 5 min at 492 g, and the total vol-
ume reduced by removing the top aqueous solution, leaving a 
consistent 200 ll of solution with the soft pellet. Nuclei 
staining was achieved by adding 1:1 v/v staining solution 
containing propidium iodide (50 lg/ll), RNase (50 lg/ml), 
and ß-mercaptoethanol (1.1 ll/ml). After the addition of 
staining solution samples were gently mixed by inversion 
and then incubated in the dark at room temperature for 
20 min. After allowing the incorporation of propidium iodide, 
samples were then kept in the dark and moved to a cooler 
with ice (4 C) while being processed in the Flow Cytometry 
Resource Laboratory at Virginia Tech. Relative fluorescence 
was measured with the FL2 detector, and DNA content was 
quantified with FL2-area (integrated fluorescence) and com-
parison of relative peak means between the unknown and 
internal standard (Baldwin and Husband 2013). 

Genome Assembly and Quality Assessment 
We followed a hybrid assembly pipeline, combining short and 
long reads to assemble and annotate the genome (similar to 
our previous work; Wu et al. 2019). We implemented the 
MaSuRCA v3.2.2 (Zimin et al. 2017) pipeline to generate 
the genome assembly, in which Illumina paired-end reads 
from one male plant (121 coverage from 670-1190) and 
one female plant (116 coverage from 670-34) were used 
together to trim and correct low base-call-accuracy long-
reads generated by PacBio sequencing from the same two 
plants (19 coverage from the male 670-1190 and 21 cov-
erage from the female 670-1190). The MaSurCA assembler 
has been shown to work well with heterozygous genomes, 
splitting highly divergent regions into separate contigs while 
attempting to combine regions with up to approximately 6% 
divergence (Zimin et al. 2013). 

Genome size was estimated before assembly was carried 
out, based on the k-mer abundance distribution separately 
from the male and female reads using GenomeScope 
(Vurture et al. 2017), with a k-mer length of 25 bp and max 
k-mer coverage of 10,000. After initial assembly, all assembled 
scaffold sequences were aligned against bacterial, archaea, 
fungal, and human databases to remove potential contami-
nants in our assembly, using the DeconSeq tool v0.4.3 
(Schmieder and Edwards 2011). 

We evaluated the completeness of the genome assembly 
using 1,515 plant near-universal single-copy orthologs within 
BUSCO v3 (Sim~ao et al. 2015). To provide an estimate of 
assembly  accuracy  at  the nucleotide level, we calculated a  
quality score for every position in the genome assembly using 
the program Referee (Thomas and Hahn 2019). Referee com-
pares the log-ratio of the sum of genotype likelihoods for the 

genotypes that contain the reference base (e.g., [A, A], [A, T], 
[A, C], and [A, G] for reference base “A”) versus the sum of 
those that do not  contain the  reference base (e.g., [T,  T], [T,  
C], [T,  G], [C,  C], [C,  G], and  [G, G] for  reference base “A”).  The  
input used in the Referee calculation was obtained from the 
output pileup file from ANGSD (Korneliussen et al. 2014), 
which precalculated genotype likelihoods at each base of 
the genome assembly. Here, two genotype likelihood scores 
for every position in the genome assembly were calculated 
separately based on either the BAM file of aligned Illumina 
reads from the male (770-34) or the BAM file of aligned the 
Illumina reads from the female (670-1190). 

Repeat and Gene Annotation 
We followed the “Repeat Library Construction—Advanced” 
steps from the MAKER-P pipeline (Campbell et al. 2014) to  
generate a species-specific repeat library. Briefly, the LTR ret-
rotransposon (LTR-RT) library was constructed using LTR-
harvest (Ellinghaus et al. 2008) and  LTR-retriever (Ou and 
Jiang 2018). Miniature inverted transposable elements 
(MITEs) were detected by MITE-Hunter (Han and Wessler 
2010). Other repetitive sequences were identified with 
RepeatModeler (http://www.repeatmasker.org/ 
RepeatModeler/, last accessed March 30, 2021). All the 
detected repetitive elements above were combined into the 
S. appendiculatum-specific library. RepeatMasker (Smit et al. 
2015) was then used to mask all repeat elements in the as-
sembled genome by searching for homologous repeats in the 
species-specific library. 

Gene models were predicted using three classes of evi-
dence: RNA-seq data, protein homology, and ab initio gene 
prediction (see supplementary text, Supplementary Material 
online), which was performed within the MAKER-P pipeline 
(Campbell et al. 2014). All information on gene structures 
from the three different classes was synthesized to produce 
final gene annotations. We extracted relatively high-
confidence genes according to evidence-based quality, requir-
ing an annotation evidence distance (AED, which measures 
the goodness of fit of an annotation to the RNA/protein-
alignment evidence supporting it) score <0.5. To assign func-
tions to genes, we followed the pipeline AHRD (https:// 
github.com/groupschoof/AHRD, last accessed November 28, 
2020) to automatically select the most concise, informative, 
and precise functional annotation (see supplementary text, 
Supplementary Material online). For each gene, the associated 
gene ontology (GO) annotations were assigned according to 
the predicted protein domains (http://www.geneontology. 
org/external2go/interpro2go, last accessed November 28, 
2020). To investigate the putative genomic locations of pre-
dicted genes in the genome, we performed whole-genome 
synteny alignment using Satsuma v3.1.0 (Grabherr et al. 
2010), and recorded the genes unambiguously associated 
with a single identified syntenic region in the tomato 
(S. lycopersicum) genome (version ITAG3.20) (The Tomato 
Genome Consortium 2012). 
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Gene Family Analyses 
To investigate changes in gene family size specifically in 
S. appendiculatum, we determined the expanded or con-
tracted gene families along this branch in a phylogenetic 
tree. We obtained the protein-coding sequences of several 
Solanaceae species with high-quality genome annotations, 
including Solanum lycopersicum, Solanum tuberosum, 
Jaltomata sinuosa, Nicotiana attenuata, Petunia axillaris, and  
Petunia inflata. Gene families from these species were inferred 
by the program OrthoFinder (Emms and Kelly 2015), as were 
the phylogenetic relationships among species. Divergence 
times were retrieved from previous estimates within the 
Solanaceae (S€arkinen et al. 2013). Rapidly evolving gene fam-
ilies along the branch leading to S. appendiculatum were de-
termined using the program CAFE v3.1 (Han et al. 2013) with  
a P value cutoff of 0.01.  

Gene Expression Analyses 
For the RNA-seq data, trimmed reads from each library were 
mapped against the assembled genome using HISAT v2.1.0 
(Kim et al. 2015), and the resulting SAM files were then 
converted to sorted BAM files using SAMtools v0.1.19 (Li 
et al. 2009). Reads assigned to exonic regions of genes were 
counted, and read counts of each annotated gene were cal-
culated using FeatureCounts (Liao et al. 2014). The raw read 
count table was used as input for the program edgeR 
(Robinson et al. 2010). For downstream analysis, we removed 
genes with low expression by requiring each gene to have >1 
read count per million (CPM) mapped reads in at least two 
samples (of any accession, sex, or tissue type). Trimmed mean 
of m-value (TMM) normalization was performed to eliminate 
composition biases between different libraries (Robinson and 
Oshlack 2010). Based on gene expression patterns, we also 
performed multidimensional scaling analysis in edgeR 
(Robinson et al. 2010) using the function “PlotMDS.” The 
distances among samples were estimated using the average 
of the absolute value of the log2-fold expression changes 
among genes. 

Differential expression analysis was performed separately 
for flower buds and mature flowers using edgeR (Robinson 
et al. 2010). We fit an additive model (expression  acces-
sion þ sex) to control for the underlying differences among 
accessions, using the glmfit function. The genes that consis-
tently displayed differential expression for a given pairwise sex 
comparison were identified using the function glmLRT. Genes 
were only considered to be significantly differentially 
expressed between the two sexes at a false discovery rate 
(FDR) <0.05 (Benjamini and Hochberg 1995) and  fold  change  
(FC) >2. 

Search for Putative Sex-Determination Region 
We used a k-mer approach to find putative sex-
determination region sequences (Akagi et al. 2014, 2018). 
We searched for sex-specific k-mers—defined as 30-bp 
sequences detected in all samples of one sex but completely 
absent in the samples of the other—in the DNA short reads 
of six males and females (the same data set used in variant 
calling). We counted k-mer frequency in each sample using 

Jellyfish v2.2.9 (Marçais and Kingsford 2011). To estimate the 
number of sex-specific k-mers expected by chance, we also 
counted private k-mers in 100 random combinations of six 
individuals from our data set. For each of these pseudosam-
ples, we drew individuals within accession (three from each), 
and recorded k-mers present in the six chosen individuals and 
absent from the remaining six. 

We complemented this approach by mapping the sex-
specific k-mers to the assembled genome, guiding our infer-
ence in two ways. First, we prioritized genomic regions (10 kb 
windows) with high counts of sex-specific k-mers; we expect 
spurious k-mers to be roughly uniformly distributed across 
the genome, so this approach should find sex-specific regions. 
Second, candidate genomic regions can show patterns that 
are informative about the evolution and age of the sex-
determination system. If the sex-determination region is 
highly diverged (e.g., if there is an old nonrecombining region), 
most sex-specific k-mers will map to contig(s) with large cov-
erage differences between the sexes. For instance, in an evo-
lutionarily old XX/XY system, male-specific k-mers map to Y-
contigs where nearly no X-chromosome reads map, resulting 
in close to null coverage from females in that region. By 
contrast, there will be no difference in read-depth between 
the sexes if the sex-determining polymorphism is not in a 
nonrecombining region, or if such a region evolved recently. 

We further characterized candidate genomic regions with 
standard population genetic statistics. To investigate se-
quence divergence between two sexes, we calculated meas-
ures of sequence differentiation (dXY and FST) along  with  
genetic diversity (p) in 10-kb windows (using the python 
scripts from https://github.com/simonhmartin/genomics_ 
general, last accessed March 30, 2021). We filtered out low-
quality sites (genotype quality <30 or read depth <5 in each  
individual) and used only windows with at least 1,000 sites 
after filtering. We calculated divergence between sexes within 
each accession and averaged the two values to obtain a single 
estimate per window. 

All scripts written for this manuscript, as well as the 
MaSurCA parameter files for the assembly, are available at 
http://doi.org/10.5281/zenodo.4495713 (last accessed March 
30, 2021). 

Results 
Following the workflow (supplementary fig. S1, 
Supplementary Material online), we generated the first ge-
nome assembly of a dioecious species in Solanum (table 1). 
The genome of S. appendiculatum is estimated to be 
671.8 Mb based on the k-mer frequency distribution, which 
is consistent with the estimated size from flow cytometry 
(750 6 14 Mb for females and 742 6 6 Mb  for  males;  n ¼ 3 
for each sex). The size of the genome assembly is approxi-
mately 751.9 Mb, which includes 3,643 scaffolds with an N50 
length of approximately 920.8 kb. In the assembly, approxi-
mately 96.6% of 1,515 BUSCO plant universal single-copy 
orthologous genes were found to be complete. 99.6% of sites 
in the assembly were well supported by either male or female 
Illumina reads with a quality score higher than 20 
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(supplementary table S1, Supplementary Material online), 
suggestive of low base-calling error in our assembly. Base calls 
in the assembly were slightly better supported by female reads 
than male reads (99.4% vs. 97.7%) at a quality threshold of 20 
as determined by separate runs of the Referee program 
(Thomas and Hahn 2019) (supplementary table S1, 
Supplementary Material online). 

The genome of S. appendiculatum is highly repetitive, con-
sisting of 497.6 Mb of repetitive sequence (66.2% of the as-
sembly; supplementary table S2, Supplementary Material 
online). Consistent with other Solanaceae genomes, Gypsy 
LTR-RTs are the most abundant repeat elements in the 
S. appendiculatum genome (254.9 Mb; comprising 33.9% of 
the assembly). To annotate protein-coding genes, we used 
the MAKER-P pipeline, finding 35,731 high-confidence genes 
with AED scores <0.5, which is similar to the gene number 
(35,768) annotated in the domesticated tomato genome 
(The Tomato Genome Consortium 2012).  The gene structure  
of annotated genes (e.g., CDS lengths, exon numbers, and GC 
contents) was also similar to the genes annotated in other 
Solanaceae genomes (table 1). Among high-confidence genes, 
we found 82.1% of their exonic regions are supported by at 
least one RNA-seq read, and 64.3% of them have expression 
levels with TPM (transcript per million) >1 in at least one  
sample of our investigated flower or leaf tissues. Together, the 
large scaffold size, the high coverage of the plant conserved 
single-copy genes, the low base-calling error, and the well-
supported gene annotation all indicate a high-quality assem-
bly for this species. 

Pectin-Related Gene Families Have Evolved 
Dynamically in S. appendiculatum 
We identified 228 rapidly expanded gene families and 75 
rapidly contracted gene families on the branch leading to 
S. appendiculatum (supplementary tables S5 and S6, 

Supplementary Material online). As expected from previous 
studies in plants, many of those rapidly evolving gene families 
are involved in stress-related response, such as NBS-LRR dis-
ease-resistance proteins. Of the 228 rapidly expanding gene 
families in S. appendiculatum, we found five gene families that 
are functionally related to pectin degradation and modifica-
tion. These included genes in the rhamnogalacturonate lyase, 
pectin lyase, invertase/pectin methylesterase inhibitor, and 
pectin-acetylesterase families (supplementary table S7, 
Supplementary Material online). In this last expanded family, 
there are two female-biased genes (sapp52355 and 
sapp52361), as identified in our RNA-seq data (above). 
Lineage-specific expansion of pectin-related gene families 
was also found in other investigated Solanaceae genomes, 
but a smaller number of genes were duplicated in those spe-
cies relative to S. appendiculatum (supplementary table S7, 
Supplementary Material online). In addition to pectin-related 
genes, we also detected two rapidly expanded gene families 
(OG0001468 [three genes gained] and OG0001481 [five genes 
gained]) and one rapidly contracted gene family (OG0000179 
[three lost]) annotated as “plant self-incompatibility protein 
S1 family.” 

Sex-Biased Gene Expression Is Greatest in Mature 
Flowers 
We tested for differential gene expression among sexes, sep-
arately in flower buds and in mature flowers. In buds, only 16 
genes were identified to be significantly sex-biased (fig. 2A and 
supplementary table S3, Supplementary Material online), 
whereas 95 significantly sex-biased genes were detected in 
mature flowers (fig. 2B and supplementary table S4, 
Supplementary Material online). Almost two-thirds (58) of 
the differentially expressed genes in mature flowers are 
female-biased, with higher expression in the female flowers 
(fig. 2B and supplementary table S4, Supplementary Material 
online). This female bias is unlikely to be caused by differential 
read mapping onto a female-biased genome assembly, since 
we found no association between male–female sequence di-
vergence and differences in gene expression (supplementary 
fig. S2, Supplementary Material online). 

Among the genes showing sex-biased expression in mature 
flowers, we found several that may be functionally associated 
with phenotypic differences between males and females. In 
particular, we identified eight female-biased genes that are 
functionally related to pectin metabolism, which is involved 
in the production of germination pores on pollen (see 
Discussion). These eight genes include genes encoding a pec-
tin acetylesterase family protein, a pectin lyase-like protein, 
and an invertase/pectin methylesterase inhibitor. The fre-
quency of pectin-related genes is significantly higher in the 
set of sex-biased genes (Fisher’s Exact P ¼ 3.17  105) and  
female-biased genes (Fisher’s Exact P ¼ 1.05  106), com-
pared with pectin-related genes as a fraction of all genes 
(416 out of 35,731 annotated genes). Several of the female-
biased genes also appear to be pistil-specific (i.e., found only in 
female reproductive tract or ovary: the “pistil”). In particular, 
the gene SlINO has female-biased expression, and is a known 

Table 1. Summary of the Solanum appendiculatum Genome 
Assembly. 

Assembly features 

Genome size estimated (Mb) 671.83 
Assembly size (Mb) 751.93 
Number of scaffolds 3,643 
Scaffold N50 length (kb) 920.78 
GC contents 35.78% 
Plant_CEGs (BUSCO)a 92.6 1 (4.0 1 1.0) 
Bases with quality score >20 99.57% 

Repeat annotation 
Total (Mb) 497.56 (66.17%) 
Gypsy (Mb) 254.87 (33.90%) 
Copia (Mb) 26.98 (3.59%) 
Unknown LTR-RTs (Mb) 90.79 (12.06%) 

Gene annotation 
Number of protein-coding genes 35,731 
Genes supported by RNA-seq 82.08% 
Mean CDS length (bp) 1,265.56 
Number of exons per gene 6.17 

aPlant_CEGs (Clusters of Essential Genes) shows the percentage of complete single-
copy orthologs plus the percentage of duplicated orthologs and fragmented 
orthologs. 
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pistil-specific YABBY transcription factor in domesticated to-
mato (Ezura et al. 2017).

Candidate Sex-Determination Regions Suggest an XX/
XY System
Based on a search for sex-specific sequences in six male and
six female individuals, we identified approximately 11,000
female-specific and approximately 6,000 male-specific k-
mers. Although the absolute k-mer count is larger for females,
we found no evident excess of female-specific k-mers relative
to total library size (supplementary table S8 and fig. S3,
Supplementary Material online). Relative k-mer counts in
both sexes are roughly within the expectation from random-
ized sets (supplementary fig. S3, Supplementary Material on-
line). We found a small percentage of k-mers that could not
be mapped to the genome assembly (3.74% for males, and
3.96% for females), but the similar fractions of unmapped k-
mers for each sex suggest that there is no substantial sex bias
in the assembly and that the sex-determination region is likely
to be part of it (fig. 3A).

The distribution of sex-specific k-mers across the genome
showed the first meaningful genomic difference between
males and females (fig. 3B). We found a clear accumulation
of male-specific content in a handful of 10-kb windows,
whereas female-specific k-mers were uniformly spread
throughout the genome (following a pattern similar to that
of our randomized pseudosamples). In fact, 37% of male-
specific k-mers were mapped to the top five windows, com-
pared with only 18% in females. Moreover, the top five win-
dows in males are clustered in two scaffolds (figs. 3 and 4),
whereas only two of the top female windows are contiguous
(supplementary fig. S4, Supplementary Material online). Two
scaffolds harboring putative sex-determining polymorphisms
(scf14997 and scf15476) were also recovered by two comple-
mentary searches for sex-specific regions (see Supplementary
Material online). In particular, assembled contigs from PacBio

reads carrying male-specific k-mers were mapped to these
same regions (supplementary tables S10 and S11,
Supplementary Material online).

In these male-specific windows, we found other patterns
typical of an XX/XY sex-determination system. Heterozygosity
was uniformly higher in males, consistent with greater sequence
divergence between the X and Y alleles present in males. We
found increased relative and absolute divergence between males
and females, but this observed divergence is not large enough to
result in differences in read coverage (fig. 4). The read depth,
divergence, and heterozygosity patterns in the female-specific
regions were less clear, suggesting that the k-mer accumulation
found is spurious (supplementary fig. S4, Supplementary
Material online). Together, these results suggest that
S. appendiculatum has an XX/XY sex-determination system.

We annotated 11 genes in the top male-specific regions
(including 30 kb around the candidate windows; supplemen-
tary table S9, Supplementary Material online). Some of these
annotated genes have been previously implicated in flower
development and sex determination. Notably, we found three
invertase/pectin methylesterase inhibitors (PMEIs; genes
sapp25116, sapp25117, and sapp25118 on scf14997), which
could play a role in regulating pectin degradation or modifi-
cation in pollen grains. The three PMEIs have sequence iden-
tity >90% and are located next to each other within a single
syntenic block, consistent with recent tandem duplication
events. In the window with the largest accumulation of
male-specific k-mers (scf15476), we also found a transcription
factor belonging to the R2R3 MYB superfamily; genes in this
family commonly play regulatory roles in a wide array of
processes in plants (including tissue development).

Discussion
We generated the first genome for a dioecious species within
the genus Solanum, to assess the early emergence and geno-
mic signatures of sex-differentiation and sex determination.
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FIG. 2. Sex-biased gene expression pattern at two different flower development stages of Solanum appendiculatum. Differentiation gene expression
between male and female flowers in (A) flower buds, and (B) mature flowers.
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To do so, we assembled a high-quality genome, took a k-mer 
approach to find sex-linked genomic regions, and carried out 
an RNA-seq experiment of floral tissues to find genes involved 

in sex determination and sexual dimorphism. We found that 
dioecious S. appendiculatum appears to have a recently 
evolved sex-determination region and that males are likely 
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to be the heterogametic sex. Indeed, the patterns of male– 
female sequence divergence we observed do not indicate the 
presence of a large nonrecombining region containing genes 
involved in sex determination. Moreover, the specific loci as-
sociated with sex-differentiation suggest that the evolution of 
dioecy in this system involved changes in the regulation of 
pectin synthesis and degradation, including in specific phe-
notypic transitions observed in functionally female flowers. 
This genome, and the associated candidate genes, represents 
a valuable genomic resource for the continued investigation 
of recent transitions to dioecy within Solanum. 

Limited Sex-Biased Gene Expression and Few Sex-
Associated Regions Are Consistent with Recent 
Evolution of Sexual Dimorphism 
We found a very modest amount of sex-biased gene expres-
sion in flower buds, and larger but still delimited sex differ-
ences in the expression profiles of mature flowers. Given that 
sex-specificity of gene expression is expected to accumulate 
with time since the origin of sexual dimorphism (Ellegren and 
Parsch 2007), the observation that few genes show sex-biased 
expression is consistent with a young sex-determination sys-
tem. This very modest genomic and transcriptomic diver-
gence between the sexes is consistent with the subtle 
morphological differentiation between male and female flow-
ers, which is among the least pronounced in the dioecious 
nightshades (Anderson et al. 2015). 

For mature flowers, sex-biased genes more commonly had 
higher expression in females than in males (fig. 2B). This find-
ing contrasts with another species with a recently evolved 
sex-determining region–the garden asparagus (Harkess et al. 
2015)—likely because of developmental differences in sex 
expression between the two systems. In asparagus, anther 
development is arrested before microspore meiosis in female 
flowers (Caporali et al. 1994), thus genes associated with later 
pollen development are expected to be expressed only in 
males (Harkess et al. 2015). In contrast, in 
S. appendiculatum female flowers develop mature pollen, 
but fail to deposit primexine at the apertural regions 
(Zavada and Anderson 1997). Our observation of more 
female-biased genes in S. appendiculatum is therefore consis-
tent with this maintenance of both functional styles (female 
reproductive parts) and active production of (inaperturate) 
pollen (Levine and Anderson 1986) in female flowers, and  
seems to indicate some loss of function of female reproduc-
tive parts in male plants. This possible loss of function, how-
ever, is not reflected in the morphology of male flowers, which 
have complete female reproductive parts (albeit with much 
shorter styles; Anderson 1979; Anderson and Levine 1982). 

Regulation of Pectin as a Potential Mechanism for the 
Formation of Aperturate Pollen 
Identification of candidate genes playing potential feminizing 
or masculinizing effects is important to understand sex de-
termination in this recently evolved dioecious species. 
Collectively, three different approaches in this study—gene 
family dynamics, sex-biased expression, and sex-specific k-

mers—detected a set of loci distinctive to 
S. appendiculatum. Some of these are likely unrelated to 
this species’ transition to dioecy, and some others are possibly 
associated with general physiological consequences of this 
breeding system transition rather than directly involved in 
sex-differentiation and sex-determination per se. For instance, 
our gene family analysis detected a contraction of the self-
incompatibility protein S1 family specifically in 
S. appendiculatum. Because the evolution of dioecy dramat-
ically reduces the possibility of self-fertilization, this transition 
might be expected to relax selection to maintain functional 
self-incompatibility genes; similar losses of self-incompatibility 
proteins has also been observed in other Solanaceae species 
that have undergone breeding system transitions (e.g., to self-
compatibility; Wu et al. 2019). Nonetheless, among the ge-
netic changes detected, it is striking that all three of our dif-
ferent approaches detected pectin-related genes in 
association with sexual differentiation in S. appendiculatum, 
including pectin acetylesterases (PAE), pectin lyase-like pro-
teins (PLL), and pectin methylesterase inhibitors (PMEI). Our 
finding is particularly intriguing as pectin synthesis and regu-
lation is known to play important roles in pollen wall devel-
opment, and in pollen function more broadly. Pectin consists 
of homogalacturonan (HG), which can be methyl- and acetyl-
esterified (Wu et al. 2018), and pectin polysaccharides are 
critical components of the pollen wall. Mutants in genes 
encoding pectin polysaccharide synthetic and degrative 
enzymes—including pectin methylesterase (PME), polyga-
latcturonase (PG), PAE, and PLL—often show defective pri-
mexine, intine, or other pollen wall structures (Shi et al. 2015; 
Wu et al. 2018). Strikingly, in Nicotiana (Solanaceae), trans-
genic mutants of one pectin acetylesterase gene, PAE1, exhibit 
the loss of germination pores on the surface of the pollen 
grains (Gou et al. 2012)—a very similar phenotype to the 
inaperturate pollen observed in the female flowers of 
S. appendiculatum. The overexpression PAE1 in transgenic 
tobacco results in severe male sterility by affecting the germi-
nation of pollen grains and the growth of pollen tubes (Gou 
et al. 2012). 

Other pectin-associated proteins are also implicated in nu-
merous functional roles in pollen tube germination and growth, 
including via coordinated regulation between PMEs and their 
inhibitors—PMEIs (Mollet et al. 2013). For instance, PME is im-
portant for the generation of methyl esterified HG in the apical 
zone of growing pollen tubes, which provides sufficient plasticity 
for sustaining growth (Cheung  and Wu 2008). The removal of 
methyl ester groups by PME may allow the pectin-degrading 
enzymes, such as PLL or PG, to cleave the HG backbone, which 
may affect the rigidity of the cell wall (Gaffe et al. 1994; Micheli 
2001). It has been proposed that the pollen cell might maintain a 
closely regulated level of PME activity, via regulation by PMEIs, in 
order to maintain the equilibrium between strength and plas-
ticity  in  the apical cell wall (Bosch and Hepler 2005, 2006). For 
example, silencing of the PME1 gene in tobacco (Bosch and 
Hepler 2006), and suppression of PMEI At1g10770 in 
Arabidopsis (Zhang et al. 2010), both result in slowed pollen 
tube growth. 
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In addition to detecting sex-specific expression of PAE, we 
also found three PMEIs in a candidate sex-determining region 
(scf14997) in S. appendiculatum. The arrangement and rela-
tionship between these putative sex-determining genes are 
consistent with them being recent duplications, similar to 
what has been found in other dioecious plants (Harkess 
et al. 2017; Akagi et al. 2018). Although the specific function 
of these genes is not yet known, the general roles of PMEIs, 
PAE, and other related proteins in the formation and function 
of pollen suggests some possible models for the emergence of 
sex-specific pollen functions in the two sexes of 
S. appendiculatum. For example, it is possible that these 
PMEI copies influence the differential (sex-specific) expression 
patterns of downstream pectin-related genes in mature flow-
ers, including PAE, thereby inhibiting or initiating the femi-
nizing effect (i.e., inaperturate pollen) observed in female 
flowers. This process could also involve other tightly linked 
genes: the same syntenic block contains a gene coding for a 
LOB domain protein (sapp25115), the Arabidopsis ortholog of 
which (AT1G06280) is specifically expressed during tapetum 
and microspore development in the anthers (Oh et al. 2010; 
Zhu et al. 2010). Other differentially expressed genes also have 
clearly relevant functions. For example, the pyruvate dehy-
drogenase E1 component subunit alpha (sapp29734) was  dif-
ferentially expressed between males and females in the 
mature flower; pyruvate dehydrogenase catalyzes the early 
steps of sporopollenin biosynthesis, a major component of 
the exine layer of pollen grains (Jiang et al. 2013). 

Although pectin-related genes are promising candidates for 
the expected male-sterilizing step in the evolution of dioecy, it 
is possible that they are downstream of a master regulator of 
sex determination. For instance, a MYB-like transcription fac-
tor similar to that found in scf15476 (gene sapp39069) has  
been implicated in the determination of sex in Asparagus 
officinalis (Murase et al. 2017), and the knockout of its putative 
ortholog causes male sterility in Arabidopsis thaliana (Zhu 
et al. 2008). Although the sapp39069 transcription factor could 
be a regulator of sex, the R2R3 MYB superfamily has been 
shown to have an extreme  diversity of regulatory functions  
(Yanhui et al. 2006) and we do not yet have enough data to 
infer the role of this gene in S. appendiculatum. Therefore, 
whether some upstream genetic changes trigger the down-
stream changes in pectin-related genes will have to be 
addressed in future studies. For instance, transcriptome anal-
ysis of additional developmental stages of male and female 
flowers could clarify how pectin regulation changes across 
flower development and the specific timing of divergent ex-
pression differences between male and female flowers. 
Regardless, with a genome-wide search for sex-specific sequen-
ces, in conjunction with gene expression analyses, we were 
able to detect both putative sex-determining regions and 
genes that may contribute to at least one of the two steps 
expected in the path from hermaphroditism to dioecy. These 
loci provide clear candidates for direct functional analysis in 
this system, especially for inaperturate pollen development 
phenotypes in female flowers. 

The S. appendiculatum Genome Provides a 
Foundation for Addressing Repeated Transitions to 
Dioecy 
Although the speciose genus Solanum contains fewer than 20 
documented dioecious species, dioecy is estimated to have 
arisen independently at least 4 times (Anderson et al. 2015). 
Many of these transitions appear to involve common pheno-
typic features, most notably the development of inaperturate 
pollen in female individuals and dramatic reduction of the 
pistil in male flowers (Anderson et al. 2015). As such, this 
young genus (estimated 17 My old; S€arkinen et al. 2013) 
offers a promising system in which to address the genomic 
features and genetic mechanisms of repeated, recent transi-
tions to dioecy. 

Solanum appendiculatum is among the most recently 
evolved dioecious angiosperms with sequenced genomes 
(<4 My;  Echeverrıa-Londo~ no et al. 2020). The resources gen-
erated here provide a valuable framework for examining ad-
ditional transitions to dioecy in the highly speciose genus, 
including a high-quality assembled genome, transcriptome 
characterization for annotation and gene expression analyses, 
and a set of candidate loci for directed exploration in parallel 
systems. Because most dioecious nightshades have similar 
sexual traits, including inaperturate pollen in the stamens 
of female flowers (Anderson et al. 2015), addressing the par-
allel origins of dioecy in this group can also address whether 
these transitions have followed convergent paths at genomic, 
genetic, and developmental levels. In conjunction with the 
S. appendiculatum genome, sequence data from other dioe-
cious Solanum species can be used to dissect these parallel 
origins of sex determination in Solanum, including whether 
these exhibit similar genomic features (in terms of the num-
ber, size, and distribution of emerging sex-determination 
regions), draw on the same kinds of genomic/genetic changes 
(i.e., share orthologous sex-linked regions), and/or involve the 
same specific pathways and individual loci, including whether 
there is a general role for pectin-related loci in the early emer-
gence of sexual differentiation. In this context, study of the 
genetic control of sex expression in species like S. polygamum  
and S. conocarpum—both of which bear anthers on female 
flowers, but that anthers are largely devoid of any pollen 
(Anderson et al. 2015)—could prove especially informative. 
Data from multiple recent, parallel systems will also be critical 
for testing the general predictions of theoretical models of the 
evolution of dioecy and assessing whether the complexity of 
genomic transitions that underpinning real empirical transi-
tions matches well with these theoretical expectations. 

Supplementary Material 
Supplementary data are available at Molecular Biology and 
Evolution online. 
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