Received: 8 November 2021

Accepted: 14 April 2022

W) Check for updates

DOI: 10.1002/tpg2.20223

ORIGINAL RESEARCH

The Plant Genome ::.©

Genome sequence for the blue-flowered Andean shrub Iochroma
cyaneum reveals extensive discordance across the berry clade of

Solanaceae

Adrian F. Powell"" | Jing Zhang"”" | Duncan Hauser! | Julianne A. Vilela* |

Alice Hu' | Daniel J. Gates>® | Lukas A. Mueller' | Fay-WeiLi'®> | Susan R. Strickler’
| Stacey D. Smith®

1 oyce ompson Institute aca.

Boyce Thompson Institute, Ithaca, NY, Abstract

USA

2School of Biological Sciences, Univ. of
Nebraska, Lincoln, NE, USA

3Current address: Checkerspot, Inc.,
Alameda, CA, USA

4Philippine Genome Center, Program for
Agriculture, Livestock, Forestry and
Fisheries, Univ. of the Phillipines Los
Bailos, Laguna, Phillipines

SPlant Biology Section, Cornell Univ.,
Ithaca, NY, USA

Dep. of Ecology and Evolutionary Biology,
Univ. of Colorado, Boulder, CO, USA

Correspondence

Stacey D. Smith, Dep. of Ecology and
Evolutionary Biology, Univ. of Colorado,
Boulder, CO 80309, USA.

Email: stacey.d.smith@colorado.edu

Assigned to Associate Editor Allen Van
Deynze.

"These authors contributed equally to this
work.

The tomato (Solanum lycopersicum L.) family, Solanaceae, is a model clade for
a wide range of applied and basic research questions. Currently, reference-quality
genomes are available for over 30 species from seven genera, and these include
numerous crops as well as wild species [e.g., Jaltomata sinuosa (Miers) Mione
and Nicotiana attenuata Torr. ex S. Watson]. Here we present the genome of the
showy-flowered Andean shrub lochroma cyaneum (Lindl.) M. L. Green, a woody
lineage from the tomatillo (Physalis philadelphica Lam.) subfamily Physalideae.
The assembled size of the genome (2.7 Gb) is more similar in size to pepper
(Capsicum annuum L.) (2.6 Gb) than to other sequenced diploid members of the
berry clade of Solanaceae [e.g., potato (Solanum tuberosum L.), tomato, and Jal-
tomata]. Our assembly recovers 92% of the conserved orthologous set, suggesting
a nearly complete genome for this species. Most of the genomic content is repeti-
tive (69%), with Gypsy elements alone accounting for 52% of the genome. Despite
the large amount of repetitive content, most of the 12 I. cyaneum chromosomes are
highly syntenic with tomato. Bayesian concordance analysis provides strong support
for the berry clade, including I. cyaneum, but reveals extensive discordance along
the backbone, with placement of chili pepper and Jaltomata being highly variable
across gene trees. The 1. cyaneum genome contributes to a growing wealth of genomic
resources in Solanaceae and underscores the need for expanded sampling of diverse

berry genomes to dissect major morphological transitions.

1 | INTRODUCTION

Advances in comparative genomics rely on moving from
assembling high-quality genomes from single model species

Abbreviations: BUSCO, benchmarking universal single-copy ortholog;
CF, concordance factor; GO, gene ontology; LTR, long-terminal repeat.

to building model clades (Rogers, 2018). Model clades, as
described by Donoghue and Edwards (2019), are lineages in
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which we sample densely across species to identify evolu-
tionary transitions and build multilayered datasets to under-
stand the mechanisms and drivers of those transitions. The
genomic layer of clade biology has been quickly accumulated
in taxa with small genomes (Feng et al., 2020; Kim et al.,
2021; Miyauchi et al., 2020), but more slowly in plants, where
genomes can be as large as 149 Gb (Pellicer et al., 2010).
Still, clusters of genomes have been built around plant model
species and crops where comparative evolutionary studies can
result in direct applications (Ma et al., 2021; Saad et al.,
2021).

One such emerging model clade is the tomato (Solanum
lycopersicum L.) family, Solanaceae. This family comprises
nearly 3,000 species, roughly 40 of which have been domesti-
cated, particularly in the fleshy-fruited subclade Solanoideae
(Pickersgill, 2007; Samuels, 2015). The first published
genome from this clade was potato (Solanum tuberosum L.)
(The Potato Genome Sequencing Consortium, 2011) closely
followed by tomato (The Tomato Genome Consortium, 2012).
More recently sequenced economically important species
include tobacco (Nicotiana tabacum L.) (Sierro et al., 2014),
pepper (Capsicum annuum L.) (Kim et al., 2014), eggplant
(Solanum melongena L.) (Barchi et al., 2019; Hirakawa et al.,
2014), and Chinese wolfberry (Lycium barbarum L.) (Cao
et al.,, 2021). In addition to these crops and model organ-
isms, many wild species have recently been sequenced, for
example, for members of the genera Nicotiana (Xu et al.,
2017), Petunia (Bombarely et al., 2016), Solanum (Aver-
sano et al., 2015; Razali et al., 2018; Schmidt et al., 2017),
Capsicum (Qin et al., 2014), and Jaltomata (Wu et al.,
2018). These taxa capture wide trait variation, from fleshy
to dry fruits, self-incompatible to self-compatible, and annu-
als to perennials. Accordingly, comparative analyses have
provided insights into the genomic basis for a range of key
traits. Studies in this family have been particularly informa-
tive with respect to developmental processes (Kim et al.,
2014), such as fruit ripening, and the evolution of specialized
metabolites such as the defensive alkaloids and the colorful
flavonoids and carotenoids (Cardenas et al., 2015; Gebhardt,
2016).

Here we present a de novo assembly of the genome of
lochroma cyaneum (Lindl.) M. L. Green, a blue-flowered
shrub native to the Andes. The genus lochroma falls in the
large fleshy-fruited subfamily (Solanoideae) (Sérkinen et al.,
2013) and is related to the tomatillo (Physalis philadelphica
Lam.) and pepper (Deanna et al., 2019). Unlike species in
these genera, lochroma species are woody shrubs or treelets
with some reaching up to 15 m (Shaw, 1998). Moreover,
while its close relatives in the tomatillo tribe Physalideae
are largely insect-pollinated (Knapp, 2010), most species of
lochroma are specialized for hummingbird pollination (Smith
et al.,, 2008). Their colorful tubular flowers are arranged
in large inflorescences, and with the ease of hybridization

Core Ideas

¢ Expanding genome sequences beyond crop species
is important for understanding their evolution.

* The tomato family is an emerging model clade,
with many genomes for crops and wild species.

* We assembled a reference-quality genome for a
wild shrub in the tomatillo clade.

* Phylogenetic analyses including this new member
of the berry clade shows deep discordance.

* This discordance will challenge efforts to connect
genomic changes to morphological transitions.

among species of different colors (Smith & Baum, 2007), they
have become increasingly popular in the horticultural trade
(Meerow et al., 2004). Given their wide range of flower colors
and sizes, I. cyaneum has served as a model for understanding
the ecological factors and genetic mechanisms that drive flo-
ral evolution (Muchhala et al., 2014; Smith, Ane, et al., 2008;
Smith & Rausher, 2011).

Comparative genomic analyses of I. cyaneum and related
taxa have the potential to provide new insights into the evolu-
tionary history of Solanaceae broadly as well as the changes
unique to this hummingbird-pollinated lineage. For example,
phylogenomic analyses may reveal discordant gene histories,
even in parts of the tree that were well supported in previ-
ous phylogenetic analyses with fewer markers (Gagnon et al.,
2021). Moreover, the expansion of sequenced genomes will
allow us to isolate major genomic events, such as the amplifi-
cation of repetitive content, rearrangements, and the gain and
loss of coding genes, which may be tied to particular morpho-
logical or ecological transitions. In particular, the addition of
the 1. cyaneum genome will likely divide the branch between
the Solanaeae (Solanum + Jaltomata) and Capsiceae (Cap-
sicum + Lycianthes) clades, helping us to distinguish genomic
variation unique to those lineages with variation that is shared
because of common ancestry. In order to explore these evo-
lutionary questions, we assembled and annotated a de novo
genome for 1. cyaneum and applied phylogenetic and compar-
ative analyses to estimate its relationship to other Solanaceae
along with historical changes in genome content.

2 | MATERIALS AND METHODS
2.1 |

Genome sequencing and assembly

Genomic DNA was prepared from fresh leaf material of
L. cyaneum (voucher: Smith 265 [WIS]) using the 2XCTAB
protocol (Doyle & Doyle, 1987). We chose I. cyaneum
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because it is the type of the genus and exhibits the deep vio-
let flowers for which the genus is named (Bentham, 1845).
Although native to the northern Andes, this species is widely
cultivated as an ornamental with several commercial cultivars
(Meerow et al., 2004; Shaw, 1998). The sequenced accession
was grown from seed from cultivated material at the Missouri
Botanical Garden and originally collected from the wild by
W. G. D’Arcy.

Paired-end libraries with an insert size of 400 bp were
sequenced on four lanes of an Illumina Hi-Seq 2000 flow
cell. Mate pair libraries of 2 and 5 kb were sequenced on
two lanes. Additionally, we sequenced a Hi-C library (Phase
Genomics) on one lane of a Hi-Seq 4000 with 100X paired-
end reads to assemble the contigs into larger scaffolds. All
Illumina sequencing was completed at the Cornell Weill
Genome Sequencing Facility and the numbers of reads are
provided in Supplemental Table sl. Nanopore sequencing
was performed on six flow cells of an Oxford Nanopore
Minion device to provide an additional 5,809,839 reads.
Nanopore and Illumina reads were assembled with MaSurca
v3.3.2 (Zimin et al., 2013) and polished with three rounds of
Pilon v1.23 (Walker et al., 2014) using Illumina reads. The
Hi-C data was processed using the 3D-DNA v180922 pipeline
(Dudchenko et al., 2017), and the scaffolds were manually
edited in Juicebox (Dudchenko et al., 2018). Gaps were filled
with LR_gapcloser (Xu et al., 2018), and Pilon was used to
correct errors.

2.2 | Analysis of repeat content

We examined repetitive DNA in I. cyaneum and additional
Solanaceae genomes for comparison. For this purpose, we
downloaded assemblies for C. annuum cv. CM334 v.1.55
(Kim et al.,, 2014), S. lycopersicum v.4.0 (The Tomato
Genome Consortium, 2012), the large white petunia [Pefu-
nia axillaris (Lam.) Britton et al.] v.1.6.2 (Bombarely
et al.,, 2016), and Nicotiana attenuata Torr. ex S. Wat-
son r.2.0 (Xu et al., 2017) from solgenomics.net and pep-
pergenome.snu.ac.kr. We used LTRHarvest (Ellinghaus et al.,
2008) and LTR_finder (Xu & Wang, 2007) to identify de
novo putative long-terminal repeat (LTR) retrotransposons
and LTR_retriever with default settings to filter the results
and reduce false positives (Ou & Jiang, 2018). We then
masked each genome using RepeatMasker v4.0.7 (Smit et al.,
2013) with the resulting LTR library and used RepeatMod-
eler v2.0.1 (Flynn et al., 2020) to identify additional repeats
in the remaining unmasked regions of the genome. Known
protein-coding sequences were excluded from the Repeat-
Modeler library using the ProtExcluder.pl script (Campbell
etal., 2014). For each genome, the LTR _retriever and Repeat-
Modeler libraries were joined to generate a final library, which
was used to mask the genome. We obtained coverage values

from the RepeatMasker output, by using the fam_coverage.pl
and fam_summary.pl scripts included with LTR _retriever and
inputting the estimated sizes of each genome.

2.3 | Annotation

To aid in annotation, we conducted RNA sequencing on
four pools of tissues: developing corollas, vegetative tissue
(shoot plus root), reproductive tissue (stamen plus pistil), and
seedlings from the same accession of I. cyaneum. Total RNA
was extracted using the Spectrum Kit (Sigma-Aldrich) with
on-column DNAse digestion (Qiagen). The corolla RNA was
prepared with a TruSeq kit (Illumina) and sequenced with half
of a lane of Hi-Seq2000 with 100-bp paired-end reads. We
also carried out 454 GS-FLX Titanium sequencing (half of
plate) on normalized libraries for the corolla RNA IU at Indi-
ana University’s Center for Genomics and Bioinformatics.
The remaining RNAs for the other tissues were prepared with
the TruSeq kit and sequenced on a single lane of HiSeq 2500
with 100-bp single reads. The 454 reads were collapsed using
cd-hit v4.6.8 (Li & Godzik, 2006). Illumina and 454 reads
were mapped to the genome assembly using Hisat2 v2.1.0
(Kim et al., 2015). The bam files containing mapped reads
were provided as input to the BRAKER2.-2.1.5-2 pipeline
(Bruna et al., 2021), which makes use of both GeneMark-ET
(Lomsadze et al., 2014) and AUGUSTUS (Hoff & Stanke,
2019) for gene prediction.

Functional annotation of predicted coding genes was per-
formed by BLASTp v2.2.31+4 (Altschul et al., 1990) to the
UniProt (Boutet et al., 2016) and TTEMBL (Boeckmann et al.,
2003) databases using an e-value cut off of 1 X 1072, We also
removed any predicted proteins both with few to no mapped
reads (FPKM < 0.01) and which had no hits within the NCBI
NR, tomato, or pepper databases. Protein domains were pre-
dicted with InterProScan v5.46-81.0 (Jones et al., 2014) and
genes labeled as transposons were discarded. BUSCO v3 anal-
ysis (Simdo et al., 2015), with the Embryophyta dataset, was
used to quantify genome and annotation content and exam-
ine the completeness of the genome assembly and annota-
tion in comparison with other published genomes. We used
OrthoFinder v2.5.2 (Emms & Kelly, 2015) to identify groups
of orthologous genes shared between 1. cyaneum, pepper,
tomato, and robusta coffee (Coffea canephora Pierre ex A.
Froehner). For pepper and tomato, we used the same genome
assemblies as cited above and for coffee, we used Coffea
canephora v.1.0 (Denoeud et al., 2014). These results were
used to create a Venn diagram depicting shared and unique
gene clusters across taxa.

Finally, we used maximum likelihood methods to iden-
tify significantly expanded and contracted gene families in
L. cyaneum. For these analyses, we expanded our sampling
to include all the tips that were present in the phylogenetic
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analysis (see below). Again, we used OrthoFinder to iden-
tify groups of orthologous genes found in one or more of
the species. We input these gene families from Orthofinder
and the species tree (see below) into CAFE v.3.0 (Han et al.,
2013). Before inputting, the tree was ultrametricized with
penalized likelihood using the chronopl() function in the R
package APE (Paradis et al., 2004). For the gene families
showing significant expansion and contraction (p < .05) in
L. cyaneum, we conducted BLAST searches to examine their
possible functions. We extracted the two longest sequences
from each expanded or contracted orthogroup in I cya-
neum and ran BLAST searches using DIAMOND BLASTp
v0.9.30.131 (Buchfink et al., 2015). We kept the top hits for
each of those sequences and retrieved the list of gene ontol-
ogy (GO) terms for them with InterProScan. The resulting list
of expanded or contracted 1. cyaneum orthogroups and their
associated GO terms was input to topGO (Alexa & Rahnen-
fuhrer, 2021) for enrichment analyses. We searched for enrich-
ment in GO terms associated with biological functions and
used Fisher’s exact test to determine significance.

2.4 | Phylogeny estimation

We investigated the phylogenetic relationship of I. cyaneum
to other Solanaceae using Bayesian concordance analysis
(Ane et al.,, 2007; Baum, 2007). This approach estimates
the population or species tree with branch lengths in coales-
cent units using quartet methods along with the proportion
of the genome that supports each clade in this tree (Larget
et al., 2010). We included seven other species of Solanaceae
(large white petunia [P. axillaris (Lam.) Britton, Sterns &
Poggenb.], N. attenuata, potato, tomato, eggplant, and pepper)
plus little-bell (Ipomoea triloba L.) (Convolvulaceae) (Wu
et al., 2018) and robusta coffee (Rubiaceae) as outgroups.
We chose these taxa based on the availability of reference-
quality annotated genomes at the time of dataset assembly.
For the Solanaceae genomes, we used the same assembly ver-
sions and sources as listed above for gene family analyses. For
species tree estimation, we first generated posterior distribu-
tions of gene trees for the 1355 single-copy genes from the
Orthofinder analysis that were present in all genomes (zero
missing data). Each protein alignment was run in MrBayes
v3.2.7a (Ronquist & Huelsenbeck, 2003) for two million gen-
erations, sampling every 100 generations, with a mixed prior
on amino acid models, an exponential prior on branch lengths
with mean set to 0.001, and a gamma distribution for rate het-
erogeneity across sites with an estimated proportion of invari-
ant sites. Convergence was assessed with the potential scale
reduction factor, which was near 1.0 for all model parame-
ters for all genes. We removed the first 5,000 trees as burn-in
and summarized the remaining sample from the posterior with
the mbsum program in BUCKy 1.4.4 (Larget et al., 2010).

We estimated the population tree and the concordance fac-
tors (CFs) in BUCKy with four Markov chain Monte Carlo
chains, each of one million steps and the initial value for the
discordance parameter, alpha, set to 1. The results of the con-
cordance analysis were summarized as a population tree with
branch lengths in coalescent units, rooted on the outgroup
taxa, and CFs with credibility intervals for each clade.

2.5 | Synteny analysis

In order to assess patterns of synteny between I. cyaneum and
closely related crop genomes, we first created whole-genome
alignments with NUCmer v3.1, part of the MUMmer software
(Kurtz et al., 2004). For visualization, the alignments were fil-
tered to select one-to-one aligned segments with a minimum
length of maximal exact matches of 2,000, as well as either a
minimum alignment identity of 88, in the case of 1. cyaneum
compared with pepper, or of 85, in the case of I. cyaneum to
tomato and pepper to tomato. The coordinates of the filtered
alignments were then input as links to generate plots using
Circos v0.69-6 (Krzywinski et al., 2009). We used tomato as a
benchmark for numbering and orienting the I. cyaneum pseu-
domolecules.

3 | RESULTS

3.1 | Genome assembly and annotation
The length of our de novo sequence assembly for I. cya-
neum is 2.7 Gb, making it very similar to pepper (Table 1).
This assembled size for I. cyaneum is slightly smaller than
the size previously estimated from flow cytometry, ~ 3.2 Gb
(Gates et al., 2016). Our chromosome-level assembly (Sup-
plemental Figure s1) was quite similar to C. annuum, with
84% of the assembly anchored, and our sequencing strategy
resulted in a lower percentage of N bases and gaps (Table 1).
Although the genomes of 1. cyaneum and pepper are over three
times the size of those in sequenced Solanum species (Bolger
et al., 2014; Hirakawa et al., 2014; The Tomato Genome Con-
sortium, 2012), we recovered similar numbers of annotated
genes (Table 1). Our annotation for I. cyaneum includes 92%
of the highly conserved benchmarking universal single-copy
orthologs (BUSCOs). Overall, the BUSCO analysis showed
few fragmented or missing BUSCOs (Figure 1), suggesting
that the quality of the genome is on par with those of related
economically important plants. In addition to these highly
conserved orthologous genes, we found a large number of
unique gene clusters in I. cyaneum, nearly twice those found
in tomato or pepper (Figure 1).

Our CAFE analyses revealed a strong bias toward gene fam-
ily expansion in I. cyaneum. A total of 1,959 gene families
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TABLE 1

Summary statistic

Genome assembly total length, Mb 2,716.02
Percentage of assembly assigned to chromosomes 84.13
No. of contigs 37,881
Contig N50, kb 212.94
Longest contig, kb 3,996.25
No. of N bases, Mb 0.64
No. of gaps 19,176
No. of genes 38,625
Repeat percentage of genome, % 69.35

ITochroma cyaneum

Summary statistics for lochroma cyaneum genome assembly compared with closely related Solanaceae

Capsicum annuum Solanum lycopersicum

2,633.68 782.52
86.00 98.77
117,244 448

55.87 6,007.83
608.96 26,291.69
78.12 0.04
217,286 435
34,903 34,075
72.26 58.30

Note. Values for assembly length, number of N bases, and number of gaps based on currently available assemblies on SolGenomics.net (SL4.0 for tomato and v.1.55 for
pepper) calculated with assembly-stats 0.1.4 (Trizna, 2020). Contig statistics were calculated with the same tool after splitting the assemblies at Ns. Remaining values
estimated during the comparative repeat analyses (Figure 3) or, for annotation information, gathered from the literature (Hosmani et al., 2019; Kim et al., 2014).

13111324
1 1270
1217771 .
1200 ] Solanum > /,%7‘5 Capsrcum[i]
L‘E lycopersicum (2848) (2533) annuum
9 000 173 615 1298
i (560)  (2445)  (6445)
= 734 399 2801 1201
E s (3602) ~ (1533)  (18356)  (6321)
» D Coffea /58 11989 1057 lochroma D
8 canephora N (301) » (34428)  (4245) cyaneum
D 600 505 1247
2 (2187) . (4603)
m 4 )
5 B
O 400
o)
€
z
200
126
. 21 15 16pSy 12 6 16 17 31 30| 38
Single Duplicated Fragmented Missing
BUSCO Types

FIGURE 1

Comparison of lochroma cyaneum annotation to related crop genomes. Bar graph shows the results of the BUSCO analysis with

coffee, tomato, pepper, and 1. cyaneum, left to right, for each BUSCO type. The numbers of genes in each category are shown at the top of each bar.

Inset is a Venn diagram showing the results of the orthogroup analysis with unique and shared clusters shown for each species. The total numbers of

genes in each orthogroup are shown in parentheses

had a significant change in size along the I. cyaneum branch
(p < .05) with 654 contracted and 1,305 expanded (Sup-
plemental Table s2). The contracted families were spread
across a range of biological processes with the most sig-
nificant enrichment in ribonucleoprotein complex assem-
bly (p = .0043; Supplemental Figure s2). By contrast, the
most highly enriched GO terms for the expanded gene fam-
ilies were all related to pollen recognition (p = .00037;
Supplemental Figure s3). We used BLAST searches to
determine the identity of the nine expanded families with
this GO term, and all appear to be G-type lectin S-
receptor-like serine/threonine-protein kinases (Supplemental
Table s3).

3.2 | Phylogeny

Our phylogenetic analysis recovered the core relationships
among lineages of Solanaceae that have been estimated in pre-
vious studies (Olmstead et al., 2008; Siarkinen et al., 2013).
Nicotiana is sister to the large fleshy-fruited clade containing
tomato, potato, eggplant, Jaltomata, pepper, and I. cyaneum
(CF = 0.72; Figure 2a). Together, they form the x=12 clade,
united by the base chromosome number of 12 (Olmstead &
Palmer, 1992). We find strong agreement across the 1,355
genes for all the relationships within Solanum (CF = 0.91-
0.99), but less so among the other fleshy-fruited species. For
example, the estimated proportion of the genome for which
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Phylogenetic position of lochroma cyaneum. (a) Population tree for Solanaceae estimated with BUCKYy. Branch lengths are in

coalescent units, and branches are annotated with the estimated genome-wide concordance factors (with credibility intervals in parentheses). Each

concordance factor corresponds to the proportion of the genome estimated to have the clade in its history. Photos are from Wikimedia commons with

the exception of Jaltomata sinuosa (image from Thomas Mione, Central Connecticut State University). (b) Genome-wide variation in the

relationships among Jaltomata, lochroma, and Capsicum. Concordance factors (and their credibility intervals) are shown as percentages

the true tree places Capsicum sister to I. cyaneum is 0.43 and
there is even less agreement regarding the placement of Jal-
tomata. Indeed, the population tree shown in Figure 2 varies
from the primary concordance tree in Jaltomata’s position,
putting it instead sister to Capsicum + lochroma with a CF
of 0.32 with an overlapping credibility interval (0.287-0.353)
(Supplemental Table s4). We also estimate a sizeable propor-
tion (23%) of the genome supporting a Jaltomata + Capsicum
relationship (Figure 2b) and 19% placing Capsicum closer to
Solanum than to lochroma (Supplemental Table s4). Overall,
these analyses point to significant discordance along the back-
bone of the berry clade, with large numbers of loci supporting
alternate relationships to those in the population tree.

3.3 | Repetitive content in lochroma cyaneum

Our analyses show that the I. cyaneum genome comprises
largely repetitive content as in other Solanaceae and indeed

in most plant genomes (Feschotte et al., 2002). Only 31% of
the I. cyaneum genome is nonrepetitive, which is slightly more
than Capsicum and Jaltomata but less than the other genomes
analyzed (Figure 3a; Supplemental Table s5). Despite being
closely related and sharing similar percentages of repetitive
DNA, the composition of the repeats varies markedly between
L. cyaneum and Capsicum. In I. cyaneum, Gypsy elements
account for the majority of the repetitive content (75%) and
over half (52%) of the entire genome. The other types of ele-
ments have contracted in I. cyaneum, which has a smaller pro-
portion of Copia elements among its LTR repeats than any
other Solanaceae examined (Supplemental Table s5). In this
context, all the lineages have a significant fraction of repet-
itive elements that cannot be classified either within inter-
spersed repeats or as a type of LTR specifically. Nonetheless,
as the same pipeline was applied to all taxa, the estimated vari-
ation in the fraction of each element in the genome points to
substantial macroevolutionary shifts in the composition of the
repetitive DNA.
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Repetitive content in lochroma cyaneum and related Solanaceae. (a) Phylogenetic relationships from Figure 2. The pie charts for

each species are proportional to genome size. The other long-terminal repeat (LTR) retroelements category includes caulimovirus, ERK, and
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of repetitive content in that window as indicated by the legend in the center. Chromosomes are numbered and ordered following patterns of synteny

with tomato (Figure 4). The length of each chromosome is shown with the outermost ring in units of mega bases

We also examined how this repetitive content was dis-
tributed along chromosomes within the 1. cyaneum genome.
We found that the nonrepetitive genic regions are clustered
at the very ends of the chromosomes while the centromeric
regions tended to be less gene rich and more repetitive
(Figure 3b). While most chromosomes have genic regions at
either end, two of them (chromosomes 2 and 9) have only
a single cluster at one end. This chromosomal organization
(with repetitive DNA most dense at the center and coding
regions at the distal ends) is common for plant genomes and
was also observed in Capsicum (Kim et al., 2014).

3.4 | Collinearity between Iochroma
cyaneum and other Solanaceae

Despite the large difference in genome size between 1. cya-
neum and tomato, we found strong synteny for much of the
genome. Most I. cyaneum chromosomes (1, 2, 4, and 6-10)
were easily aligned to tomato, having only small structural
arrangements between the two taxa. For example, the content
of I. cyaneum chromosome 9 closely matches that of tomato
chromosome 9, although a few areas that match more highly
to sectors of tomato chromosomes 1 and 11 (Figure 4). We

did, however, observe some connections that indicate major
rearrangements between the two taxa. In one clear case, the
roughly 20 Mb at 3 end of tomato chromosome 4 is highly
syntenic with the 5" end of I. cyaneum chromosome 11, sug-
gesting a translocation event (Figure 4). This relationship
between chromosomes 4 and 11 is apparent in our synteny
analysis of I. cyaneum and pepper (Supplemental Figure s4)
but not pepper and tomato (Supplemental Figure s5), which
is consistent with a translocation event specific to the 1. cya-
neum branch of the phylogeny. In fact, visual comparison
of the two synteny maps (tomato vs. I. cyaneum; Figure 4,
and tomato vs. pepper, Supplemental Figure s5) points to
no major shared rearrangements in I. cyaneum and Cap-
sicum, suggesting that instead, most of the translocations and
inversions are lineage specific. This result is consistent with
the relatively short internal branch uniting these two genera
(Figure 2).

4 | DISCUSSION

The family Solanaceae has witnessed an explosion in whole-
genome sequencing accompanied by efforts to expand beyond
crop species into wild relatives (Bolger et al., 2014; Cao et al.,
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FIGURE 4

Patterns of synteny between tomato and lochroma cyaneum. Tomato and 1. cyaneum chromosomes are shown with lines

connecting syntenic segments. Line coloring follows tomato. The length of each chromosome is marked in 25-Mb increments

2021; Wu et al., 2018). Analyses of these new genomes have
solidified aspects of the family’s evolutionary history, such as
the whole-genome triplication at the base of the family (Bom-
barely et al., 2016; Cao et al., 2021; The Tomato Genome
Consortium, 2012) while also revealing the complexities of
the phylogenetic relationships and genomic rearrangements
(Barchi et al., 2019). As the first member of the tomatillo
subfamily (Physalideae) with a chromosome-level assembly,
our analysis of the I. cyaneum genome brings new insights
regarding the radiation of the berry clade and the accompany-
ing changes in genome size, content, and organization.

4.1 | Discordance along the berry clade
backbone

Phylogenetic analyses, including I. cyaneum together with
seven other Solanaceae, point to significant discordance
within the berry-fruited clade Solanoideae. This clade
includes pepper and its allies (Capsiceae), tomatillo and its
allies (Physalideae), and the large genus Solanum and its sis-
ter genus Jaltomata (Solaneae). Recent family-level analyses

with plastid and nuclear markers have shown strong support
for the dominant relationship, with Capsicum more closely
related to Physalis and Jaltomata sister to Solanum (Olm-
stead et al., 2008; Sarkinen et al., 2013). Nevertheless, alter-
native relationships have often appeared in phylogenetic anal-
yses (Bohs & Olmstead, 1997; Olmstead et al., 1999; Smith
& Baum, 2006), and previous phylogenomic analyses sug-
gest extensive discordance involving Capsicum and Jaltomata
(Wu et al., 2018; Wheeler et al., 2022). Our Bayesian con-
cordance analysis expands the scope of this discordance, as
the relationship of 1. cyaneum to these two taxa is also highly
variable across the genome. Following previous family-level
studies (Olmstead et al., 2008; Sarkinen et al., 2013), we
expected I. cyaneum to be most closely related to Capsicum,
and indeed, 43% of the genes in the genome are estimated
to follow this dominant history (Figure 2a). However, many
genes show alternative resolutions, that is, with Capsicum sis-
ter to Jaltomata (22%) or Jaltomata sister to lochroma (10%)
(Figure 2b). Meanwhile, the position of Jaltomata is nearly
evenly split across gene trees between appearing as sister to
Solanum (31%) vs. sister to Capsicum + lochroma (32%).
These patterns contrast with other nodes in the tree (e.g.,
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the common ancestor of Solanum, the common ancestor of
Solanaceae), where nearly all genes share the same under-
lying history. The high discordance along the backbone of
the berry clade may reflect a range of evolutionary processes
including hybridization and introgression or incomplete lin-
eage sorting because of rapid radiation or large population
sizes (Maddison, 1997). In the case of I. cyaneum, the large
difference between the dominant history (43% for Capsicum
sister) and the minor histories (22 and 10%) is most consistent
with incomplete lineage sorting (Baum, 2007). Expanding the
phylogenomic analysis to include other major lineages of the
large and diverse berry clade (~2,000 species) would be valu-
able to distinguish among these possible causes.

4.2 | Gene family evolution in Iochroma
cyaneum

Although quite similar in total genome size, our annotation
pipeline retrieved more gene models in /. cyaneum than were
estimated in pepper (38.6 vs. 34.9 K, Table 1), and we esti-
mate a slightly higher proportion of nonrepetitive (including
genic) content in I. cyaneum (30.6 vs. 27.7%). Consistent with
the possibility of gene family expansion along the I. cyaneum
lineage, the orthogroup analysis recovered a larger number of
unique orthogroups compared with pepper and more genes
in those orthogroups (Figure 1). Using maximum likelihood
birth—death models, we estimated significant expansions in
1,305 gene families (Supplemental Table s2), and we found
that these families were enriched for function in pollen recog-
nition (Supplemental Figure s3). The BLAST searches sug-
gest that these orthogroups, which are significantly expanded
in I. cyaneum and involved in pollen recognition, are G-
type lectin S-receptor-like serine/threonine-protein kinases.
Receptor kinases are known to play an important role in
sporophytic self-incompatibility in the Brassiceae, but they
have not been documented to be involved in pollen recog-
nition in species with gametophytic self-incompatibility like
Solanaceae (Kachroo et al., 2001; McCubbin & Kao, 2000).
Beyond pollination, these G-type lectin receptor-like kinases
are known to be involved in other aspects of signaling, in
particular, mediating responses to insect attacks (Gilardoni
et al., 2011). Plant—insect interactions have emerged as major
drivers of genome evolution, especially in Solanaceae (De-la-
Cruz et al., 2021; Fan et al., 2020), and our findings from I.
cyaneum suggest that lectin receptor-like kinases merit addi-
tional investigation as mediators of these interactions (Sun
et al., 2020).

43 |
DNA

Diversity and distribution of repetitive

With a genome estimated at 3.2 Gb with flow cytometry
(Gates et al., 2016) and 2.7 Gb in our reference assembly

(Table 1), I. cyaneum presents the largest diploid genome
sequenced in the Solanaceae thus far and is most similar in
size to pepper. The large size of the pepper genome com-
pared with tomato was attributed to the expansion of repetitive
content and, in particular, to LTR retroelements (Kim et al.,
2014). Using a single pipeline for six Solanaceae species, we
estimated that the proportion of the genome occupied by LTRs
in I. cyaneum is even higher than in pepper and roughly 1.5
times that in tomato (Supplemental Table s5). We also uncov-
ered a high turnover in the type of LTR retrotransposon in
L. cyaneum, which has much higher proportion of Gypsy ele-
ments compared with pepper (81 vs. 55%) and a correspond-
ingly smaller proportion of the other classes of retroelements
(Figure 3; Supplemental Table s5). Thus, while the genomes
of these species are both composed of over 60% LTR retro-
transposons, the individual classes of element have shifted
dramatically in frequency possibly because of repeated rounds
of transposable element expansion and contraction (i.e., the
genomic ‘accordion’; Kapusta et al., 2017). Although LTR
retrotransposons, like other transposable elements, seem to
be largely inactive (Feschotte et al., 2002), lineage-specific
amplification and contractions are often uncovered in compar-
ative genomic analyses in plants (e.g., Lee et al., 2017; Zhang
et al., 2019). Whole-genome duplications and hybridization
events are hypothesized to trigger transposable element pro-
liferation (Wendel et al., 2016), offering an intriguing area
for future research given the apparent frequency of hybridiza-
tion in Jochrominae (Smith & Baum, 2006) and possibly more
broadly in the tomatillo clade (Zamora-Tavares et al., 2016).

As in many plant genomes, we also found that the repeti-
tive content in the 1. cyaneum genome occurs in the centers
of the chromosomes with genic regions clustered at the tips
(Figure 3b). This organization is common to plants with meta-
centric chromosomes, and the repetitive content plays a key
role in coordinating chromosome movement during meiosis
and mitosis (Nagaki et al., 2003; Zhong et al., 2002). All 12
chromosomes of I. cyaneum are metacentric, and such highly
symmetric karyotypes are typical in the genus (Deanna et al.,
2018). Tomato and pepper share this karyotype (mostly or all
metacentric; Chiarini et al., 2018) and, in turn, this chromo-
somal organization, with an expanse of repetitive content at
the center and gene-rich content only near the ends (Jouffroy
etal., 2016; Kim et al., 2014).

Despite their similarity in genome organization, patterns
of synteny between these three taxa suggest several major
rearrangements. The comparison of tomato and I. cyaneum
revealed regions of up to 50 Mb with disrupted synteny, likely
because of translocations toward the ends of chromosomes
4,5, 11, and 12 (Figure 4). Given that I. cyaneum is more
closely related to pepper than to tomato, we expected fewer
rearrangements between them, but instead observed less syn-
teny than with tomato (Supplemental Figure s4). These results
suggest that genomic events, such as large translocations,
inversions, and deletions, are frequent at this ~20-million-yr
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intergeneric-scale (Barchi et al., 2019) and that a much denser
taxon sampling will be needed to infer the order and timing
of any particular event. The addition of a high-quality ref-
erence genome for Physalis (Lemmon et al., 2018) will aid
in determining which of the rearrangements that appear dis-
tinct to I. cyaneum are in fact shared more widely across the
tomatillo clade. Karyotypic analyses across Physalideae point
to several shifts in chromosome size, symmetry, and num-
ber that can help to guide taxon sampling (Deanna et al.,
2018; Rodriguez et al., 2020). With more targeted sampling
across the berry clade, together with the development of new
comparative genomic tools (e.g., GENESPACE; Lovell et al.,
2018), we may look toward building a berry core genome that
captures the shared elements in the fleshy-fruited common
ancestor as well as a pangenome that spans the genomic diver-
sity of the clade.

S | CONCLUSIONS

With clusters of genomes emerging around crop species of
Solanaceae, our challenge now is to expand in terms of phy-
logenetic diversity using wild species to span the connec-
tions between these clusters. The berry clade of Solanaceae
comprises roughly 50 genera (Hunziker, 2001), but the 20
genomes sequenced thus far include only five of these. As
a member of the tomatillo clade, the addition of 1. cyaneum
splits the evolutionary path between pepper and tomato with
slightly closer affinity to pepper. Nevertheless, our phyloge-
netic analyses reinforce and expand the findings of Wu et al.
(2018), namely that the relationships among berry clade gen-
era are highly discordant across the genome. This discor-
dance has important implications for downstream applications
of these comparative genomics resources. For example, the
genes that underlie traits of interest, such as fruit character-
istics or secondary metabolites, may not follow the inferred
species tree, potentially leading to incorrect inferences about
the number and timing of evolutionary transitions (Hahn &
Nakhleh, 2016). Moreover, the disagreement about relation-
ships means there is no clear sister group for genomic com-
parison with crop-containing genera (Solanum, Capsicum).
Instead, functional comparative studies will need to make
use of the suite of sequenced berry clade genomes to recon-
struct gene histories and dissect the origins of mutations with
functional consequences (Martin & Orgogozo, 2013). Adding
genomic resources for other genera is unlikely to resolve the
deeply discordant backbone of the berry species tree but will
allow us to build a more complete picture of the evolutionary
diversification of this economically important clade of plants.
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