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Abstract

Although the Compositae harbours only two major food crops, sunflower and lettuce, many other species in this fam-

ily are utilized by humans and have experienced various levels of domestication. Here, we have used next-generation

sequencing technology to develop 15 reference transcriptome assemblies for Compositae crops or their wild relatives.

These data allow us to gain insight into the evolutionary and genomic consequences of plant domestication. Specifi-

cally, we performed Illumina sequencing of Cichorium endivia, Cichorium intybus, Echinacea angustifolia, Iva annua,

Helianthus tuberosus, Dahlia hybrida, Leontodon taraxacoides and Glebionis segetum, as well 454 sequencing of

Guizotia scabra, Stevia rebaudiana, Parthenium argentatum and Smallanthus sonchifolius. Illumina reads were

assembled using Trinity, and 454 reads were assembled using MIRA and CAP3. We evaluated the coverage of the

transcriptomes using BLASTX analysis of a set of ultra-conserved orthologs (UCOs) and recovered most of these

genes (88–98%). We found a correlation between contig length and read length for the 454 assemblies, and greater

contig lengths for the 454 compared with the Illumina assemblies. This suggests that longer reads can aid in the

assembly of more complete transcripts. Finally, we compared the divergence of orthologs at synonymous sites (Ks)

between Compositae crops and their wild relatives and found greater divergence when the progenitors were

self-incompatible. We also found greater divergence between pairs of taxa that had some evidence of postzygotic

isolation. For several more distantly related congeners, such as chicory and endive, we identified a signature of intro-

gression in the distribution of Ks values.
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Introduction

The domestication of plants represented a critical devel-

opment in human history that permitted the establish-

ment of large, sedentary civilizations. Consequently,

unravelling the origin of crops, as well as the molecular

and genetic changes that accompany domestication and

crop diversification represents an important undertaking.

Until recently, such studies were confined to a handful

of crops of major economic and nutritional importance,

such as maize, wheat and rice (Burger et al. 2008). How-

ever, advances in next-generation sequencing technology

have allowed the extension of genomic knowledge

beyond these species to a wider array of crops and their

wild relatives (e.g. Dempewolf et al. 2010; Agarwal et al.

2012; Scaglione et al. 2012). This information will not

only be an important agronomic resource, but it will also

improve the understanding of the genomic basis of

domestication and adaptation.
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The Compositae (Asteraceae) is one of the largest and

most successful flowering plant families. Despite the

large number of species in this family, only two –

sunflower and lettuce – have become major food crops.

However, there are many other species in the Composi-

tae that have been cultivated by humans and attained

various degrees of domestication. Although the number

of species in the Compositae that have been strongly

domesticated is disproportionately small compared with

some other groups, such as the Fabaceae or Poaceae, no

other family has been cultivated for such a wide variety

of uses (Dempewolf et al. 2008). Species in the family

have been domesticated for seed oil (e.g. sunflower),

edible leaves (e.g. lettuce), edible inflorescences or stems

(e.g. globe artichoke), tubers and roots (e.g. yacon), phy-

tochemicals (e.g. guayule), and ornamental flowers (e.g.

gerbera). This diversity of uses makes investigations into

the genomic basis of domestication in this group particu-

larly interesting.

Here, we describe the development of genomic

resources for 12 Compositae species (Table 1): Cichorium

endivia (chicory, wild and cultivated), Cichorium intybus

(endive, wild and cultivated), Echinacea angustifolia, Iva

annua (sumpweed), Helianthus tuberosus (Jerusalem arti-

choke), Dahlia hybrida, Leontodon taraxacoides, Glebionis

segetum (corn chrysanthemum), Guizotia scabra ssp.

schimperii, Stevia rebaudiana (sweetleaf), Parthenium

argentatum (guayule) and Smallanthus sonchifolius (yac�on).

Most of these species are crops, or crop wild relatives,

and have been cultivated for a wide variety of uses. Simi-

lar to lettuce, chicory and endive are native to the Old

World and are grown mainly for their edible leaves,

although chicory is also grown for its tubers (Kiers et al.

2000). Echinacea, native to North America, is cultivated

Table 1 Location information for Compositae crops and their wild relatives targeted in this study and the tissue type sampled

Taxon Common name Collection locality Collection ID Tissue type

Cichorium endivia ssp.

pumilum (wild)

Endive Pakistan PI 652029 Seedling

Cichorium endivia ssp.

endivia (cultivar)

Endive Germany PI 503595 Seedling

Cichorium intybus (wild) Chicory Krasnodar, Russian

Federation (latitude 45.033,

longitude 35.977)

PI 652028 Seedling

Cichorium intybus (cultivar) Chicory – Witloof Germany PI 504468 Seedling

Dahlia hybrida Dahlia ‘Thomas Edison’ NA NA Leaves, flowers

Echinacea angustifolia (wild) Coneflower Oklahoma, United States,

Section 24, T19N, R2W,

Logan County 36.1–97.367

PI 421331 Seedling

Glebionis segetum Corn chrysanthemum Cleden-cap-Sizun, Finistere,

France

PI 586603 Seedling

Glebionis segetum (wild) Corn chrysanthemum Porto, Portugal. Between

Lordelo do Ouro and Porto,

Douro Litoral Province.

Latitude 41.15, Longitude -8.633

PI 641689 Seedling

Iva annua Sumpweed Granite City, IL Latitude 38.804

Longitude -90.114

NA Seedling

Leontodon taraxacoides Lam.

ssp. saxatilis

Lesser hawkbit Oregon, Benton City, OSU campus,

vacant lot at corner of SW 11th

St and Washington

NA Seedling

Helianthus tuberosus (wild) Jerusalem artichoke Ohio, United States, Hwy. 81W,

16.8 km west of Ada, Allen County.

Latitude 40.733, Longitude -84.017

PI 547230 Seedling

Guizotia scabra (wild) ssp.

schimperii

Mech Jimma. Ethiopia. 5 km from Jimma

on the way to Bonga, 1775 m evolution.

Latitude 7.626, Longitude 36.760

RC-4 Seedling

Stevia rebaudiana Sweetleaf Garden origin, West Coast Seeds,

B.C. Canada

NA Seedling

Parthenium argentatum Guayule NA PI 478640 Roots, leaves,

flowers, stem

Smallanthus sonchifolius Yacon Peru CIP 205029 Roots, leaves,

flowers, stem
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for its believed immunostimulator properties (Percival

2000). There are several oil producing seed crops in the

Compositae including sunflower, safflower (Carthamus

tinctorius) and noug (Guizotia abyssinica), of which

G. scabra ssp. schimperii is thought to be its closest living

wild relative. Sumpweed was once cultivated by North

American First Nations people for its edible seeds, but

was abandoned prior to the arrival of Europeans, perhaps

due to its allergenic properties (Diamond 1997). Yac�on

and Jerusalem artichoke, both of which are New World

crops, have been domesticated for their inulin-rich tuber-

ous roots (Dempewolf et al. 2008). Many species of the

Compositae are cultivated as ornamentals, including dahl-

ias, originating mainly in Mexico (Saar et al. 2003), and

chrysanthemums. Corn chrysanthemum, native to Europe

and the Mediterranean, is grown as an ornamental, but is

no longer considered to be part of the economically

important florist chrysanthemum genus (Paciolla et al.

2010). Sweetleaf, native to Paraguay, is propagated as a

sweetener (Brandle et al. 1998), and guayule, native to the

south-west United States and Mexico, is cultivated as a

source of natural rubber (Ray 1993). We have also

sequenced the transcriptome of Leontodon taraxacoides, a

weed originating in Europe and introduced into the Uni-

ted States, which is being developed as a small genome

model for the Compositae. The genome size of this

species (0.29 Gb, E. Baack & L. H. Rieseberg, unpub-

lished) is dwarfed by other members of the family,

which usually have genomes exceeding 1 Gb (Bennett &

Leitch 2012).

The Compositae also harbours many of the world’s

most notorious weeds and several Compositae crops are

closely related to weedy taxa. Genomic resources will be

valuable for detecting gene flow between various crops

and their wild and weedy relatives. Such gene flow can

have implications for the spread of genetically engi-

neered genes from crops into wild species (Ellstrand

2003; Snow et al. 2003) or contamination of seed lots by

foreign germplasm (Bateman 1947a,b; Warburton et al.

2011). More generally, the study of gene flow between

domesticated species and their progenitors could give

insight into the strength of reproductive barriers and the

process of speciation (Dempewolf et al. 2012), as well as

the evolutionary consequences of hybridization and

introgression (Hufford et al. 2013). Although there have

been an increasing number of studies using genetic

markers to estimate gene flow between cultivated and

weedy populations (Arias & Rieseberg 1994; Ellstrand

2003; Song et al. 2003; Hufford et al. 2013), there have

been few genome-wide studies especially across multiple

crop/wild species pairs.

Two Compositae crops, lettuce and sunflower are

particularly interesting with respect to their histories

of domestication and invasiveness. Sunflower was

domesticated in North America, yet today, H. annuus

and many taxa in the genus are naturalized or invasive

in Europe (Rehorek 1997; Forman 2003). High levels of

gene flow between cultivated and weedy sunflower are

known to occur (Arias & Rieseberg 1994; Linder et al.

1998; Burke et al. 2002) fuelling debates about transgene

escape in the evolution of ‘super weeds’ (e.g. Burke &

Rieseberg 2003; Ellstrand 2003; Snow et al. 2003). Lettuce

was domesticated in the Mediterranean region, yet its

progenitor, prickly lettuce (L. serriola), and several other

taxa in the genus are considered weeds in the United

States. There are also concerns about wild-crop gene

flow in a number of other Compositae crops, including

chicory (Kiær et al. 2007, 2009) and safflower (Berville

et al. 2005a). These concerns are often well founded due

to sympatry of crops with weedy and wild relatives,

high outcrossing rates, and few postzygotic barriers

between crops and their progenitors or feral weeds.

The genomic resources that we have developed are

a valuable resource for future population and compar-

ative genomic analyses of crop and weed evolution.

We also compared de novo assemblies across platforms

and correlated features of the read sets and the final

assemblies to examine the impact of different sequenc-

ing strategies on the quality of the final assemblies. In

addition, we used the resulting assemblies as well as

others previously generated by the Compositae Gen-

ome Project, to examine divergence between crops

and their putative progenitors and to consider evi-

dence for introgression between crops and their wild

relatives.

Materials and methods

Library development and sequencing

Upon harvesting tissue (see Table 1 for tissue types), we

instantly froze it in liquid nitrogen and then stored it in a

�80°C freezer. We extracted total RNA using the TRIzol

reagent (Invitrogen)/RNeasy (QIAGEN) approach as

described in Lai et al. (2006). For 454 sequencing (454 Life

Sciences, Branford, CT, USA), we employed modified

oligo-dT primers during cDNA synthesis to reduce the

length of mononucleotide runs associated with the poly

(A) tail of mRNA. For yac�on, we used a ‘broken chain’

short oligo-dT primer to prime the poly(A) tail of mRNA

during first strand cDNA synthesis (Meyer et al. 2009).

cDNA was amplified and normalized with the TRIM-

MER-DIRECT cDNA Normalization Kit. Then, normal-

ized cDNA was prepared for sequencing following the

standard genomic DNA shotgun protocol recommended

by 454 Life Sciences. For cDNA synthesis of the other

libraries, we either used the broken chain short oligo-dT

primer described above or two different modified

© 2013 John Wiley & Sons Ltd
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oligo-dT primers: one to prime the poly(A) tail of mRNA

during first strand cDNA synthesis and another to fur-

ther break down the stretches of poly(A) sequence dur-

ing second strand cDNA synthesis (Beldade et al. 2006).

We then normalized and amplified the cDNA using the

TRIMMER-DIRECT cDNA Normalization Kit as above.

After normalization, we fragmented the cDNA to 500-

to-800-bp fragments by either sonication or nebulization

and size selected to remove small fragments using AM-

Pure SPRI beads (Angencourt, Beverly, MA, USA). Then,

the fragmented ends were polished and ligated with

adaptors. The optimal ligation products were selectively

amplified and subjected to two rounds of size selection

including gel electrophoresis and AMPure SPRI bead

purification (Lai et al. 2012b).

For Illumina sequencing, we used two different meth-

ods. For dahlia, a non-normalized RNA-seq library was

prepared by the Genome Sciences Center as recom-

mended by Illumina. For the remaining species, cDNA

was synthesized using the SMART PCR cDNA Synthesis

Kit (Clontech, Palo Alto, CA, USA) and then normalized

with the TRIMMER-DIRECT Kit. We then prepared the

normalized libraries for sequencing as recommended by

Illumina. After, we determined the fragment size distri-

butions on a Bioanalyzer (Agilent Technologies, Santa

Clara, CA, USA) and the concentrations with PicoGreen

(Invitrogen).

We sequenced the 454 EST libraries on GS-FLX

machines (454 Life Sciences) at the David H. Murdock

Research Institute (DHMRI) or Genome Quebec using

the standard 454 Titanium chemistry. We sequenced

dahlia at the GSC on the Illumina GAII, and the remain-

ing Illumina libraries on the UBC BioDiversity Research

Center Illumina HiSeq2000.

Transcriptome processing and assembly

We used the pipeline SnoWhite version 2.0.2 (http://

evopipes.net/snowhite.html; Barker et al. 2010) to filter

the Illumina and 454 data using a minimum phred score

set to 20. Illumina data were assembled with the

program Trinity (http://trinityrnaseq.sourceforge.net/)

using the butterfly parameters – ‘bfly_opts, edge-

thr=0.05’ – to increase its ability to distinguish close para-

logs. We used MIRA version 3.2.1 (Chevreux et al. 2004)

using the ‘accurate.est.denovo.454’ assembly mode to

assemble the 454 data. As MIRA can split up high cover-

age contigs, we used CAP3 at 94% identity to further

assemble the MIRA contigs and singletons (Huang &

Maden 1999). We only retained contigs from the MIRA

and CAP3 assemblies >200 bp to make the Trinity

assemblies and the MIRA/CAP3 assemblies comparable.

We assessed the assembly quality using a number of

metrics. We examined the number of unigenes, the

assembly length, average unigene length, maximum

unigene length, as well as the proportion of ultra-

conserved orthologs (UCOs) detected using the NCBI

program BLASTX and an e-value threshold of 10�10 and

an alignment length of 30 amino acids or more. The

UCOs are 357 single-copy genes that are shared by

Arabidopsis thaliana, humans, mice, yeast, fruit flies and

Caenorhabditis elegans (A. Kozik, unpublished; http://

compgenomics.ucdavis.edu/compositae_reference.php).

We also determined the percentage of UCOs that were at

least 80% of the length of the corresponding A. thaliana

protein to estimate the number of transcripts that were

close to full length in our assembly. Lastly, we evaluated

the proportion of recently duplicated paralogs in the

assembly, by analyzing duplicate gene age distributions

using the DupPipe pipeline (Barker et al. 2008, 2010). We

performed this analysis because assemblies of short

reads or overaggressive assemblies can fail to distinguish

between recently diverged paralogs. We used linear

models to compare platforms and examine how features

of the read set influence metrics of assembly quality (lm

in R).

Ortholog identification and divergence

For several Compositae crops, we had transcriptomes

from the crop and their wild relatives [globe artichoke

(Cynara cardunculus var. scolymus), cardoon (Cynara

cardunculus var. altilis)], Jerusalem artichoke, noug,

safflower, chicory, endive, lettuce and sunflower (Table

S2, Supporting information). Using assemblies available

from the Compositae Genome Project website (Barker

et al. 2008; Heesacker et al. 2008; Lai et al. 2012a; Scagli-

one et al. 2012; Dempewolf et al. 2008) as well as those

from this publications, we identified orthologs between

congeneric taxa using reciprocal best hits and deter-

mined the number of synonymous substitutions per syn-

onymous site (Ks) using the same methods as described

in Kane et al. (2009). Briefly, using results from a

BLASTX to the UniProt plant protein database, we pre-

dicted proteins using hidden Markov models with the

program Wise 2.2 (Birney et al. 2004). Following this, we

aligned orthologous proteins with MUSCLE3.7 (Edgar

2004), reverse translated the alignments with Rev-

Trans1.4 (Wernersson & Pedersen 2003) and used

codeml from PAML4.5 to calculate Ks values (Yang 1997,

2007). We examined the average Ks values between crops

and their wild relatives to determine if features of their

domestication history, or reproductive barriers were

associated with the degree of divergence. Specifically,

we examined whether the strength of the domestication

syndrome (Dempewolf et al. 2008), mating system, self-

incompatibility system (crop and progenitor) and history

of domestication (Table S4, Supporting information)
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were associated with divergence. We also used reports

in the literature to determine whether there were any

postzygotic barriers to gene flow, such as reduced cross-

ability of the crop and the wild relative, reduced fitness

of the F1 hybrids or later generations (Table S4, Support-

ing information).

Many of these crop taxa co-occur and potentially

hybridize with their wild relatives. To test for hybridiza-

tion, we examined the distribution of Ks values for ortho-

logs, which should be centred around a Ks value

reflecting the time as the most recent common ancestor

of the taxa involved, while a secondary peak at a lower

Ks value can be attributed to more recent gene flow

(Wang & Hey 2010). To identify significant peaks in the

ortholog Ks distribution, we used SiZer (Chaudhuri &

Marron 1999). Then, we used EMMIX (McLachlan et al.

1999) to determine the location of significant peaks in the

range 0 < Ks < 0.1. The optimal number of peaks was

inferred as the model that minimizes the Bayesian infor-

mation criterion. Gene ontology (GO) categorization was

performed on the genes found in introgressed and non-

introgressed peaks from the EMMIX analysis, using

BLASTX searches with an e-value threshold of 10�10

against TAIR10 proteins (http://www.arabidopsis.org/).

We tested for differences in GO annotations between

putative introgressed genes and nonintrogressed genes

using Fisher’s exact test in R (R Core Team, 2013) and

used the false discovery rate comparison to correct for

multiple tests (Storey 2002).

Databases

We have archived the assemblies generated by this study

on the Compositae Genome Project Database (http://

compgenomics.ucdavis.edu/) and the raw data at the

Short Read Archive (SRP020001). In addition, we have

placed the reference assemblies in Dryad (doi:10.5061/

dryad.cp723).

Results

Transcriptome sequencing

We sequenced, on average, 3.1 Gb using the Illumina

platform representing 34.4 Gb of sequence in total for 10

libraries in eight different species (Table S1, Supporting

information). Our stringent filtering with the pipeline

SnoWhite resulted in a large reduction of reads for the

Illumina assemblies (mean read reduction = 23.2%). This

was largely due to the removal of short reads after

trimming adapters, poly-A/T, and low-quality ends. For

the four 454 assemblies, we sequenced on average

479.13 Mb for four different species. The filtering of the

454 data resulted in only 1.9% decrease on average in the

number of reads for G. scabra ssp. schimperii and sweet-

leaf, but yac�on and guayule had a larger number of reads

removed due to the shorter length of the original reads

for these libraries (Table S1, Supporting information).

The assembly statistics for the Illumina and 454

transcriptomes are shown in Table 2. The number of

unigenes, as well as the total length of the assembly,

was significantly correlated with the total amount of

sequence data for the Illumina assemblies (contig num-

ber: t9 = 2.42, P < 0.05; assembly length: t9 = 4.62,

P < 0.01), but not the 454 assemblies (contig number:

t2 = 0.23, P = 0.84; assembly length: t2 = 0.71, P = 0.55),

probably partly due to the small number of 454 assem-

blies. For the Trinity assemblies, the number of compo-

nents (unique isoforms) was also correlated with the

amount of sequence, although the relationship was not

as strong (t9 = 2.12, P = 0.063). For the 454 assemblies,

average length of the contigs and the number of long

UCO transcripts were associated with read length,

despite the small sample size (contig length: t2 = 6.35,

P < 0.05; UCO length: t2 = 6.63, P < 0.05). Read length

was not tested for the Illumina platform as all the

libraries had the same read length (100 bp paired end)

with the exception of dahlia. The total amount of

sequence was not correlated with average contig length

for the Illumina data, but it was marginally significant

for the 454 platform (Illumina: t9 = �0.28, P = 0.78; 454:

t2 = 3.79, P < 0.10). The percentage of close paralogs (%

paralogs with Ks < 0.1) was not correlated with the

amount of sequence data for either platform (Illumina:

t9 = 1.09, P = 0.31; 454: t2 = 0.90, P = 0.46), although it

was negatively correlated with the average length of the

unigenes for Illumina, but not 454 (Illumina: t9 = �3.38,

P < 0.01; 454: t2 = 0.52, P = 0.65). Similarly, the percent-

age of close paralogs was positively correlated with the

total number of unigenes for Illumina, but not 454 (Illu-

mina: t9 = 3.64, P < 0.01; 454: t2 = �1.59, P = 0.25).

The average length of the unigenes differed between

the two platforms (Illumina mean = 585; 454 mean =
828; t13 = �4.29, P < 0.001), and the total assembly length

was marginally significant (Illumina mean = 42.14 Mbp;

454 mean = 54.3 Mbp; t13 = �1.95, P = 0.077). The two

platforms did not differ significantly in the number of

unigenes (Illumina mean = 74 326; 454 mean = 64 983;

t13 = �1.53, P = 0.15) and the percentage of long UCOs

(t13 = �0.078, P = 0.93; Illumina mean = 43.4; 454

mean = 43.9). The number of UCOs recovered was high

and was over 94% for all of the assemblies except for one

G. segetum Illumina assembly and the P. argentatum 454

assembly. These two assemblies had among the lowest

numbers of Mbp sequenced for their respective plat-

forms. For the Illumina assemblies, the number of reads

was relatively low for de novo assemblies after filtering

(mean = 20.1 million reads), but we were still able to

© 2013 John Wiley & Sons Ltd
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detect most of the UCOs (mean = 96.6%). Similarly, for

the 454 assemblies, we had significant blast hits to most

of the UCOs (mean = 93.8%). The ability to detect close

paralogs differed significantly between the platforms

(Illumina mean = 33.02 � 1.6; 454 mean = 49.81 � 5.51;

t13 = �4.08, P < 0.001).

Divergence of crops and wild relatives and evidence of
hybridization

Using de novo transcriptome assemblies from the

Compositae Genome Project (Barker et al. 2008; Heesack-

er et al. 2008; Dempewolf et al. 2010; Lai et al. 2012a;

Scaglione et al. 2012), including those published here, we

were able to compare divergence of orthologs at synony-

mous sites between crops and their wild relatives for

nine species pairs (Tables 3, S2 and S4, Supporting infor-

mation). For several species pairs (globe artichoke,

cardoon, noug, lettuce and sunflower), we were able to

compare multiple transcriptomes. The estimated average

divergence agreed very well when replicated across

multiple transcriptomes for the same species pairs,

even when different sequencing platforms were used

(Tables S2 and S3, Supporting information). For exam-

ple, average divergence between wild cardoon and

globe artichoke was identical for both 454 and Illumina
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Table 3 The average synonymous substitution rates (Ks) for

comparisons of Compositae crops and their relatives

Species comparison Ks

Cynara cardunculus

var. scolymus

Cynara cardunculus var.

sylvestris

0.022

Cynara cardunculus

var. altilis

Cynara cardunculus var.

sylvestris

0.022

Helianthus tuberosus

(cultivated)

Helianthus tuberosus

(wild)

0.04

Guizotia abyssinica Guizotia abyssinica ssp.

schimperi

0.051

Carthamus tinctorius Carthamus palastinus 0.027

Cichorium intybus

(cultivated)

Cichorium intybus

(wild)

0.034

Cichorium endivia

ssp. endivia

Cichorium endivia ssp.

pumilum

0.035

Lactuca sativa Lactuca serriola 0.02

Helianthus annuus

(cultivated)

Helianthus annuus

(wild)

0.044

Cynara cardunculus

var. scolymus

Cynara cardunculus

var. altilis

0.022

Cichorium endivia Cichorium intybus 0.065

Helianthus annuus Helianthus tuberosus 0.053

Lactuca sativa Lactuca virosa 0.057

Helianthus annuus

(wild)

Helianthus annuus

(weedy)

0.048

Carthamus tinctorius Carthamus oxyacanthus 0.027
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assemblies, and estimates of divergence between lettuce

(Lactuca sativa) and prickly lettuce (Lactuca virosa) were

very similar when either Sanger or Illumina prickly let-

tuce assemblies were used. The average divergence

between crops and their wild relatives was 0.032 and

ranged from 0.022 in cardoon and lettuce to 0.051 in

noug. We also examined divergence between other

closely related species that may have had a history of

introgression (Tables 3; S2 and S3, Supporting informa-

tion). Estimates of average divergence were the highest

between endive and chicory (both cultivated and wild

accessions) and were similar across all four comparisons

(mean = 0.065). Divergence between sunflower (domesti-

cated and wild accessions) and Jerusalem artichoke

accessions was more variable and averaged 0.053 (range

0.049–0.065), while divergence between lettuce and bitter

lettuce averaged 0.057.

We examined whether there were any features of the

crop/progenitor pairs that might be associated with

divergence at silent sites (Table S4, Supporting informa-

tion). We found no association between divergence and

the degree of domestication (semi-domesticated crops =
0.034 � 0.007; strongly domesticated = 0.032 � 0.004;

t7 = �0.24, P = 0.83), the history of domestication

(<4000 years = 0.031 � 0.004; >4000 years = 0.036 �
0.007; t7 = �0.65, P = 0.54), or self-compatibility in the

crop (SC = 0.028 � 0.004; SI = 0.042 � 0.005; t7 = 2.06,

P = 0.08). However, self-incompatible progenitor species

were significantly more divergent from their crop

relatives compared with self-compatible progenitor

species (SC = 0.025 � 0.003; SI = 0.042 � 0.004; t7 = 3.89,

P < 0.01). But, with the exception of chicory, which had

the lowest divergence for this group, all of the self-

incompatible progenitors were found in the Heliantheae

or Millerieae tribes (Table S4, Supporting information).

When the species in these tribes were compared to the

other species, they had significantly higher average Ks

values (other tribes = 0.027 � 0.003; Heliantheae or

Millerieae = 0.045 � 0.003; t7 = 4.15, P < 0.01). Only two

crops/progenitor pairs (sunflower and noug) had some

evidence of postzygotic isolation in the literature,

although in both cases fertile offspring are still produced

(Table S4, Supporting information). These two species

had significantly greater average divergence from their

progenitors compared with the other crop/progenitor

pairs (no postzygotic barriers = 0.029 � 0.003; postzyg-

otic barriers = 0.048 � 0.004; t7 = 3.17, P < 0.05). When

we included prezygotic barriers, such as assortative

mating due to selfing, there was no difference in diver-

gence between crops and their progenitors (no barri-

ers = 0.028 � 0.006; barriers = 0.035 � 0.005; t7 = 0.92,

P = 0.37). A similar pattern was seen when we expanded

the analysis to include comparisons of other congeneric

species (e.g. sunflower vs Jerusalem artichoke; Table S4,

Supporting information): species pairs with known

postzygotic barriers had significantly higher divergence

compared with those without known postzygotic barri-

ers (no postzygotic barriers = 0.030 � 0.003; postzygotic

barriers = 0.054 � 0.003; t13 = 3.32, P < 0.01), but when

prezygotic barriers were also included, there was no

significant difference (no barriers = 0.031 � 0.006; barri-

ers = 0.043 � 0.005; t13 = 1.35, P = 0.20).

Most of the crops and their wild relatives exhibited

little divergence across orthologs and the distribution of

Ks values decayed exponentially, which is expected in

comparisons of individuals from the same species, sug-

gesting ongoing gene flow. Because of this, we were

unable to examine the distribution of Ks values for multi-

ple peaks to assess the presence of recent introgression

for many crop–progenitor pairs. However, with noug

and its progenitor, G. scabra ssp. schimperii, we found

signs of divergence followed by recent gene flow (Fig. 1a;

Table S3, Supporting information), with a recent peak at

0.0081 on average. No GO terms were significantly over-

represented in the set of putatively introgressed genes

for either of the two comparisons made. We also found

evidence of introgression in the comparison of endive

and chicory, which was replicated in all four compari-

sons of the wild and cultivated accessions, with a recent

peak at 0.0085 on average (Figs 1b; S1, and Table S3,

Supporting information). Similarly, we found evidence

of gene flow in the comparison of lettuce and bitter let-

tuce (Fig. 1c), and in all three comparisons of sunflower

(wild and domesticated accessions) and wild Jerusalem

artichoke (Fig. 1d and S1, Supporting information).

However, this pattern was not evident between sun-

flower (wild and domesticated accessions) and the culti-

vated Jerusalem artichoke accession. After FDR

correction, one of the comparisons between chicory and

endive had GO terms significantly over-represented

(FDR rate = 5%) in the set of putatively introgres-

sed genes. The biological processes that were over-

represented were carbon fixation, ATP synthesis-coupled

electron transport and mitotic cell cycle spindle assembly

checkpoint (Table S3, Supporting information). No other

GO terms were over-represented in our analysis using a

FDR = 5%.

Discussion

Transcriptome sequencing is currently the most cost-

effective method of gene discovery in nonmodel organ-

isms. The central goal of this study was to identify gene

sequences across a wide array of Compositae crops and

their wild relatives, and to this end, we were able to

assemble transcriptomes from 15 samples across 12

different species. These data add to the growing number

of Compositae crop transcriptomes already available

© 2013 John Wiley & Sons Ltd
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and represent an important genomic resource for future

studies.

Transcriptome sequencing methods

For de novo transcriptome assemblies where a broad

characterization of the transcriptome is desired, several

factors have been shown to impact gene discovery

including sequencing depth, normalization and the life

stages/tissue types sampled (Wall et al. 2009; Ekblom &

Galindo 2011; Lai et al. 2012a; Matvienko et al. 2013). A

predominant factor in determining the number of unig-

enes identified in our study was sequencing depth, as

evidenced by the correlation between sequencing depth

and unigene number, as well as assembly length for the

Illumina assemblies. The number of tissues sampled also

may have improved gene discovery. Most of the libraries

that we sequenced were made from seedling tissue; how-

ever, for dahlia, yac�on and guayule, we were able to

sequence multiple tissue types (Table 1). Dahlia had the

greatest number of unigenes, components (unique iso-

forms) and had the highest assembly length out of all the

assemblies. Yac�on had the largest number of unigenes

and the longest assembly for the 454 data, despite having

similar sequence depth to G. scabra ssp. schimperii and

S. rebaudiana, perhaps owing to the multiple tissue types

sampled. However, polyploidy could have also contrib-

uted to the high number of contigs in both cases (Gatt

et al. 1998; Viehmannov�a et al. 2009). One method to

increase the breadth of the transcriptome coverage is

normalization of the cDNA library (Ekblom & Galindo

2011; Lai et al. 2012a). With the exception of dahlia, the

use of normalized libraries in our study probably

improved gene discovery. Consequently, we were able

to identify most of the UCOs (>87% in all cases), suggest-

ing that our sampling of the transcriptome was adequate

to capture a large fraction of the genes across most

species.

For the 454 assemblies, read length had a large impact

on unigene length as both the average length of the unig-

enes and the number of long UCOs were correlated with

read length. Also, the comparison of the average unigene

length of the two platforms revealed a clear advantage to

the 454 assemblies for this metric. Despite the high

coverage, paired-end data and improved assembly

algorithms (e.g. Grabherr et al. 2011; Schulz et al. 2012)

available for short-read data, there are still benefits in

obtaining the longer reads offered by platforms such as
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evidence for introgression was detected. (a) noug and its progenitor (Guizotia scabra ssp. schimperii). (b) chicory (PI 652028) and endive
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Roche 454FLX or the Illumina MiSeq. Simulations have

also found that a mixed platform approach can improve

the number of full length genes through the inclusion

of longer reads (Wall et al. 2009). Although higher

short-read coverage could aid in recovering full-length

genes (Wall et al. 2009), we found no correlation between

average contig length and total sequence for the Illumina

assemblies, even when the octoploid dahlia was

removed from the analysis. For the Illumina data set, the

percentage of close paralogs was negatively correlated

with unigene length and positively correlated with

unigene number. This suggests that the Trinity assem-

bler, although much better at resolving paralogs and

alternatively spliced transcripts than assemblers

designed for genome assembly (Grabherr et al. 2011; Lai

et al. 2012a), results in more fragmented assemblies

when a larger number of paralogs were present. This

could be due to a higher proportion of poorly repre-

sented isoforms in the transcript pool, as Trinity and

other competing assemblers are known to reconstruct

fewer full-length transcripts when transcript abundance

is low (Grabherr et al. 2011; Schulz et al. 2012).

Divergence between crops and wild relatives

Domestication within the Compositae has been recent

for most species, and reproductive barriers between

crops and wild progenitors appear to be weak or absent

in many cases, suggesting that they are the same biologi-

cal species (Table S4, Supporting information). Thus, it is

perhaps not surprising that we failed to find any associa-

tion between divergence at synonymous sites and time

since domestication or the strength of the domestication

syndrome. Average divergence of synonymous sites

from samples taken from the same species should reflect

the species’ effective population size, Ne (Wang & Hey

2010). We found that self-incompatible progenitors had

greater average divergence from their corresponding

crops compared with self-compatible progenitors. Ne is

predicted to be lower within self-fertilizing species as a

consequence of high homozygosity, life histories that

promote genetic bottlenecks and reduced interspecific

gene flow (Charlesworth & Wright 2001; Wright et al.

2008). Indeed, the impact of mating system on within-

population neutral diversity has been frequently demon-

strated (Schoen & Brown 1991; Glemin et al. 2006). Also,

many of the species that were self-incompatible were

from the tribes Heliantheae or Millerieae. The exception

was chicory, which had the lowest divergence of the self-

incompatible species. When Heliantheae and Millerieae

species were compared to the other species, these tribes

had significantly higher average Ks values. There is evi-

dence of a shared whole-genome duplication at the base

of these tribes (Barker et al. 2008) and perhaps erroneous

inclusion of some paralogs inflated the divergence esti-

mates for these comparisons.

Reproductive barriers should result in the accu-

mulation of genetic differences between populations

(Dobzhansky 1940; Coyne & Orr 1989; Hendry &

Taylor 2004). We found that the two species with the

greatest divergence between the crop and the putative

progenitor (noug and sunflower) had evidence for post-

zygotic isolating barriers, although these barriers are

weak in the case of sunflower and the high average Ks

value probably reflects the large effective population

size of this species (Strasburg et al. 2011). However,

when we included estimates of divergence and repro-

ductive isolation of more distantly related congeners,

this pattern was confirmed and is consistent with

findings in many other plant and animal taxa (see

Edmands 2002 for review).

Evidence for introgression

Most comparisons of crops and their closest wild and

weedy relatives revealed little divergence, suggesting

ongoing gene flow or recent divergence. In our compari-

sons of more distantly related taxa, we were able to iden-

tify evidence for introgression in a number of cases. We

found clear evidence for introgression between chicory

and endive in all comparisons. This finding is not unex-

pected as, although there is moderate sterility and reduced

germination of the F1s, hybrids can be readily acquired

under field conditions (Rick 1953). Similarly, noug and

G. scabra ssp. schimperi showed evidence of divergence fol-

lowed by gene flow. There is limited postzygotic isolation

and relatively high crossability between noug and this

taxon as well as others in the genus (Dagne 1994). Also,

unlike sunflower, another oilseed crop in the family, noug

does not exhibit strong signs of artificial selection and

resembles its wild relatives to a greater degree, suggesting

ongoing gene flow (Dempewolf 2011). However, popula-

tion-level studies of noug and its putative progenitor using

SSR markers have found little evidence of hybridization

(Dempewolf 2011). The discrepancy between these results

and ours could reflect differences in timescale, as SSR

markers have much higher mutation rates compared with

synonymous sites (Ossowski et al. 2010). Therefore,

although noug and its progenitor have experienced gene

flow in the past, it may not be ongoing. Alternatively, this

difference could reflect differences in the history of hybrid-

ization among the individuals sampled for the two

studies.

We found unexpected evidence for introgression in

the case of lettuce and bitter lettuce as well as sunflower

and Jerusalem artichoke. Although they are both diploid,

extreme sterility of the hybrids results from crosses

between lettuce and bitter lettuce (Hayes & Ryder 2007).

© 2013 John Wiley & Sons Ltd

COMPOSITAE CROP GENOMIC RESOURCES 9



Bitter lettuce has been used occasionally in lettuce breed-

ing efforts (Ryder 1979; Hayes & Ryder 2007). Also, the

introgression identified in this analysis could reflect

introgression from other species, or perhaps more

ancient introgression, that occurred after the species

diverged, but before reproductive isolation was as com-

plete. Strong reproductive barriers are also found

between sunflower and Jerusalem artichoke that reflect

differences in ploidy. However, wild Jerusalem artichoke

accessions have been used in breeding modern culti-

vated sunflower, so some of the signal may be due to

gene flow into sunflower, but the fact that only one of

Jerusalem artichoke accessions shows this peak indicates

that much of the gene flow was introgression from sun-

flower into H. tuberosus. Insect-mediated hybridization

between the two species has been observed, and annual

sunflower has been used for improvement in some Jeru-

salem artichoke cultivars (Berville et al. 2005b). This may

explain the evidence for introgression found in one of

the comparisons between these two species.

Barriers to gene flow between crops and their wild

relatives have important implications for transgene

escape (Ellstrand 2003), as well as for the genetic

resources available for breeding from wild germplasm

(e.g. disease resistance, herbicide resistance, drought

tolerance; Tanksley & McCouch 1997). The absence of

many postzygotic isolating mechanisms, including

ploidy differences, and several outcrossing or mixed

mating progenitors/crops provide ample potential for

transgene escape in many of the species considered here,

but also abundant genetic variation potentially useful for

future breeding efforts. Our divergence estimates reveal

that there is likely ongoing or recent gene flow between

wild populations and crops in several cases. Indeed

several population studies using molecular markers to

assess hybridization between wild and domesticated

Compositae crops are consistent with this (Arias & Riese-

berg 1994; Kiær et al. 2009; Uwimana et al. 2012). Similar

to many weedy Composites, interspecific gene flow has

left its imprint in the genome of several Compositae

crops and their wild relatives. In the future, it will be

interesting to determine whether any of these putatively

introgressed genes have been important during domesti-

cation and crop improvement.
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