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TRANSCRIPTOME SEQUENCING AND SIMPLE SEQUENCE REPEAT
MARKER DEVELOPMENT FOR THREE M ACARONESIAN ENDEMIC
PLANT SPECIES!
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“Plants Division, Natural History Museum, London SW7 5BD, United Kingdom; and 3Centre for Biological Sciences, University
of Southampton, Southampton SO17 1BJ, United Kingdom

e Premise of the study: Oceanic islands offer unparalleled opportunities to investigate evolutionary processes such as adaptation
and speciation. However, few genomic resources are available for oceanic island endemics. In this study, we publish transcrip-
tome sequences from three Macaronesian endemic plant species (Argyranthemum broussonetii [Asteraceae], Descurainia
bourgaeana [Brassicaceae], and Echium wildpretii [Boraginaceae]) that are representative of lineages that have radiated in the
region. In addition, the utility of transcriptome data for marker development is demonstrated.

Methods and Results: Transcriptomes from the three plant species were sequenced, assembled, and annotated. Between
1972 and 2282 simple sequence repeats (SSRs) were identified for each taxon. Primers were designed and tested for
30 of the candidate SSRs identified in Argyranthemum, of which 12 amplified well across three species and eight were
polymorphic.

Conclusions: We demonstrate here that a single transcriptome sequence is sufficient to identify hundreds of polymorphic SSR
markers. The SSRs are applicable to a wide range of questions relating to the evolution of island lineages.

Key words: Argyranthemum broussonetii; Descurainia bourgaeana; Echium wildpretii; Macaronesia; marker development;

simple sequence repeats (SSRs); transcriptomics.

The availability of next-generation sequencing (NGS) tech-
nology for nonmodel organisms in prime ecological scenarios
has revolutionized evolutionary biology (Egan et al., 2012). An
exciting prospect of NGS is the potential to improve our under-
standing of the genetic basis of processes such as adaptation and
speciation (Stapley et al., 2010; Kelley et al., 2012; Chapman
et al., 2013; Sousa and Hey, 2013; Rius et al., 2015; Twyford
et al., 2015). Volcanic oceanic islands have long served as model
systems for the study of such evolutionary processes (Emerson,
2002); however, the capabilities of NGS for oceanic island en-
demics are only starting to be realized (Kueffer et al., 2014). For
example, NGS approaches have been employed to investigate
the radiation of Darwin’s finches from the Galdpagos Islands
(Lamichhaney et al., 2015) and to untangle the complex phylo-
genetic relationships of Tolpis Adans., a genus of flowering
plants from Macaronesia (Mort et al., 2015). NGS has also been
successfully applied to other “island-like” scenarios such as the
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radiation of cichlid fishes in African and Neotropical lakes (Fan
etal., 2012).

While NGS is becoming more affordable, the cost of obtain-
ing genome-level sequences from multiple individuals or popu-
lation sampling is still high. However, a large genetic resource
from just a single or a few individuals (e.g., a transcriptome
sequence or an expressed sequence tag [EST] library) offers the
ability to produce highly cost-effective PCR-based molecular
markers that can be amplified in many individuals at a fraction
of the cost (Ellis and Burke, 2007). To generate further interest
in this area and to develop a novel genetic resource, we have
sequenced and assembled transcriptome sequences for three
plant species (Argyranthemum broussonetii (Pers.) Humphries
[Asteraceae], Descurainia bourgaeana (E. Fourn.) Webb ex
O. E. Schulz [Brassicaceae], and Echium wildpretii H. Pearson ex
Hook. f. [Boraginaceae]) that belong to three endemic radiations
of Macaronesia (Fig. 1).

Isolated oceanic archipelagos are botanically diverse and rich
in endemic species, making them ideal systems to investigate the
origin and evolution of plant diversity (Losos and Ricklefs, 2009;
Kueffer et al., 2014). These taxa have been selected because
they belong to genera that offer exceptional “natural laborato-
ries” in the Macaronesian archipelagos with which to investigate
a range of evolutionary phenomena.

Argyranthemum Webb is the largest endemic genus found in
Macaronesia with at least 23 species (Fig. 2A) (Humphries, 1976,
1979; Francisco-Ortega et al., 1996), including a rare putative ex-
ample of homoploid hybrid speciation (Brochmann et al., 2000;
Fjellheim et al., 2009). There are seven species of Descurainia
Webb & Berthel. endemic to the Canary Islands where they ex-
hibit multiple independent adaptations to high-altitude habitats
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Fig. 1. The Macaronesian archipelagos in the North Atlantic Ocean.

(Fig. 2B) (Goodson et al., 2006). A total of 27 Echium L. spe-
cies are endemic to Macaronesia where they occur in a wide
range of habitats and exhibit conspicuous differences in mor-
phology, with annual herbs, candelabra shrubs, and monocarpic
rosettes all represented (Fig. 2C) (Bohle et al., 1996).

Transcriptome data for Macaronesian endemic taxa could be
used in a number of ways to assist evolutionary studies. Phylo-
genetic analyses of Macaronesian endemic lineages to date have
often lacked sufficient resolution to interpret patterns of evolu-
tion due to a lack of genetic variation (Mort et al., 2015), likely a
result of the recent and rapid nature of island radiations (Francisco-
Ortega et al., 1997) and/or reliance upon commonly used uni-
versal molecular markers such as the internal transcribed spacer
(ITS) (Sun et al., 1994) or noncoding chloroplast regions (Shaw
et al., 2007). Comparative analysis of transcriptome sequences
can be used to identify universal markers that can be widely am-
plified across taxa, but still exhibit variation within taxa, facili-
tating phylogenetic reconstruction of poorly resolved groups
(Chapman et al., 2007; Chamala et al., 2015). Annotated tran-
scriptomes are also useful for the identification of specific genes
of interest.

Transcriptome sequences can also be mined for microsatel-
lites or simple sequence repeats (SSRs). SSRs are advantageous
over other PCR-based markers because they are codominant,
often highly polymorphic, and are transferable to closely related
species (Ellis and Burke, 2007). SSRs can be used to investigate
genetic diversity, assess population structure and gene flow, and
inform conservation strategies (Ellis and Burke, 2007). The
development of SSRs using traditional methods is costly and
time consuming, but more recent approaches have involved the
development of SSRs from EST databases (Ellis and Burke, 2007)
and transcriptome sequences (Wang et al., 2013; Chapman,
2015).

http://www.bioone.org/loi/apps
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For this study, we sequenced and annotated transcriptomes
for three Macaronesian endemic plant species and focused on
the potential application of transcriptome resources for the iden-
tification of SSR loci. As proof of concept, we designed and
trialed primers for 30 SSR loci in Argyranthemum. All of the
resultant data, including transcriptome assemblies, BLAST search
results, and SSR loci, are available from the corresponding author
(upon request) as a resource for future genetic studies in these
Macaronesian endemic lineages.

METHODS AND RESULTS

Cypselae (single-seeded fruit) of A. broussonetii were collected from Ba-
rranco de Valle Crispin in the Anaga peninsula of Tenerife during June 2015
(collected under a permit from the Cabildo de Tenerife, no. 18297). Seeds of
E. wildpretii and D. bourgaeana were sourced from Bonn Botanic Gardens
(Bonn, Germany) and the Millennium Seed Bank Partnership (Royal Botanic
Gardens, Kew, Richmond, Surrey, United Kingdom), respectively. These were
soaked overnight in 0.5 mg mL-! gibberellic acid, then rinsed and placed on
damp filter paper in Petri dishes at 22°C until germination. Germinated seeds
were transferred to a 2: 1 mixture of Levington’s F2+S and vermiculite in a
greenhouse with 16-h days, supplemented with artificial light.

RNA extraction was carried out from true leaves of seedlings using a QITAGEN
RNeasy Kit (QIAGEN, Crawley, United Kingdom) following the manufacturer’s
protocol, with on-column DNase digestion (RNase-free DNase, QTAGEN). One
microgram of RNA was prepped for sequencing using the KAPA Stranded
RNA-Seq Library Preparation Kit (Kapa Biosystems, Wilmington, Massachu-
setts, USA) with unique adapters for each sample to allow de-convolution of
reads. Library amplification was carried out with seven cycles of PCR. The three
samples were combined and sequenced on ~3/4 lane of an Illumina MiSeq (Il-
lumina, San Diego, California, USA) with 300-bp paired-end reads at the Na-
tional Oceanography Centre, University of Southampton, United Kingdom.

Between 3.5 and 3.9 million paired-end 100-bp reads were generated for
each of the samples (Table 1). Reads have been deposited in the National Center
for Biotechnology Information (NCBI) Sequence Read Archive (BioProject ID
PRINA324223), and the FASTA-formatted transcriptome sequences are avail-
able from the authors upon request.

The following steps were carried out on the raw transcriptome sequences for
each of the Canary Island endemics separately. Poor quality sequence data and
adapter sequences were trimmed with Trimmomatic (Bolger et al., 2014). Param-
eters included Illumina clip with seed mismatches 2, palindrome clip threshold
30, simple clip threshold 10, minimum adapter length 8, keep both reads equals
TRUE, leading quality and trailing quality 5, sliding window trimming with a
window size 4, required quality 15, and minimum read length of 36. The result-
ing reads were used to create a de novo transcriptome assembly with Trinity
(version 2.0.6; Grabherr et al., 2011). Libraries were normalized to a k-mer cov-
erage of 30 so as to reduce computation time, and then assembled using Trinity
with the settings —min_kmer_cov 2 to increase the stringency for reads being
assembled together, and —max_diffs_same_path 4, —max_internal_gap_same_
path 15, which allowed for more divergent reads (up to four nucleotide differ-
ences and up to a 15-bp gap) to be assembled into the same transcript. This takes
into account the likely heterozygosity of the species.

Although the number of raw and normalized reads from each of these species
was relatively similar, de novo assembly of these sequences resulted in tran-
scriptomes with different assembly characteristics. Argyranthemum broussonetii
had the largest number of transcripts (80,620 genes and 94,522 transcripts) and
D. bourgaeana the fewest (44,287 genes and 54,221 transcripts). Echium
wildpretii was intermediate, comprising 58,526 genes and 69,509 transcripts
(Table 1, Fig. 3). Despite the A. broussonetii transcriptome comprising more
transcripts, transcript length was generally shorter, whereas the transcriptome of
D. bourgaeana had longer transcripts, with E. wildpretii intermediate (Table 1,
Fig. 3). The larger number of contigs in Argyranthemum could indicate the tran-
scripts are more fragmented, but this could also reflect the palacopolyploidy of
this group of plants.

BLAST (Altschul et al., 1990) was used to compare each of the assembled
transcriptomes with annotated coding sequences of Arabidopsis thaliana (L.)
Heynh. and Solanum lycopersicum L. using a local BLASTX search and peptide
sequences downloaded from The Arabidopsis Information Resource (https:/
www.arabidopsis.org/) and the Tomato Genome Sequencing Project (ftp://ftp
.solgenomics.net/tomato_genome). BLAST parameters included an expectation
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Fig. 2. Macaronesian endemics Argyranthemum sp. (A), Descurainia bourgaeana (B), and Echium wildpretii (C). Photos taken by O. White.

value (E-value) of 1.0 x 102 and alignment length greater than or equal to 50.
One hit per transcript is reported (Appendix S1).

A substantial proportion of the contigs in our transcriptomes matched with an
annotated coding sequence from either A. thaliana or S. lycopersicum (Table 1).
This is especially true of the comparison between our Descurainia transcriptome
and A. thaliana. Of the 54,221 transcripts in the assembled Descurainia tran-
scriptome, 43,329 (80%) matched an annotated sequence from A. thaliana. In
addition, 16,645 A. thaliana genes (50% of the estimated number of genes) were
recovered in the Descurainia transcriptome. The proportions of transcripts that
matched an annotated coding sequence in the other BLAST search combinations
were more moderate, ranging from 39-63% of transcripts matching with an an-
notated sequence and 36-38% of genes being recovered from either A. thaliana
or S. lycopersicum (Table 1).

SSRs were identified in each of the assembled transcriptomes (Appendix S1)
using MISA (MlcroSAtellite identification tool, http://pgrc.ipk-gatersleben.de/
misa/misa.html). Minimum repeat numbers for di-, tri-, and tetranucleotide repeat
markers were eight, six, and four.

A large number of microsatellites were identified in each of the transcrip-
tomes (Appendix S1): 2282, 1972, and 1284 in A. broussonetii, D. bourgaeana,
and E. wildpretii, respectively. Several of these were within the first or last 50 bp
of the transcript, were in compound formation, or there was more than one SSR
per transcript. After removal of these, the number of SSRs was 1288, 1219, and
737 for A. broussonetii, D. bourgaeana, and E. wildpretii, respectively. The num-
ber of trinucleotide repeat markers was notably higher than di- or tetranucleo-
tide markers, typical of SSRs identified in coding regions from EST libraries/
transcriptomes.

Primers were designed for 30 SSRs identified in A. broussonetii using
Primer3 (Untergasser et al., 2012). Contigs were avoided if (1) the SSR was in
the first or last 50 bp (ensuring there was sufficient space for primer design), (2)
the SSR was in a compound formation, and (3) there was more than one SSR pres-
ent in the locus. Longer SSRs were preferentially chosen because a number of
studies have suggested that longer SSRs are more likely to be polymorphic
(Burstin et al., 2001; Mun et al., 2006; Wang et al., 2012). The 30 loci (Appendix
S2) were screened across 10 DNA samples from four members of the genus
Argyranthemum, including A. frutescens (L.) Sch. Bip. subsp. frutescens, A.
frutescens subsp. succulentum Humphries, A. broussonetii subsp. broussonetii,

http://www.bioone.org/loi/apps

and A. tenerifae Humphries. These taxa were selected to test how broadly
our SSR loci can be used effectively, from closely related taxa such as the A.
Jfrutescens subspecies to more distantly related species such as A. broussonetii
and A. tenerifae.

DNA was extracted from silica gel-dried leaf material of Argyranthemum
using a modified cetyltrimethylammonium bromide (CTAB)-based method
(Doyle and Doyle, 1987). For PCR, the forward primers were designed with the
M13(-29) sequence (CACGACGTTGTAAAACGAC) appended to the 5" end
such that a third fluorescently labeled M13(-29) primer (either TET or FAM)
could be incorporated in the PCR (Schuelke, 2000). Each PCR contained 10 mM
Tris-HCI (pH 8.8), 50 mM KCl, 0.01% Tween 20, 1.5 mM MgCl,, 0.2 mM
dNTPs, 0.04 uM forward primer, 0.2 uM reverse primer, 0.2 M fluorescent
primer, 1 unit of Tag DNA polymerase, 15 ng DNA, and was made up to 15 uL
with water. PCR conditions consisted of an initial denaturation (94°C for 3 min);
10 touchdown cycles of 94°C for 30 s, 65°C for 30 s (decreasing by 1°C per
cycle), and 72°C for 60 s; 30 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for
60 s; and a final elongation (72°C for 7 min). Amplification success was assessed
by running PCR products on 1% agarose gels stained with GelRed (Biotium,
Hayward, California, USA).

Primers that produced an apparently single product between 100 and 400 bp
were selected for further analysis. PCR products were diluted 1:30 and com-
bined in such a way that multiple loci (differing in size and/or fluorescent label)
could be resolved in a single lane on an ABI3730xI1 (Applied Biosystems, Carls-
bad, California, USA) at the Department of Zoology, University of Oxford,
United Kingdom. Alleles were scored from the raw traces using GeneMarker
2.6.7 (SoftGenetics, State College, Pennsylvania, USA), and we performed a
principal coordinates analysis (PCoA) of the 10 Argyranthemum samples based
on polymorphic loci using GenAlEx (Fig. 4) (Peakall and Smouse, 2012).

All 30 SSR primer pairs tested in Argyranthemum produced a PCR product;
however, only 12 primer pairs produced an apparently single PCR product be-
tween 100 and 400 bp. Of these, eight were polymorphic in the 10 DNA samples,
one was monomorphic, and three produced multiple nonspecific PCR products.
Although our sample number is small, PCoA of SSR loci shows that these mark-
ers are able to differentiate between A. frutescens and A. broussonetii as well as
differentiate the subspecies of A. frutescens (Fig. 4). The position of A. tenerifae
is not clear, as it appears to overlap with A. frutescens subsp. frutescens. With
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TasLe 1. Summary statistics for the de novo assembled transcriptomes, BLASTX searches, and simple sequence repeat identification.
Statistic Argyranthemum broussonetii Descurainia bourgaeana Echium wildpretii
Raw reads
No. of raw reads 3,950,166 3,958,226 3,550,703
No. of trimmed reads 3,842,373 3,774,119 3,375,554
No. of normalized reads 1,471,858 1,234,637 1,228,003
Normalized reads, % 38 33 36
Assembly statistics
No. of genes 80,620 44287 58,526
No. of transcripts 94,522 54,221 69,509
N50 all transcripts, bp 921 1233 1041
Median length all transcripts, bp 411 549 446
Average length all transcripts, bp 654 833 707
Total no. of assembled bases 61,826,463 45,213,744 49,160,261
BLASTX analyses®
A. thaliana BLAST hits 37,265 43,329 37,060
A. thaliana BLAST hits, % 39 80 53
A. thaliana genes recovered 12,235 16,645 12,072
A. thaliana genes recovered, %P 36 50 36
S. lycopersicum BLAST hits 39,521 34,042 39,758
S. lycopersicum BLAST hits, % 42 63 57
S. lycopersicum genes recovered 13,139 12,534 13,101
S. lycopersicum genes recovered, %P 38 36 38
MISA statistics
Total no. of identified SSRs 2282 1972 1284
Total no. of SSR-containing transcripts 2232 1919 1251
No. of transcripts with >1 SSR 50 51 31
No. of SSRs in compound formation 68 34 31
No. of dinucleotide SSRs 478 604 230
No. of trinucleotide SSRs 1097 1098 799
No. of tetranucleotide SSRs 589 183 191
No. of SSR loci suitable for primer design® 1288 1219 737

aBLAST parameters included an expectation value (E-value) of 1.0 x 10720 or less.
bProportion of the A. thaliana (33,602) or S. lycopersicum (34,727) annotated coding sequences recovered from the target species.
¢SSR loci were excluded if they were located in the first or last 50 bp of the contig, if SSRs were in compound formation, or if there were multiple SSR

loci per contig.

the small sample sizes of all the taxa it is hard to explain this; however, this
could indicate these species are more closely related than previously discussed,
or that some hybridization between these taxa has been uncovered.

CONCLUSIONS

This generation of transcriptome sequences from Macarone-
sian endemic species of flowering plants are the first resources
of their kind for these archipelagos as far as we are aware. The
de novo assembled transcriptomes have recovered a consider-
able portion of the expressed genes as indicated by our BLAST
comparisons with A. thaliana and S. lycopersicum (Table 1) and
1200 to 2200 SSRs. The results of the microsatellite screen in
Argyranthemum revealed that eight out of 30 markers (27%)
were polymorphic and easy to score. Assuming this is represen-
tative of the entire transcriptome and across island lineages, we
might expect that we are able to amplify and score ~350, ~330,
and ~200 polymorphic SSRs in Argyranthemum, Descurainia,
and Echium, respectively.

Previous studies of rapidly radiating lineages, such as those
represented by the three species we focused on in this study, have
been hampered by a lack of genetic variation between taxa us-
ing sequence-based “universal” markers (Bohle et al., 1996;
Francisco-Ortega et al., 1997; Goodson et al., 2006). The mark-
ers we have identified will allow much more fine-scale resolu-
tion of evolutionary processes in these lineages. It is encouraging
to find that eight SSR loci were able to differentiate A. brous-
sonetii and both subspecies of A. frutescens (Fig. 4). The lack of

http://www.bioone.org/loi/apps

genetic differentiation between A. frutescens subsp. frutescens
and A. tenerifae may be due to our low sample size, but this is an
area of study that warrants further study. Indeed, the sister rela-
tionships of this species are not clear on the basis of the chloro-
plast restriction site phylogeny by Francisco-Ortega et al. (1996).

Other recent studies have also used transcriptome sequences
to identify SSR loci, with similar success rates. Wang et al.
(2013) used a transcriptome from Chrysanthemum nankingense
Hand.-Mazz. to identify 2813 putative SSR loci, with approxi-
mately 20% of the 100 tested showing polymorphism. Chapman
(2015) also used transcriptome sequences to identify between
1139 and 2567 SSR loci for each of four underutilized legumes.
In a follow-up study, 36 primer pairs were designed for one of
these species, of which six (17%) were found to be polymorphic
in a small number of accessions (Robotham and Chapman, 2016).

For our study, we only attempted to amplify and genotype a
small number of SSR loci, and we did not try to optimize the
PCR for markers that amplified nonspecific products. In addi-
tion, the settings and programs used in the SSR discovery are
likely to resolve more or less markers depending on how strictly
one sets the parameters. Nevertheless, the identification of SSR
loci using transcriptome sequences is more cost effective, less
time consuming, and methodically straightforward compared to
earlier methods (Ellis and Burke, 2007).

Previous studies have used NGS technology to identify SSRs
from oceanic island endemic plants. Takayama et al. (2013,
2015) have developed and used 10 SSR markers for Robinsonia
DC. (Asteraceae), endemic to the Juan Ferndndez Archipelago, to
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assess population structure and evolutionary relationships. The
SSRs identified in the current study can be harnessed in a simi-
lar way for a range of evolutionary studies, ranging from homo-
ploid hybrid speciation in Argyranthemum, adaptation to high
altitude in Descurainia, and the evolution of monocarpy in
Echium.
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Although we have focused on SSR identification, there are
further potential applications for the transcriptomes generated
in future studies of Argyranthemum, Descurainia, or Echium,
such as the development of universal markers that can be widely
amplified across taxa (Wu et al., 2006; Chapman et al., 2007;
Chapman, 2015) and the use of transcriptomes in studies of ad-
aptation and speciation to link divergent genes to genes of known
function.

Transcriptome sequences are a valuable source of genomic
information that can be readily acquired from nonmodel organ-
isms in prime ecological scenarios. The availability of free de
novo transcriptome assembly software means there is no need
for a reference genome to map sequences against and no subse-
quent costs. As such, this NGS approach can be applied to any
nonmodel organism and downstream processing does not require
any extra expenditure. Simultaneously providing gene expres-
sion and sequence polymorphism for thousands of genes, tran-
scriptomics is one branch of NGS technology that holds exciting
potential to inform evolutionary biologists about the genetic
changes underlying processes such as adaptation and speciation
(Sousa and Hey, 2013; Rius et al., 2015).
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