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INTRODUCTION

The genus Echium L. (Boraginaceae) is represented in the Macaronesian Islands (Azores, Madeira,
Selvages, Canary and Cape Verde) by 35 endemic taxa (species and subspecies). Phylogenetic studies
for these taxa were carried out in the past by several authors (Bohle et al., 1996; Garcia-Maroto et al.,
2009; Romeiras et al., 2011), suggesting that the Macaronesia taxa derived from a single colonization
event. This event occurred in the Canary Islands, through the invasion of a continental herbaceous
ancestor species. A secondary colonization event led to the dispersion of the taxa from the Canary Islands
to Cape Verde and to Madeira Archipelagos. The specialization and diversification of the taxa might have
occurred concurrently with the colonization of the Islands, giving rise to a high number of endemic taxa
(Bohle et al. 1996). Following this hypothesis Echium webbi Coincy, an endemic species of the Canary
Islands, is pointed out as the ancestral species of the genus in the Madeira Archipelago and its radiation
will have originated three endemic woody taxa: E. nervosum W.T.Aiton (Fig. 1), E. candicans L.f (Fig. 2)
and E. portosanctensis J.A.Carvalho, Pontes, Bat.-Marques & R.Jardim (Fig. 3).

Since E. portosanctensis was described recently (Carvalho et al., 2010) as endemic to Porto Santo, an
island older than the island of Madeira, this study aims to obtain molecular markers from both nuclear
and chloroplast genomes in order to reappraise the Macaronesian Echium phylogeny.

MATERIAL AND METHODS

Genomic DNA of E. portosanctensis (up to three individuals) was extracted from leaves dried in silica gel
(ca. 30 mg) by the Doyle & Doyle (1990) procedure with minor changes. Polymerase chain reactions
(PCR) were performed by Advantage Taq DNA Polimerase (Clontech) to amplify five molecular markers
using primers published previously: ITS region (O'Kane et al., 1996; White et al., 1990), intergenic spacer
trnTUCU-trnLYUAA, trnLYAA intron, intergenic spacer trnLUAA-trnFGAA (Taberlet et al., 1991) and matK (Ford et
al., 2009; Dunning & Savolainen, 2010). The PCR products with the expected sizes were purified by using
SpinPrep PCR clean-up kit (Novagen) and sequenced by Macrogen Spain. The sequences obtained were
compared to homologous sequences present in GenBank. Sequences were aligned using Clustalw
(Thompson et al., 1994) as implemented in MEGA version X (Kumar et al., 2018) sequence alignment
editor and subjected to visual inspection when necessary. True evolutionary relationships may be
obscured or skewed in DNA sequence data sets if sites have become saturated by multiple substitutions
(Swofford et al., 1996). To test for saturation, observed pairwise proportions of transitions and
transversions were plotted against sequence divergence and calculated using DAMBE version 5 (Xia,
2013). The combined dataset of ITS1, trnLYAA intron, intergenic spacer trnTUSU-trnLUAA, intergenic spacer
trnLYAA-trnFGA%) fragments revealed some saturation, although the high proportion of invariable sites. Our
fragments were compared to homologous sequences presented at GeneBank to construct the trees using
Maximum Likelihood (ML), Maximum Parsimony (MP) and Bayesian Analysis.

The Maximum Likelihood (ML) analysis was performed using MEGA X (Kumar et al., 2018), based on the
General Time Reversible (GTR) model (Rodriguez et al., 1990). Initial trees for the heuristic search were
obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances
estimated using the Maximum Composite Likelihood (MCL) approach, and then selecting the topology
with superior log likelihood value. A discrete Gamma distribution was used to model evolutionary rate
differences among sites (5 categories (+G, parameter = 0.1000)). The rate variation model allowed for
some sites to be evolutionarily invariable ([+I], 45.70% sites). Before doing ML analysis in MEGA X we
search for best models of evolution using JModeltest 2.1.2 (Darriba et al., 2012). Using the Akaiké
information criterion (Posada & Buckley, 2004), the best model was the GTR +I+G. The —LnL= 3.526.58
was very similar to that obtained with mega X, P-inv and gamma parameter were slightly different.
Maximum Parsimony analysis a was performed using MEGA X (Kumar et al., 2018). The best tree have a
length = 209. The consistency index was (0.680556), the retention index (0.878307). The MP tree was
obtained using the Tree-Bisection-Regrafting (TBR) algorithm with search level 1 in which the initial trees
were obtained by the random addition of sequences (10 replicates). The estimates of bootstraps values
involved 500 replicates in both analysis. The Bayesian analysis was implemented using Mr-Bayes version
3.1.2 (Huelsenbeck & Ronquist, 2001), which calculates Bayesian posterior probabilities using a
Metropolis-coupled, Markov chain Monte Carlo (MC-MCMC) analysis. Bayesian analysis was conducted
with random starting trees, four MCMC chains (one cold, three heated), run 2.0x10¢ generations, and
sampled every 100 generations. The burn-in value was 2000. All analysis involved 34 nucleotide
sequences and a total of 1628 positions in the final dataset.

RESULTS AND DISCUSSION

Sequence lengths for the noncoding DNA regions either from nuclear or chloroplast genomes (ITS,
trnLYAA intron, matK, intergenic spacer trnTUCU-trnLYAA intergenic spacer trnLUAA-trnFGAA) of E.
portosanctensis were similar to other Macaronesian Echium species. The alignment of all molecular
markers revealed polymorphic positions for ITS1 (Fig. 7). To a lesser extent nucleotide variability was
detected for trnLUA* intron (Fig. 8), whereas no genetic diversity was observed for the remainder markers.

All markers revealed many invariant sites, but those that span are often transversions. Trees obtained
with Maximum Likelihood, Maximum Parsimony and Bayesian analysis gave similar topologies (Fig. 9). In
all analyses, the phylogenetic trees suggest that the Macaronesian Echium derives from a single
continental herbaceous ancestor that initially dispersed to the Canary Islands, supporting the hypothesis
advanced by Bohle et al. (1996). A secondary radiation event led to the rapid dispersion of the taxa in
Macaronesia. Our results also revealed that Cape Verde endemic taxa always appeared in a defined
cluster. Moreover, the results do not seem to support the idea that E. webbii originated indeed the taxa in
the archipelago of Madeira, as suggested by Bohle et al. (1996). Also, the hypothesis of the origin of
Madeira Echium species in Porto Santo must not be discarded as Porto Santo Island is the oldest in the
archipelago of Madeira.

Although morphologically the Madeiran and Canary endemic taxa are distinct, due to the lack of genetic
divergence between them, these species are frequently grouped in the same cluster, suggesting a recent
specialization and diversification event.

The phylogenetic history of Echium remains undefined in Macaronesia. Many questions persist
unanswered that only a more detailed study can enlighten. A larger sample of individuals would be
necessary as well as more discriminant molecular markers.
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Fig. 2. Echium candicans L.f, Madeira Fig. 3. Echium portosanctensis, Porto
Island. Santo Island.

Fig. 4. Echium hypertropicum Webb,
Santiago Island (Cabo Verde)

Fig. 5. Echium vulcanorum Chev. Fogo
Island, Cabo Verde.

Fig. 6. Echium webbii

(http:icommons. hortipedia.comiimages/B/6c/Echium_webbii P
08.jpg).

E.portosanctensis ATGCCTT! GCECTCGACTGT CTCCTGACGTTGCC. CARACARAC! CCECCGGCGCGAGP\A
E.nervosum CAAACARACCC--CCGGCGCGAGAA
E.candicans CAAACARACCC--CCGGCGCCAGAA
E.webbii CRARCARRCCC-—-CCGGCGCGAGAR
E. hierrense CRARCARACCC-—-CCGGCGCGAGAR
E.simplex - CAAACARAACCC--CCGGCGCGAGAA
E.virescens . ATGCCTTGCGCTCGAL CAAACAAACCC--CCGGCGCGAGAA
E. hypertropicum = ATACCTTGCGCTCGACTGT CTCCTCACE: CRARCARACCC--CCGGCGCGAGAR
E.vulcanorum CRARCARAACCC--CCGGCGCGAGAR
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Figure 7. Partial alignment of the ITS1 sequences with some Macaronesian taxa from Madeira Island, Canary and Cape Verde
islands, showing heterozygosity (S = C or G) and an indel unique to E. portosanctensis (highlight in yellow). Asterisks indicate
nucleotide polymorphisms. (GenBank accessions numbers: E. nervosum L43256, E. candicans L43192, E. webbii EU048854, E.
simplex EU048851, E. hierrense L43216, E. virescens EU048850, E. hypertropicum EU048858, E. vulcanorum L43304).

CAGAGARAACC 53
CA ARACC 53
CAGAGARACC 53
CAGAGAAACC 53
TCAAATTCAGAGARACC 53
TCAAATTCAGAGAAACC 53

mEEmEmRAREN

CCAAAATATAT

Figure 8. Partial alignment of the sequences obtained for the trnLU* intron marker of E. portosanctensis with some endemic Echium
taxa. Nucleotide polymorphisms of E. portosanctensis are highlighted in yellow. (GenBank accessions numbers: E. nervosum
L43254, E. candicans EU433607, E. webbii L43306, E. hierrense L43214, E. simplex L33359, E. virescens EU433601, E.
hypertropicum L43230, E. vulcanorum L43302).

Figure 9. Tree derived from Bayesian analysis of combined of ITS1, trnLYA* intron, intergenic spacer trnTYSU-trnLUAA, intergenic
spacer trnLYA-trnFGA%)  fragments. Average posterior probabilities are shown in the right side of nodes. The analysis involved 34
taxa, and 1628 positions. The tree was rooted using Lobostomon fruticosus. The tree derived from ML analysis, obtained by MEGA X
and with a model of sequence evolution GTR + | + G and the trees derived from MP analysis, shows a similar pattern, except for
being in general less well resolved (for the major groups the bootstrap values for ML and MP are shown, respectively, above and
below the nodes).




