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Abstract Biogeographic dispersal is supported by numerous phylogenetic results. In particular, transoceanic
dispersal, rather than vicariance, is suggested for some plant lineages despite current long distances between
America and Europe. However, few studies on the biogeographic history of plants have also studied the role of
diaspore syndromes in long‐distance dispersal (LDD). Species of the tribe Omphalodeae (Boraginaceae) offer a
suitable study system because the species have a wide variety of diaspore traits related to LDD and different
lineages conform to patched worldwide distributions on three distant continents (Europe, America and New
Zealand). Our aim is to reconstruct the biogeographical history of the Omphalodeae and to investigate the role of
diaspore traits favoring LDD and current geographic distributions. To this end, a time‐calibrated phylogeny with 29
of 32 species described for Omphalodeae was reconstructed using biogeographical analyses (BioGeoBEARS,
Lagrange) and models (DEC and DIVA) under different scenarios of land connectivity. Character‐state
reconstruction (SIMMAP) and diversification rate estimations of the main lineages were also performed. The
main result is that epizoochorous traits have been the ancestral state of LDD syndromes in most clades. An early
diversification age of the tribe is inferred in the Western Mediterranean during late Oligocene. Colonization of the
New World by Omphalodeae, followed by fast lineage differentiation, took place sometime in the Oligocene‐
Miocene boundary, as already inferred for other angiosperm genera. In contrast, colonization of remote islands
(New Zealand, Juan Fernández) occurred considerably later in the Miocene‐Pliocene boundary.
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1 Introduction
Long‐distance dispersal (LDD) and vicariant events have
traditionally been proposed as two alternative hypotheses to
account for the major disjunctions in historical biogeography.
In particular, transoceanic disjunct distribution at high
taxonomic ranks (e.g., subfamilies, tribes) has been tradi-
tionally explained by historical events of vicariance attributed
to plate tectonics movements. For example, the disappear-
ance of the North Atlantic Land Bridge has been linked to the
current Old World‐New World disjunction of temperate
Tertiary relict flora of Eurasia and North America (Tiffney &
Manchester, 2001), which implies that such territories were
occupied by plants before the re‐opening of the Bering Strait
(10 000 years; Elias et al., 1996). However, recent develop-
ment of biogeographic methods (from processes‐based to
recent event‐based models; Yu et al., 2015) and divergence
time estimations have revealed a geographic and temporal
context that does not fit the vicariance hypothesis for

numerous transoceanic lineages (Sanmartín & Ronquist,
2004). Indeed, dispersal is revealed as fundamental to
understand the organization of floristic assembly (Harris
et al., 2018). In particular, recent phylogenetic studies have
set most of the intercontinental disjunctions in the Northern
Hemisphere between Old‐New world during the Miocene,
indicating LDD as the biogeographic process that accounts
for disjunct distributions (Wen & Ickert‐Bond, 2009). Inter-
continental disjunctions in the Southern Hemisphere have
also been largely discussed in the last few decades (Thornhill
et al., 2015), including the Gondwana breakup around 60
million years ago (mya) in the Southern Hemisphere
(Sanmartín & Ronquist, 2004). Implementation of recent
biogeographic methods based on time‐calibrated phyloge-
nies allows linking the Gondwana breakup with the origin of
Southern Hemisphere disjunctions in some groups of plants
at high taxonomic levels (e.g., Poales, Bremer, 2002;
Campanulids, Beaulieu et al., 2013). In contrast, most of the
trans‐Pacific disjunctions at shallow phylogenetic levels
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resulted from recent LDD events (Sanmartín & Ronquist,
2004). Indeed, recent dispersal between long‐distant regions,
such as the Eastern Pacific (South America, SAm) and the
Western Pacific (Australia, Aus; New Zealand, NZ), have been
inferred in both directions during the Mid Miocene (e.g.,
Renner et al., 2000; Crisp et al., 2009; Chen et al., 2014). In
sum, time‐calibrated phylogenies support LDD when transo-
ceanic disjunctions are the result of the recent split of
lineages that postdated land separation.
The occurrence of LDD in plants has traditionally been

linked to specialized traits of seeds and fruits (Van der Pijl,
1982). Specializations associated with dispersal by wind
(anemochory), seawater (thalassochory) and internal/ex-
ternal animal dispersal (endo‐/epizoochory, respectively)
are identified as LDD diaspore syndromes (Vargas et al.,
2012). However, recent studies suggest that unspecialized
diaspores play a more important role in LDD than previously
believed in island colonization from continents (Heleno &
Vargas, 2015). LDD syndromes are found to be more
advantageous in inter‐island colonization, where consider-
able distances have to be overcome by plant diaspores
(Arjona et al., 2018). Irrespective of whether dispersal
specialization is present or not and the actual means of
dispersal, LDD is currently recognized as a key process for
colonizing remote territories and shaping current lineage
distributions, especially in the colonization of oceanic
islands (Gillespie et al., 2012). Lineages with discontinuous
distributions provide ideal systems to investigate biogeo-
graphical processes. In this sense, the tribe Omphalodeae
(Boraginaceae: subfamily, Cynoglossoideae) offers us an
ideal case of study to infer complex biogeographic histories
and to understand the role of different biogeographic
processes. The tribe Omphalodeae is a monophyletic group
that comprises six genera (ca. 32 species) distributed in
seven distant areas of endemicity: (1) Eastern Mediterra-
nean (Omphalodes, ca. 10 spp.); (2) Western Mediterranean
(Iberodes, five spp.; Gyrocaryum, monospecific); (3) Sierra
Madre Oriental and Southern Texas (Mimophytum, ca. 11
spp.); (4) NW South America (Selkirkia trianaeum); (5) Chile
(S. pauciflorum and S. limense); (6) Juan Fernández
archipelago (S. berteroi); and (7) Chatham Islands (Myoso-
tidium, monospecific). Most recent phylogenetic studies
(Holstein et al., 2016a, 2016b) reveal at least two major
intercontinental disjunctions in both hemispheres since its
ancient origin around Early Miocene (Otero et al., 2019). On
the one hand, Old‐New world disjunctions are observed by
Western Palearctic Omphalodes and the American Mimo-
phytum and Selkirkia (Holstein et al., 2016a, 2016b). On the
other hand, a trans‐Pacific disjunction between South
America (Chile and Ecuador) and New Zealand is inferred
for the split of the Selkirkia and Myosotidium lineages
(Holstein et al., 2016a). A considerable presence of diaspore
specializations associated with LDD is observed in Cyno-
glossoideae (Cohen, 2013; Chacón et al., 2016; Schenk &
Saunders, 2017). In particular, a variety of open and wide
wings (associated with anemochorous traits) and different
types of anchoring structures like uncinated hairs, dentate
margins and glochids (associated with epizoochorous
traits) are found in the genera of the tribe Omphalodeae
(Otero et al., 2019). However, the question remains as to
whether vicariant events, LDD events, or both have been

predominant in the spatiotemporal context of the biogeo-
graphic history of this tribe.
Given the diversity of the epizoochorous structures of the

tribe Omphalodeae, LDD is hypothesized to be responsible
for current transoceanic disjunctions. To test this hypothesis,
we performed divergence time estimates for 29 of the 32
species of Omphalodeae using four DNA regions of the
nuclear and plastid genomes. We also tested different
biogeographic models and software packages in order to
infer the most significant biogeographic events occurred in
this tribe. Diversification rate analyses and ancestral‐state
reconstruction of LDD syndromes were additionally per-
formed. In particular, the specific aims of this study were to
(1) infer the geographic origin of the most recent common
ancestor of Omphalodeae; (2) investigate the timing and
direction of migration patterns responsible for the current
disjunct distributions; (3) reconstruct biogeographic events
that could have shaped the current diversification patterns in
Omphalodeae; and (4) evaluate the role of LDD syndromes in
the biogeographic events of Omphalodeae.

2 Material and Methods
2.1 Taxon sampling
All six genera and 29 of the 32 species currently recognized for
the tribe Omphalodeae were sampled (Table S1). Two individuals
per species were sampled, except for 10 species (Mimophytum
alienoides, M. australe, M. chiangii, M. mexicanun, M. omphalo-
doides, Omphalodes lojkae, O. runnemarkii, O. ripleyana, Selkirkia
limense, and S. berteroi) from which we only obtained one
individual each because of the scarcity of these species in the
herbaria. For the sake of simplicity, and according to our own
results (see Appendix I), we already treat Omphalodes erecta as
Mimophytum erectum in the text. A total of 48 ingroup samples
were sequenced, plus six taken from Genbank (Table S1). In
addition, the outgroup was formed by 29 species from each of
the other tribes and subtribes of Cynoglossoideae, subfamilies of
Boraginaceae and families of Boraginales that were taken from
Genbank (Table S2). As a result, the total sampling consisted of
35 genera and 60 species of Boraginales. Plant material was
obtained from our own field collections and herbarium speci-
mens from 11 herbaria (Table S1).

2.2 DNA extraction and sequence matrices
DNA was extracted from leaf tissue using a modified version
of CTAB protocol from Doyle & Doyle (1987) and Shepherd &
McLay (2011), including a precipitation step in isopropanol
and Ammonium acetate 7.5 mol/L at ‐20°C overnight. Three
plastid regions were sequenced: (1) the spacer trnS‐trnG,
(2) the spacer trnL‐trnF (the trnL (UAA) intron), and (3) the
rps16 intron. In addition, the nuclear ribosomal DNA ITS
(Internal Transcribed Spacer) was chosen based on consider-
able phylogenetic signal found in previous studies of
Boraginaceae (Weigend et al., 2013; Chacón et al., 2017;
Chacón et al., 2016). Primers for the ITS and trnL‐trnF regions
followed those of Otero et al. (2014). For the rps16 region, we
used the primers described in Otero et al. (2019). For trnS‐
trnG sequences, we used trnS (GCU) and trnG (UCC) of
Hamilton (1999) as external primers. In addition, we
designed two new internal primers for trnS‐trnG to improve
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the success of some amplifications: ‘trnS–trnG BOR 158 F’
(5’ AAA GRG TCG AAA GAA TCA AC 3’) and ‘trnS–trnG BOR
889 R’ (5’ GTC TTT CCG TAA AGT GAT TC 3’). The PCR
conditions for plastid and nuclear regions followed those for
the trnL‐trnF and ITS (Otero et al., 2014), respectively. PCR
products were sequenced using the Macrogen Europe
sequencing service (Amsterdam, The Netherlands). All DNA
regions successfully sequenced were compiled in a matrix of
77 accessions that were automatically aligned using a
supermatrix approach through Fast Fourier transform
(MAFFT, Katoh et al., 2002) and manually reviewed using
Geneious version R10 (Kearse et al., 2012). The DNA regions
amplified for each taxon are specified in Tables S1, S2. The
nucleotide substitution model that best fitted each partition
(trnS‐trnG, trnL‐trnF, rps16, and ITS) was inferred using
JModelTest v. 0.1.1. (Posada, 2008).

2.3 Phylogenetic reconstructions and topology tests
We performed Bayesian inference and Maximum Likelihood
analyses using, respectively, MrBayes 3.2.6 (two runs of 50
million generations) and RAxML V8 (rapid Bootstrap analysis
with automatically stop bootstrapping through majority rule
criterion), through the CIPRES portal (Miller et al., 2015), in
order to assess the topological robustness.
After manually reviewing the topologies that resulted from

MrBayes and RAxML, hypothesis testing analyses were
performed to evaluate the most likely topology for two
uncertain clades (see Fig. 1, node 2: Iberodes, Omphalodes and
Myosotidium‐Selkirkia‐Mimophytum; and node 4: Myosotidium‐
Selkirkia). Comparison of the topologies was performed using
both the Bayes Factors (BF; Kass & Raftery, 1995; Suchard et al.,
2001) and the AU test (Shimodaira, 2002). Independent
constrained analyses were conducted with RAxML and MrBayes
to obtain input trees for each alternative hypothesis. Topology
tests were first conducted on the most basal node (node 2)
using the unconstrained topology (Iberodes, (Omphalodes,
Myosotidium‐Selkirkia‐Mimophytum)) and the two alternative
hypotheses (H1: (Myosotidium‐Selkirkia‐Mimophytum, (Ompha-
lodes, Iberodes)), H2: (Omphalodes, (Myosotidium‐Selkirkia‐Mimo-
phytum, Iberodes)). Once the best‐scored topology among three
alternative hypotheses was chosen, the same hypothesis testing
procedure was done for the node 4 using the unconstrained
topology (Mysostidium nested within Selkirkia) and Mysostidium
sister to a monophyletic Selkirkia as the alternative hypothesis. In
all cases, to estimate the marginal likelihoods of the hypotheses
for the BF we used the stepping‐stone sampling method
(Xie et al., 2011) through MrBayes 3.2.6. in CIPRES portal (Miller
et al., 2015). The stepping‐stone method provides more accurate
estimates than the harmonic mean method (Xie et al., 2011;
Bergsten et al., 2013). The analysis was performed for 50 steps
with 980 000 generations per step in two independent parallel
MCMC runs. Convergence was examined through diagnostic
plots of standard deviation of the split frequencies and screening
similarity in the two independent marginal likelihood estimates
(Ronquist et al., 2011). Selection of the best competing
hypotheses against the H0 was based on Bayes Factors evidence
interpreted according to the table of Kass & Raftery (1995):
Positive evidence, BF= 3–20; Strong evidence, BF= 20–150; Very
Strong evidence, BF> 150. Positive values of the BF indicate
preference for H0, while negative values favour H1. The AU test
(Shimodaira, 2002) is very conservative when rejecting the null

hypothesis (i.e., all the trees under evaluation are equally good)
and has been proven to perform better than other nonpara-
metric bootstrapping methods (Planet, 2006). The AU test was
performed in Treefinder (Jobb et al., 2004; Jobb, 2007). The
likelihood of the majority‐rule consensus tree obtained from the
RAxML was compared using 10 000 replicates and partitioning
datasets. Competing hypotheses were rejected at a significance
level of 0.05.

2.4 Estimation of divergence times
Topology tests did not distinguish a preferred topology for
one of the two uncertain clades (Selkirkia‐Myosotidium, node
4). In order to estimate the two likely scenarios for the
transoceanic disjunction of this clade, we estimated diver-
gence times by evaluating the two different topologies
obtained through Bayesian (BI) and Maximum Likelihood
inferences (ML).

Firstly, divergence time reconstructions for the topology
obtained through BI (node 4 unconstrained topology: Mysos-
tidium nested within Selkirkia) were performed through an
unconstrained analysis with BEAST v.1.8.6 (Drummond et al.,
2012) on the CIPRES portal (Miller et al., 2015). We ran four
independent runs of 50× 106 generations, sampling every 5000
generations in four independent Markov chain Monte Carlo. A
Birth‐Death tree model was set for all of the four partitions
(trnS‐trnG, trnL‐trnF, rps16, and ITS). Two Uncorrelated Log-
normal relaxed clocks were set separately for plastid (trnS‐trnG,
trnL‐trnF and rps16; uniform distribution= 1.0E‐4–1.0E‐2) and the
nuclear region (ITS; uniform distribution= 5.0E‐4–5.0E‐2) based
on the boundaries proposed Blanco‐Pastor et al. (2012) that
included ranges of other angiosperm groups (Wolfe et al.,
1987). Separated models of nucleotide substitution were
considered for each of the four partitions. The root and crown
node of Boraginaceae were calibrated based on the estimates
of Luebert et al. (2017) (root node: normal prior, mean= 68.13
mya, stdev= 5.0; crown age of Boraginaceae: normal prior,
mean= 53.20 mya, stdev= 4.0). In addition, four fossils were
used to perform node calibration. The calibration points were
set in all cases to the stem node following Otero et al. (2019). In
order to account for the uncertainty of fossil calibration and to
fully include the chronological information inferred from the
fossil record, we fitted a lognormal probability distribution to
each node. This prior is considered appropriate to summarize
the paleontological information since it allows for a soft upper
bound by assigning the highest point probability for the nodal
age to be somewhat older than the oldest fossil (Ho & Phillips,
2009). We used four fossil calibration points whose time
boundaries are in agreement with previous studies of
Boraginaceae (Chacón et al., 2016; Otero et al., 2019): (1)
stem node of genus Lithospermum (lognormal prior, logMean=
0.5, logStdev= 1.0 offset= 10.3 mya; Gabel, 1987; Thomasson,
1987); (2) stem node of clade Amsinckiinae (excluding
Andersoglossum and Adelinia) (lognormal prior, logMean= 0.5,
logStdev= 1.0 offset= 10.3 mya; Segal, 1966; Thomasson, 1987;
Gabel et al., 1998); (3) stem node of Lappula and Rochelia
(lognormal prior, logMean= 0.5, logStdev= 1.0 offset= 10.3
mya; Thomasson, 1987; Gabel et al., 1998); (4) stem node of
clade Echiochileae (lognormal prior, logMean= 2.0, logStdev=
1.0 offset= 41.2 mya; Hammouda et al., 2015). Convergence and
Effective Sample Size (ESS) values for all parameters
were assessed using Tracer v.1.6 (Rambaut et al., 2014).
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Subsequently, LogCombiner v.1.8.2. (Drummond et al., 2012)
was used to combine the four runs and we applied a 25% burn‐
in of the total states on each run. Finally, TreeAnnotator v.1.8.2.
(Drummond et al., 2012) was run to obtain the maximum clade
credibility (MCC) tree.
Secondly, we also ran four independent runs in BEAST v.1.8.6

with the same fossil calibrations explained above but
implementing clade constraints of Myosotidium‐Selkirkia clade
to fit the topology of ML (node 4 constrained topology:
Mysostidium sister to Selkirkia). In addition, we obtained an
ultrametric tree from the ML tree through the function
“chronopl” (R package “ape”, Paradis et al., 2004; R Develop-
ment Core Team, 2013) to provide a starting tree for the BEAST
inference and thus avoid convergence errors. As previously done

for the unconstrained BEAST analysis, the ESS values were
assessed in Tracer v.1.6 (Rambaut et al., 2014), LogCombiner
v.1.8.2. (Drummond et al., 2012) was used to combine the four
runs with a 25% burn‐in each run, and finally the MCC tree was
built in TreeAnnotator v.1.8.2. (Drummond et al., 2012).

2.5 Biogeographic analyses
The same procedure of biogeographic analyses was repeated
for the two phylogenetic dated trees obtained in BEAST
(with and without clade constraints). In both cases, the
ingroup was pruned in order to leave one individual per
species (29 spp.) and the outgroup was reduced to subfamily
Cynoglossoideae, including one tip per each of the eight
subgroups defined in Otero et al. (2019). Selection of areas

Fig. 1. Time‐calibrated phylogeny from the unconstrained BEAST analysis and dispersal‐extinction‐cladogenesis (DIVA)
reconstruction of Omphalodeae under M1 scheme. Names of the main taxonomic clades of Omphalodeae are framed.
Biogeographic reconstruction is shown for nodes with Bayesian posterior probability (BPP) higher than 0.90. Nodes numbered
1–4 indicate the main internal nodes commented along the manuscript. Relative probability of each area combination is
represented by each node pie. The most likely ancestral area including area combinations is indicated with capital letters on
each node for the ingroup. Color legend and a map for each area are provided. Direction (black arrows) and time (mya) of
main dispersal events between areas are shown in the map. International stratigraphic scale is included from 45 mya until
present (0 mya). Geographic areas considered for biogeographic reconstructions are: A: Western Mediterranean, B: Eastern
Mediterranean, C: Sierra Madre Oriental, D: NW South America, E: Chile, F: Juan Fernández Archipelago, G: Chatham islands, H:
North America and I: Asia.
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for the ingroup was based on the areas of endemicity of the
six genera that conform to the tribe Omphalodeae. In
particular, east‐west division of the Mediterranean Basin
(including Italy as part of the eastern Mediterranean) fits the
endemicity pattern of Mediterranean genera of Omphalo-
deae (Gyrocaryum, Iberodes and Omphalodes) in agreement
with most Mediterranean Floras and the biogeographic and
paleo‐botanical history of the Mediterranean (Thompson,
2005; Feliner, 2014; Inda et al., 2014; Rundel et al., 2016).
Areas were assigned to each tip according to current
distributions of the included species, which represent the
phylogenetic and geographic diversity of each genus of the
ingroup. Thus, seven geographic areas were delimited: (1)
Eastern Mediterranean Basin (E Medit), where 80% of the
species of Omphalodes are endemic; (2) Western Mediterra-
nean Basin (W Medit), including Italy, where Iberodes with
five species, the monospecific Gyrocaryum and one species of
Omphalodes are distributed; (3) Sierra Madre Oriental (SMO),
including southern Texas, where Mimophytum is exclusively
distributed; (4) NW South America (NW SAm), including
Ecuador and Peru, where Selkirkia trianaeum is distributed;
(5) Chile (endemic area of Selkirkia pauciflorum and S.
limense); (6) Juan Fernández Archipelago, where Selkirkia
berteroi is endemic to; and (7) Chatham Islands of New
Zealand, which is the endemic area of the monospecific
genus Myosotidium. The areas assigned to the outgroup
species were set by using the ancestral area obtained in
Otero et al. (2019) for the eight subgroups represented by
the eight species included here as the outgroup. Two more
areas were considered to accommodate the distribution of
outgroup species: (1) North America (endemic area for the
crown node of tribe Amsinckinnae; Otero et al., 2019) and (2)
Asia (main centre of diversification of Cynoglossoideae
lineages; Otero et al., 2019). In total, nine areas were
considered for biogeographic analyses.
Vicariance is a major biogeographic event that needs to be

considered in our biogeographic reconstruction, given the
temporal and geographic context for the evolution of the
study group. Therefore, we selected Dispersal‐extinction‐
cladogenesis model (DEC, Ree & Smith, 2008) and parsimo-
nious dispersal‐vicariance analysis (DIVA, Ronquist, 1997) as
the biogeographic models to be implemented. DEC was
implemented in Lagrange 2.0.1 (Ree & Smith, 2008) and
“BioGeoBEARS” package (Matzke, 2018) in R (R Develop-
ment Core Team, 2013). We also implemented DIVA approach
through the “BioGeoBEARS” package. In particular, the
“BioGeoBEARS” package implements a likelihood interpreta-
tion of DIVA (DIVALIKE), i.e., processes are modelled in the
way that DEC does but allowing only the parameters
considered in each case (e.g., in DIVA, widespread vicariance
is allowed but not subset sympatry; Ronquist & Sanmartín,
2011). In addition, the DIVA and DEC models of “BioGeo-
BEARS” were also tested adding the parameter “j” that
considers the founder‐event speciation in the biogeographic
model. However, the results of these models were not
considered for the discussion given the conceptual and
statistical problems of this parameter found in recent
publications (Ree & Sanmartín, 2018). In order to test the
reconstruction of the ancestral area under different scenarios
of connectivity and dispersal rates between areas, we
proposed four schemes from a null model with no

restrictions to other more restricted: (1) M0, with no
restrictions in dispersal rates and adjacency between areas;
(2) M1, in which we scaled the dispersal rates between areas
by assuming three levels of dispersal based on the proximity
of areas involved, i.e., factor of 1 between adjacent areas
(e.g., E Medit and W Medit); factor of 0.1 between non‐
adjacent areas connected by land (e.g., SMO and NW SAm);
and factor of 0.01 for the rest of area combinations
separated by oceans (e.g., W Medit and SMO); (3) M2, in
which adjacency between areas is allowed only between
areas that share the edge (e.g., E Medit and Asia); and (4)
M3, in which both constrictions set at M1 and M2 are
assumed. The four schemes were tested for both DEC and
DIVA biogeographic models explained above and thus a total
of eight models were performed. The number of ranges
permitted in each analysis was set based on the constrictions
assumed in each scheme and taking into account that only a
range with a maximum of three areas were allowed to
accommodate the widespread distribution of some of the
subgroups that conform the outgroup. The dispersal rate
matrix and adjacency matrix used for M1‐M3 are shown in
Tables S3 and S4. AIC calculation for the 8 models were done
through the “BioGeoBEARS” package to compare likelihood
estimation and choose the best fit model within each
algorithm (DEC and DIVA). Given the inadequacy of likelihood
comparison between different biogeographic models, the
discussion of DEC or DIVA inference was done based on
biological criteria (Ree & Sanmartín, 2018).

2.6 Analysis of diversification rates
Diversification rates of main lineages of Omphalodeae were
explored using the whole‐clade method of absolute diversi-
fication rates of Magallon & Sanderson (2001). Rates were
calculated for both crown and stem clades, at two extremes
of the relative extinction rate (k= 0, no extinction; and
k= 0.9, high rate of extinction; where k= speciation rate/
extinction rate), as implemented in the R package “Geiger”
(Harmon et al., 2007; R Development Core Team, 2013). We
used the extreme values for the 95 per cent highest
posterior density intervals inferred in the divergence time
estimation obtained in BEAST.

2.7 Ancestral state reconstruction of LDD syndromes
The diaspore trait characterization was based on Otero et al.
(2019), which includes a bibliographic review. Three dispersal
syndromes were categorized based on specific sets of
diaspore characters: (i) epizoochorous traits (hooked tri-
chomes on either nutlet or calyx, nutlet glochids, toothed
nutlet margins) are those that can promote dispersal
externally to animals; (ii) anemochorous traits (air flotation
assisted by a wide, open nutlet margin) are those that can
promote dispersal by wind; and (iii) myrmecochorous traits,
as a result of protrusion of the mesocarpic tissue, include
particular tissues associated with dispersal by ants. Recon-
struction of ancestral multi‐state characters of all syndromes
was performed (0= unspecialized, 1= epizoochorous, 2= an-
emochorous, 3=myrmecochorous). None of the species
displayed multiple syndrome (polychorous) traits. Ancestral
state reconstructions were done separately for both alter-
native topologies (with and without clade constraints)
obtained in BEAST. States for the tips of the outgroup
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were assigned according to the ancestral state inferred in
Otero et al. (2019). Two hundred stochastic reconstructions
were simulated through the stochastic mapping approach
that was conducted using function “make.simmap” in the R
package “PHYTOOLS” (Revell, 2012; R Development Core
Team, 2013) and allowing different rates of transition
between all states (model= “ARD”). As result, a summary
tree of each of the 200 simulations was obtained from each
character reconstruction and for each topology analyzed.

3 Results
3.1 Phylogenetic reconstructions and topology tests
The length of the plastid matrix (trnL‐trnF, rps16 and trnS‐
trnG) was 3958 bp, of which 1156 informative sites were
found. General time‐reversible model (GTR) and gamma
distribution of rates across sites was the best fitting
substitution model for both plastid and nuclear regions.
The Bayesian and Maximum Likelihood reconstructions
obtained, respectively, with MrBayes and RAxML, were
congruent with that obtained using Beast (Figs. S1, S2),
except for the node of Myosotidium and Selkirkia. Although
with marginal support, Bayesian inference (BEAST and
MrBayes) reconstructed Myosotidium nested within Selkirkia,
while in the RAxML analysis Myosotidium is sister to Selkirkia
(Figs. S1, S2).
The monospecific genus Gyrocaryum is the earliest‐

diverging lineage of the tribe Omphalodeae, sister to one
major clade (node 2, Fig. 1) that is formed by subclades: (1)
Iberodes, (2) Omphalodes and (3) Mimophytum‐Selkirkia‐
Myosotidium (node 3). Relationships between these three
subclades are not totally clear because of low phyloge-
netic support in both Bayesian and Maximum likelihood
analyses (Figs. S1, S2). The Bayes factor test to evaluate
relationships between Iberodes, Omphalodes and node 3
favoured with positive evidence the unconstrained to-
pology (H0: Iberodes sister to Omphalodes and the clade
arising from node 3; Table 1). The AU test only rejected the
alternative topology H2 (Iberodes and the clade arising
from node 3 sister to Omphalodes) (Table 1). As a result,
the unconstrained topology is preferred for posterior
phylogenetic‐based analyses. Iberodes constitutes a
monophyletic genus where I. brassififolia is sister to a
lineage formed by the remaining four species: I. commu-
tata, I. linifolia, and I. kuzyinskyanae‐I. littoralis that form a
monophyletic group. Omphalodes is a monophyletic
subclade where O. ripleyana is sister to O. luciliae, and
both are sister to a lineage formed by two lineages: O.
nitida‐O. runnemarkii‐O. verna, and the Caucasian endemic
O. caucasica‐O.capadocica‐O.lojkae. The third major sub-
clade (node 3) is formed by two subclades: Mimophytum
and Selkirkia‐Myosotidium (node 4). Internal relationships
among the 10 species of Mimophytum are not fully
resolved (Fig. S1). A close phylogenetic relationship is
found for Selkirkia and Myosotidium in all the analyses.
Nevertheless, Selkirkia was found to be paraphyletic in the
unconstrained BEAST analysis (Myosotidium was inferred
nested within it), while RAxML shows the Selkirkia lineage
sister to Myosotidium although with marginal support
(Fig. S2). In addition, the Bayesian inference obtained with

MrBayes differed from the tree obtained with the
unconstrained BEAST, since there is no high support for
Myosotidium nested within Selkirkia in the former (Figs.
S1, S2). Neither the AU test nor BayesFactor could
significantly discard the paraphyly of Selkirkia (uncon-
strained topology H0, Table 1).

3.2 Estimation of divergence times
Divergence times analyzed with BEAST gave the highest
posterior density values for the split of most clades,
subclades, and lineages of Omphalodeae (Figs. 1, S1; Table
2). The crown age of tribe Omphalodeae (node 1, Fig. 1)
coincided with the mid‐Oligocene (mean= 28.56 mya; 95%
highest probability density (HPD)= 20.40‐36.57 mya), while
the earliest diverging clade (sister to Gyrocaryum) originated
in the Early Miocene (node 2; mean= 20.13 mya; 95%
HPD= 13.63‐27.58 mya). Iberodes crown age is inferred
during the Pliocene (mean= 3.84 mya; 95% HPD= 1.83‐6.37
mya), while the crown age of Omphalodes was in the Late
Miocene (mean crown age= 9.41 mya; 95% HPD= 4.97‐14.57
mya). The third major subclade (node 3) arose during the
Early Miocene (mean= 17.09 mya; 95% HPD= 11.19‐23.07
mya) and Mimophytum short afterward (mean crown age=
14.90 mya ; 95% HPD= 9.70‐20.34 mya). Interestingly, similar
divergence age estimation between Myosotidium and the

Table 1 Topology test with Bayes Factor and Approximately
Unbiased test (AU test) for the three alternative topologies
of node 2 (H0, H1, H2) and the two alternative topologies of
node 4 (H0, H1). Bayes factor is represented by the quotient
between marginal likelihood of each hypothesis and AU test
values represent the differences between LnLikelihood of
each hypothesis. Numbers in brackets are p‐values obtained
for AU test

Bayes Factor

Node 2 H0 H1 H2

H0 (Iberodes,
(Omphalodes, Node 3))

‐ 9.31* 319.57**

H1 (Node 3, (Iberodes,
Omphalodes))

‐ ‐ 309.82**

H2 (Omphalodes,
(Iberodes, Node 3))

‐ ‐ ‐

Node 4
H0 (Selkirkia,
Myosotidium)

‐ ‐0.5 ‐

H1 (Selkirkia trianaeum,
(Selkirkia spp.,
Myosotidium))

‐ ‐ ‐

AU test
Node 2
H0 0 (0.84) 8.51

(0.22)
11.04 (0.07)

Node 4
H0 0 (0.50) ‐0.190

(0.50)
‐

Asterisks indicate evidence (* Positive, ** Very strong) in
favor to (positive values) or against (negative values) the
null hypothesis (H0) for the Bayes Factor.
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South American Selkirkia (node 4) in the late Miocene was
inferred for both the unconstrained BEAST results (mean
root node age= 7.60 mya ; 95% HPD= 3.36‐12.79 mya) and
the constrained analysis (mean crown node age= 9.25 mya;
95% HPD= 4.25‐15.19 mya) (Fig. S3). In particular, under
unconstrained BEAST analysis, Selkirkia trianae appears to be
sister to a subclade (Myosotidium hortensia‐S. limense sister
to S. berteroi‐S. pauciflora) that is not fully resolved (mean
crown age= 5.80 mya; 95% HPD= 1.84‐10.44 mya).

3.3 Biogeographic analyses
The AIC test for the eight considered biogeographic models
revealed that the best‐fit model within each biogeographic
model (DEC and DIVA) was the scheme M1 (scaled dispersal
rates between areas based on proximity) in both DEC and
DIVA, and also for the two topologies (Tables S5, S6). Both
DEC and DIVA models resulted in biologically congruent
reconstructions. Nevertheless, the less ambiguous recon-
struction obtained with the DIVA model better resolved the
biogeographic history of Omphalodeae. Probabilities of
ancestral ranges obtained with DEC and DIVA for M1 are
summarized for the main lineages of Omphalodeae in Table 2
and are represented in Figs. 1, S4–S6. Under unconstrained
Beast topology, the ancestral area of Omphalodeae was
ambiguously inferred with DEC (Table 2; node 1, Fig. S4). In
contrast, Western Mediterranean is clearly inferred as the
ancestral area of Omphalodeae with a DIVA model (p= 0.71)
(Table 2; node 1, Fig. 1). Although both DEC and DIVA are
congruent with a widespread ancestor for node 2 in Old and
New World, uncertainty between Sierra Madre and NW
South America (SAm) is inferred in DEC (Table 2; node 2, Fig.
S4). Otherwise, DIVA inferred a widespread ancestor in the
Mediterranean and the Sierra Madre Oriental (p= 0.37) for
node 2 (Table 2, Fig. 1). A widespread area in Sierra Madre
Oriental and NW SAm is inferred for node 3 with both DEC
(p= 0.61) and DIVA (p= 0.77). The ancestral area of
Mimophytum is significantly inferred in Sierra Madre Oriental
in both DEC (p= 0.99) and DIVA (p= 0.97). Finally, according

to the topology of unconstrained BEAST, the ancestral area
of Selkirkia‐Myosotidium (node 4) is inferred as a widespread
range in NW SAm and Chile with both DEC (p= 0.69) and
DIVA (p= 0.97) (Table 2; Figs. 1, S4). However, according to
the topology of the constrained BEAST the ancestral area of
node 4 is in a widespread area formed by NW SAm, Chile and
New Zealand for both DEC (p= 0.39, Fig. S5) and DIVA
(p= 0.55, Fig. S6). Two LDD from mainland to oceanic islands
have been inferred for Myosotidium (Chatham Islands, New
Zealand) and S. berteroi (Juan Fernández Islands, Chile). The
ancestor of Myosotidium is widespread in NW SAm, Chile,
and New Zealand according to the constrained topology and
in Chile according to the unconstrained topology (Figs. 1, S4).
Selkirkia berteroi is sister to Selkirkia pauciflora and Chile is
inferred to be the ancestral area of their common ancestor
(Figs. 1, S4‐S6).

3.4 Analysis of diversification rates
Diversification rates inferred for main subclades of Ompha-
lodeae at crown and stem node ages are shown in Table 3.
The global rate for Omphalodeae oscillated from r= 0.13
(minimum stem age, minimum extinction rate: ε= 0.0) to
r= 0.05 (minimum stem age, maximum extinction rate:
ε= 0.9). Likewise, at the minimum crown age of Omphalo-
deae, diversification rates varied from r= 0.17 (ε= 0.0) to
r= 0.07 (ε= 0.9). Diversification rates for each of the four
main subclades of Omphalodeae ranged between r= 0.12‐
0.21 (ε= 0.0) and r= 0.02‐0.06 (ε= 0.9) for the stem age,
and r= 0.25‐0.88 (ε= 0.0) and r= 0.07‐0.18 (ε= 0.9) for the
crown age. The minimum differences between stem and
crown ages were found for Mimophytum, which presented
the highest diversification rate for the stem age at minimum
and maximum age ranges within HPD, and for both scenarios
of extinction rates (ε= 0.0, ε= 0.9; Table 3). In contrast,
Iberodes presented the highest difference in diversification
rates between stem and crown and obtained the highest
diversification rate for the crown age at minimum and

Table 2 Summary of node ages (BEAST) and ancestral area reconstruction (Biogeobears) of main clades of Omphalodeae:
mean ages (mya) of each clade and highest posterior density ranges for stem and crown nodes; ancestral area and the relative
probability inferred in biogeographic reconstruction with DIVA and DEC. Ancestral areas with a relative probability above 0.10
are shown. Geographic areas codes are: A: Western Mediterranean, B: Eastern Mediterranean, C: Sierra Madre Oriental, D: NW
South America, E: Chile, G: Chatham islands. Hyphen (‐) indicates nodes with Bayesian posterior probability (BBP) and
Bootstrap value below 0.90 and 70, respectively. † indicates divergence time and ancestral area probability with the
constrained BEAST analysis for node 4.

Clades
Mean Age (95%
HPD) Stem node

Mean Age (95%
HPD) Crown node

DIVA (relative
probability) DEC (relative probability)

Omphalodeae
(Node 1)

‐ 28.56 (20.40‐36.57) A (0.71) A (0.28), ABC (0.21), ABD
(0.21), AB

Node 2 28.56 (20.40‐36.57) 20.13 (13.63‐27.58) ABC (0.37), ABD (0.34),
AB (0.20)

ACD (0.19), ABC (0.17), ABD
(0.15), AC (0.11), AD (0.11)

Iberodes 20.13 (13.63‐27.58) 3.84 (1.83‐6.37) A (0.99) A (0.99)
Omphalodes ‐ 9.41 (4.97‐14.57) B (0.99) AB (0.72), B (0.28)
Node 3 ‐ 17.09 (11.19‐23.07) CD (0.77) CD (0.60)
Node 4 17.09 (11.19‐23.07)

† 17.78 (12.09‐24.15)
10.33 (4.67‐17.06)
† 9.25 (4.25‐15.19)

DE (0.97) † DEG (0.55) DE (0.69), CDE (0.15),
DEG (0.13) † DEG (0.39)

Mimophytum 17.09 (11.19‐23.07) 14.90 (9.70‐20.34) C (0.99) C (0.98)
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maximum age ranges, and for both scenarios of extinction
rates (Table 3).

3.5 Ancestral state reconstruction of LDD syndromes
The ancestral state reconstruction analyses indicated that
the most probable LDD syndrome for the ancestor of
Omphalodeae is epizoochory (p= 0.58, Fig. 2). Epizoo-
chorous traits were maintained for all main clades and
lineages except for Omphalodes that changed to an
unspecialized ancestor (p= 0.85) during the Miocene.
Epizoochorous traits are the ancestral state for Iberodes
(p= 0.76), Selkirkia‐Myosotidium (p= 0.80 according to the
unconstrained topology and p= 0.84 according to the
constrained topology) and Mimophytum although with low
probability (p= 0.48). Four changes from epizoochoroous to
anemochorous traits are observed at four terminal lineages
(I. commutata, Myosotidium hortensia, Mimophytum alienum
and Mimophytum erectum). Likewise, five changes from
epizoochory to unspecialized syndrome were found on five
lineages (I. linifolia, Mimophytum chiangii, M. mexicanum, M.
carranzae, and M. australe). Interestingly, high probability for
two reversions from unspecialized to epizoochorous traits
has also been inferred within Omphalodes (O. nitida and O.
caucasica).

4 Discussion
This study found a strong phylogenetic signal for coloniza-
tion of distant territories via LDD (Madrean‐Tethyan,
amphitropical and trans‐Pacific) in agreement with the
general trend inferred for other groups of Boraginaceae
and even for other families within Boraginales (Luebert et al.,
2017). Posterior geographic isolation led to differentiation
into new genera and species. Considerable differences of in
situ diversification are observed within genera, probably due
to historical conditions at a regional scale. The phylogenetic
topology of Omphalodeae is congruent with previous studies
(Holstein et al., 2016a, 2016b) except for the monophyly of
Selkirkia that is not robustly supported in our study. The
general patterns of colonization and speciation are con-
gruent irrespective of phylogenetic methodologies used.

4.1 Ancient LDD accounts for historical colonization of North
and South America
Our analyses revealed that early diversification of Omphalo-
deae took place in the Old World (W Mediterranean) during
mid‐Oligocene (node 1, Fig. 1). An expansion of Western‐to‐
Eastern Mediterranean colonization appears to have oc-
curred later on (Oligocene‐Miocene boundary, node 2, Fig. 1).
This plant migration may reflect suitable colonization
conditions inasmuch as similar patterns of eastward coloni-
zation across the Mediterranean Basin have been inferred
during the Miocene (Odontites, late Miocene, Gaudeul et al.,
2016; Narcissus, early Miocene, Santos‐Gally et al., 2012;
Hyacinthaceae, early Miocene, Buerki et al., 2012; Carex sect.
Rhynchocystis, late Miocene, Míguez et al., 2010).
The colonization of the New World appears to have also

occurred in the Oligocene‐Miocene boundary. Our DIVA
analyses inferred dispersal events form The Mediterranean
to Sierra Madre (North America) in the Oligocene‐Miocene
boundary and posterior colonization of South America later on
early Miocene (nodes 2, 3; Fig. 1). Diversification of Mimo-
phytum at Sierra Madre (North America) and Selkirkia at South
America is inferred from mid Miocene to early Pliocene (node
3; Fig. 1). The colonization of remote Chatham islands (New
Zealand) from South America is inferred during late Miocene
(Fig. 1). The morphological differentiation of Mimophytum,
Selkirkia, and Myosotidium coincides when gradual climate
cooling at high latitudes contributed to the expansion of
temperate rather than tropical floristic elements (Zachos
et al., 1997; Viruel et al., 2016). The previously highlighted
importance of transoceanic dispersals in Boraginaceae (e.g.,
Winkworth et al., 2002; Chacón et al., 2016; Luebert et al.,
2017) is here described by the early colonization of Sierra
Madre (Mexico) from the Mediterranean Basin, which
contributes to the Madrean‐Thethyan historical connectivity
that is relatively well studied in other Mediterranean clades
(Wen & Ickert‐Bond, 2009; Kadereit & Baldwin, 2012; Vargas
et al., 2014). The origin of this disjunction has been
traditionally explained as an ancient migration across North
Atlantic Ocean in the late Eocene when the distance between
North America and Western Europe was narrow and thus,
facilitated a continuous belt (Axelrod, 1975). In addition, the
LDD between distant Mediterranean and Sierra Madre regions
in more recent times (mainly Miocene) has been also

Table 3 Diversification rates of the generic lineages of Omphalodeae and diversification rates differences between stem and
crown ages of Beast analysis using different rates of extinction (k= 0, no extinction; and k= 0.9, high rate of extinction; where
k= speciation rate/extinction rate). Highest diversification rates and highest differences between stem and crown ages are
marked in bold. † indicates diversification rates obtained from the constrained MCC tree.

Stem age Crown age Stem age vs. Crown age

min max min max min max
k= 0 k= 0.9 k= 0 k= 0.9 k= 0 k= 0.9 k= 0 k= 0.9 k= 0 k= 0.9 k= 0 k= 0.9

Omphalodeae 0.133 0.054 0.083 0.034 0.170 0.069 0.095 0.038 ‐0.037 ‐0.015 ‐0.012 ‐0.004
Iberodes 0.118 0.025 0.058 0.012 0.877 0.183 0.253 0.053 ‐0.759 ‐0.158 ‐0.195 ‐0.041
Omphalodes 0.169 0.047 0.083 0.023 0.463 0.129 0.158 0.044 ‐0.294 ‐0.082 ‐0.075 ‐0.021
Selkirkia‐Myosotidium 0.144 0.030 0.070 0.015 0.345 0.072 0.070 0.020 ‐0.202 ‐0.042 0 ‐0.005
† 0.133 0.027 0.066 0.013 0.378 0.079 0.105 0.022 ‐0.245 ‐0.052 ‐0.039 ‐0.009
Mymophytum 0.214 0.062 0.103 0.030 0.247 0.071 0.118 0.034 ‐0.033 ‐0.009 ‐0.015 ‐0.004
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hypothesized to explain this pattern (Raven & Axelrod, 1975).
Given that the date of Madrean‐Thethyan disjunction in
Omphalodeae (Oligocene‐Miocene boundary) is posterior to
the disappearance of the North Atlantic Bridge (late
Palaeocene; Tiffney, 1985; Brikiatis, 2014), the hypothesis of
more recent LDD is more plausible. Indeed, there are other
well‐known examples of LDD from Old to New World even
during Quaternary, such as the species of genus Oligomeris
(Martín‐Bravo et al., 2009).
Diversification rates in the Old and New Worlds are

shown to be dissimilar. Both Old and New World generic

lineages of Omphalodeae share a common history of
ancient origin and early disjunction with lineage‐dependent
geographic isolation, but also display very different diversi-
fication patterns (Fig. 1). On the one hand, the diversifica-
tion pattern of the American lineages started close to their
origin in early‐mid Miocene and kept relatively constant
until the Pliocene (smallest difference between its crown
and stem diversification rates, Table 3). On the other hand,
the Mediterranean lineages revealed large diversification
gaps (largest diversification rate differences between crown
and stem, Table 3), with no cladogenetic events observed

Fig. 2. Ancestral character state reconstruction of diaspore syndromes using stochastic mapping (SIMMAP) with the
unconstrained BEAST tree. Color legend and representative nutlet images for each state are provided.
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until late Miocene (E Mediterranean, Omphalodes; Fig. 1) or
Pliocene (W Mediterranean, Iberodes; Fig. 1) onwards, and
even without any cladogenetic event to the present
(W Mediterranean, Gyrocaryum; Fig. 1). In this sense, the
fact that the monotypic Gyrocaryum originated in the
Oligocene while the more diversified Iberodes and Ompha-
lodes originated in the Miocene is congruent with a recently
uncovered pattern of an older origin for species‐poor
lineages than species‐rich lineages in the Mediterranean
(Fernández‐Mazuecos et al., 2014, 2016; Vargas et al., 2018).
In particular, the Pliocene diversification observed in the
Iberodes clade after a long gap of absence of cladogenesis
coincides with a common pattern of diversification detected
in the Mediterranean biota in which the effect of the onset
of Mediterranean climate on lineages diversification can
either be explained by an adaptive radiation, Miocene stasis
of diversification or mass extinction effect (Fiz‐Palacios &
Valcárcel, 2013). Conversely, ancient diversification in the
Sierra Madre Oriental (from 20 to 10 mya) and prevalence of
Mimophytum species up to present times is congruent with
the role of the Sierra Madre Oriental, especially the
highlands, as a reservoir of biodiversity and high‐elevation
refugia throughout interglacial periods (Mastretta‐Yanes
et al., 2015). Indeed, a similar diversification pattern is
inferred for Californian (Mediterranean‐type) clades of
other tribes of Cynoglossoideae such as Amsinckiinae
(unlike more recent diversification ages for South American
clades, ages for North American clades are from early‐to‐
mid Miocene, see Guilliams et al., 2017).

4.2 Recent LDD in the colonization of Juan Fernández and
New Zealand
In most recent times, plant expansion across South America
followed by in situ differentiation took place in the New
World Omphalodeae (Fig. 1, node 3). The colonization of
northern South America (node 3, Fig. 1) was most likely from
the Madrean region during early Miocene (ca. 17 mya) and via
LDD since the closure of the Panama Isthmus was not fully
completed until 8 mya (Coates et al., 2003; Bacon et al., 2015;
Montes et al., 2015). The existence of island arcs between the
two continents at around 15 mya (Krzywinski et al., 2001)
could have facilitated this LDD. Indeed, biotic exchange for
numerous plant lineages has been invoked before complete
closure (e.g., Chloranthaceae, Antonelli & Sanmartin, 2011;
Valerianaceae, Bell & Donoghue, 2005; Ephedra, Ickert‐Bond
et al., 2009; Begonia, Moonlight et al., 2011; Piperaceae,
Symmank et al., 2011). Colonization of Chile via LDD from the
northern Andes led to the diversification of Chilean Selkirkia
s.l. lineage and occurred after the uplift of the eastern
cordillera of the northern Andes that favored biotic connec-
tions southwards (Ayers, 1999; Weigend, 2002; Hofreiter &
Rodríguez, 2006; Antonelli et al., 2009; Viruel et al., 2016).
The sister relationship between clades of Mimophytum and
Selkirkia can be considered as one more example of
amphitropical disjunction within Boraginaceae. Indeed, Bor-
aginaceae and, particularly the tribe Amsinckiinae, is revealed
as one of the maximum exponents for American Amphi-
tropical Disjuntion (AAD; Guilliams et al., 2017) among
vascular plants. Most relevant characteristics of AAD in in
vascular plants are shared by AAD in Omphalodeae, such as
the LDD as most likely explanation, the presence of adhesion

structures (epizoochorous traits), the north‐to‐south event
directionality, and the timing for the divergence (early‐mid
Miocene, 18‐12 mya) (Schenk & Saunders, 2017; Simpson
et al., 2017).
Colonization of remote islands by the South American

clade of Omphalodeae includes two LDD events in relatively
recent times. The first colonization entails a transoceanic
dispersal of the ancestor of Myosotidium that colonized
Zealandia (Chatham Islands) from South America. The
divergence of Myosotidium, either as sister to Selkirkia
(Figs. S5, S6) or nested within it during Miocene‐Pliocene
boundary (Fig. 1), predates the age of re‐emergence of
Chatham island (1‐4 mya; Campbell, 1998). Similar patterns of
divergence times before the re‐emergence are inferred for
other disjunct organisms in Chatham Islands (Liggins et al.,
2008). In our case, LDD by stepping stone through
intermediate islands, through the colonization of other
non‐submerged parts of Zealandia (see Heads, 2017), or
even through climatically suitable areas of the Antarctic
continent at that moment (Lewis et al., 2008) could be
invoked to explain this pattern. Either considering the
topology where Myosotidium is nested within Selkirkia or
an alternative topology where the two genera are recipro-
cally sister lineages, the geological epoch (Miocene) inferred
for this transpacific colonization would be widely in agree-
ment with other plant lineages where relatively recent LDD
challenged the traditional hypothesis of Gondwana break for
this trans‐Pacific disjunction pattern (Spalik et al., 2010). The
second LDD entails the colonization of the Juan Fernández
archipelago from Chile during early Pliocene, which is
congruent with the estimated origin of most ancient islands
(4.23‐5.8 mya, Stuessy et al., 1984). In particular, the endemic
S. berteroi (Juan Fernández islands) is the sister species of
the Chilean Selkirkia pauciflora, which diverged from each
other in the Pliocene (4.74 mya). Most endemic species
belong to species‐poor clades in the Juan Fernández
archipelago. Single species are predominant within both
endemic genera (Nothomyrcia, Lactoris) and widespread
genera in the continent (e.g., Erigeron, Berberis, Chenopo-
dium) (Landrum, 1999; Murillo‐Aldana & Ruiz, 2017), which
suggests anagenesis as a predominant mechanism in
speciation of insular plants. Indeed, the first direct compar-
ison of the genetic consequences of anagenetic (vs.
cladogenetic) speciation in insular plants was found in
Robinsonia (Takayama et al., 2015). Likewise, Selkirkia berteroi
would be one more example of anagenetic event that
reinforces this common speciation pattern on islands first
proposed by Stuessy et al. (1990).

4.3 The role of epizoochorous traits in the evolution of
Omphalodeae
Epizoochory has been revealed as one of the key traits of
biogeographic history of Omphalodeae. Indeed, epizoo-
chorous traits are ancestral in both Omphalodeae and three
of the four generic clades of the tribe (Fig. 2).
Dispersal within continents has been mainly related to

epizoochory by large mammals, whereas colonizing remote
places (especially oceanic islands) has been traditionally
linked to endozoochory via birds (Ridley, 1930; Van der Pijl,
1982). Nevertheless, recent studies have found effective
adhesive LDD of epizoochorous diaspores through avian
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vectors as well (Aoyama et al., 2012). Indeed, epizoochorous
traits are considered to be more efficient for LDD since the
mechanism to transport the diaspore (externally attached to
the animal) allows longer retention times, which favors
migration over greater distances than by endozoochory
(Sorensen, 1986). In contrast, dispersal distance by endo-
zoochory takes fewer days, i.e., the time needed for
transport through an animal's gut. Furthermore, during early
divergence of Omphalodeae, epizoochorous traits were only
lost for the Eastern Mediterranean lineage but maintained as
ancestral specializations for those lineages that colonized
other distant places via LDD, including the two transoceanic
LDD dispersals. Interestingly, a shift from epizoochorous to
anemochorous traits is inferred after the transoceanic
colonization of the distant Chatham Islands (New Zealand)
from South America (Figs. 2, S7). However, we cannot
discount the possibility that the shift from epizoochory to
anemochory occurred prior to long distance dispersal. The
fact of losing the efficient anchoring structures (glochids)
could be traditionally explained for many plant lineages
(Carlquist, 1972) by the loss of dispersal ability hypothesis
that predicts that islands are initially colonized by individuals
with relatively good powers of dispersal, but through time,
island populations evolve poorer disperser ability to avoid
being swept out to sea (see Cody & Overton, 1996). Indeed,
character shifts after colonization can occur in few genera-
tions (Cody & Overton, 1996). However, the interpretation of
this loss of potential dispersal has been challenged by some
recent studies that argue a loss of dispersal ability is
unnecessarily linked to the loss of dispersal ability hypothesis
(Burns, 2018). In particular, in Myosotidium besides the
development of a soft and open nutlet margin, there has
been a notably increasing of nutlet size, much larger than its
relatives (Holstein et al., 2016a). Thus, the loss of dispersa-
bility could be determined by the increase in seed size
instead of the loss of LDD traits, as observed in other plant
examples (Fresnillo & Ehlers, 2008). Decrease of dispersal
potential could be a consequence of selective pressures for
increased seed size more advantageous at early stages of
colonization that are unrelated to seed dispersal distances
(Burns, 2018). The majority of the flora of New Zealand
comes from transoceanic migrations (Winkworth et al., 2002)
and character shifts in diaspore specializations from the
original source is particularly common (Thorsen et al., 2009).
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Appendix I. Taxonomic rearrangement derived from the
phylogenetic findings.

There are some taxonomic consequences needed in the light
of a more natural classification of Omphalodeae.
The reconstruction of the Southern Mexican endemic

M. australe nested within the more widespread M.
cardiophyllum (Nesom, 2013) points to overemphasizing
the geographic distribution gap in this group. The minor
morphological differences between the two species
(Nesom, 2013) have probably been overvalued under a
putative morphogeographic compartmentalization sce-
nario (e.g., Míguez et al., 2017), leading to the misconcep-
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tion of M. australe as distinct enough to be considered a
different species from M. cardiophyllum. In any case,
before simply lump one species under the other, further
studies are needed to confirm the fine taxonomic structure
revealed by our phylogeny, given the limited considered
sampling.
In addition, Omphalodes erecta has been found to be nested

within Mimophytum, which supports its transfer to this North
American endemic genus. Most North American species of
Mimophytum were previously circumscribed in Omphalodes
until the rearrangement proposed by Holstein et al. (2016b),
who combined the accepted names under Mimophytum.
However, the deviant morphological characters of O. erecta in
comparison with other Mimophytum (primarily the cuneate
leaves and the erect growth of O. erecta vs. the basally
constricted leaves and the mostly ascending growth of
Mimophytum) prevented them from addressing the formal
nomenclatural changes. Remarkably, they pointed to several
morphological affinities that put O. erecta closer to Mimo-
phytum than to the other Omphalodeae (i.e., spreading
pubescence, nutlets with a flat toothed margin), but considered
that such evidence should be taken with caution until further
molecular data was available. After our phylogenetic results,
the transfer of O. erecta to Mimophytum is fully supported, and
we make the following formal combination:
Mimophytum erectum (I.M.Johnst.) A.Otero, Jim.Mejías,

Valcárcel & P. Vargas, comb. nov.
≡ Omphalodes erecta I.M.Johnst., J. Arnold Arbor. 16: 204.

1935 [Basionym].
Holotype: México, Nuevo León, Alamar to Taray, ca. 15mi SW

of Galeana, C. H. & M. T. Mueller 992 (GH digital image!; isotype:
F digital image!, MICH digital image!, TEX digital image!).

Supplementary Material
The following supplementary material is available online
for this article at http://onlinelibrary.wiley.com/doi/10.1111/
jse.12504/suppinfo:
Table S1. List of voucher specimen and GenBank numbers of
species of the ingroup. Asterisks mark accessions newly
sequenced.

Table S2. List of GenBank accessions for the outgroup.
Table S3. Dispersal rate scale used for biogeographic
schemes M1 and M3.
Table S4. Adjacency matrix used for biogeographic schemes
M2 and M3.
Table S5. Log‐likelihood and AIC values obtained for the
biogeographic models analyzed under different connec-
tivity schemes (M0‐M3) with the MCC from the uncon-
strained BEAST analysis (H0: Myosotidium is nested within
Selkirkia).
Table S6. Log‐likelihood and AIC values obtained for
the biogeographic models analyzed under different
connectivity schemes (M0‐M3) with the MCC from the
constrained BEAST analysis (H1: Selkirkia is sister to
Myosotidium).
Fig. S1. Maximum clade credibility (MCC) tree from the
unconstrained BEAST analysis. The 95% Highest posterior
density (HPD) bars of divergence time are provided for
those nodes with ≥0.90 Bayesian Posterior Probability
(BPP).
Fig. S2. Phylogenetic reconstruction of Omphalodeae. (a)
Maximum likelihood inference through RaxML. Bootstrap
support for each node is provided. (b) Bayesian inference
through Mr.Bayes.
Fig. S3. Maximum clade credibility (MCC) tree from the
constrained BEAST analysis. The 95% Highest posterior
density (HPD) bars of divergence time are provided for
those nodes with ≥70 Bootstrap support (BS).
Fig. S4. Time‐calibrated phylogeny from the unconstrained
BEAST analysis and dispersal‐extinction‐cladogenesis (DEC)
reconstruction of Omphalodeae under M1 scheme.
Fig. S5. Time‐calibrated phylogeny from the constrained
BEAST analysis and dispersal‐extinction‐cladogenesis (DEC)
reconstruction of Omphalodeae under M1 scheme.
Fig. S6. Time‐calibrated phylogeny from the constrained
BEAST analysis and dispersal vicariance analysis (DIVA)
reconstruction of Omphalodeae under M1 scheme.
Fig. S7. Ancestral character state reconstruction of LDD
syndrome in Omphalodeae using stochastic mapping
(SIMMAP) with the constrained BEAST tree.
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