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Abstract

Aim: Understanding plant diversity and how different traits have shaped the current
biodiversity setting across the world is one of the major challenges for evolutionary
biology. In this sense, genus Linum have been broadly studied as a model of species
showing heterostyly, but no studies have attempted to investigate possible correlations
between heterostyly and diversification. Thus, in this study we aim to explore the origin
and diversification of the genus Linum and to determine its centre of diversity and po-
tential source for the colonisation of other areas. Also, we aim to study how heterostyly
may have shaped diversification rates and colonisation patterns in the genus.
Location: Worldwide (focused on the Western Palearctic).

Taxon: Genus Linum L. (Linaceae).

Methods: We analysed nuclear ITS and plastid ndhF, matK and trnL-F DNA regions in a
total of 103 samples of 93 different species of the genus Linum, as well as seven sam-
ples from other Linaceae. We performed divergence time analysis in BEAST2 under
a birth-death tree model, then used the resulting tree for an ancestral area recon-
struction using the R package “BioGeoBEARS.” Finally, we estimated diversification
rates using BAMM and examined the correlation between diversification rates and
geographic ranges and heterostyly.

Results: Linum s.I. diverged during the late Eocene to mid Oligocene (27.2-38.29 Ma
at 95% highest posterior density interval) in the Western Palearctic, where most spe-
cies diversified. Within-area speciation is the main mechanism of diversification in the
genus. Most dispersal events occurred from the Western Palearctic to other regions,
probably through long-distance dispersal (LDD). No changes were found regarding
diversification rates in specific clades or in relation with reproductive system (hetero-
styly) or geographic areas. Colonisation of new areas was achieved mostly by mono-
morphic lineages, whereas heterostylous species mostly remained in the ancestral
Western Paleartic area.

Main conclusions: The Western Palearctic acted as a source of dispersal in seven out
of nine total dispersal events but never as a sink. All species or lineages that colonised
new areas after LDD were monomorphic for style length, as predicted by the the-

ory on reproductive traits of colonising species. Thus, heterostyly is shown to affect
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1 | INTRODUCTION

Explaining correlates of plant diversity across the World and its
historical setting and possible associated biological traits is a major
challenge for plant evolutionary biology. The Mediterranean Basin
is one of the richest biodiversity hotspots and has the third high-
est rate of endemism amongst plant species (about 13,000 out of
25,000 species), following the Tropical Andes in South America
(20,000 species) and Sundaland in Southeast Asia (15,000; Myers
et al., 2000). Characterised by a highly seasonal climate, species
growth is limited during the warm, dry summer season in this region
(Thompson, 2020). Additionally, due to its location between temper-
ate and tropical climates, the Mediterranean Basin has served as a
refugium for many species during the Tertiary and the Quaternary
glaciations and source for later colonisation of adjacent areas during
interglacial periods (Thompson, 2020). This fact affected the evolu-
tion of many plant lineages by facilitating recurrent hybridisation,
isolation and adaptation in alternate climates (Avise, 2000; Maguilla
etal., 2017; Schneeweiss et al., 2017). Moreover, adjacent areas such
as the Irano-Turanian floristic region, ranging from western Asian
subregions to central Asia, have been described as a source of biodi-
versity which later colonised the Mediterranean region (Manafzadeh
et al., 2014; Peterson et al., 2019). Thus, in general, the flora of the
Mediterranean Basin is often seen as the result of convergent line-
ages in a melting pot or crossroads (e.g. Feliner, 2014; Rodriguez-
Sanchez et al., 2008), rather than a centre of lineage dispersal.

One of the best ways to explore the assembly of plant biodiver-
sity hotspots is through deep analysis of key plant groups. In this
respect, Linum L. is a good model system because it has a distribu-
tion pattern and some biological traits that make it suitable to test
evolutionary hypotheses about its place of origin and the role of key
traits in its diversification. Linum is the largest genus within the fam-
ily Linaceae DC. ex Perleb (Dressler et al., 2014; McDill & Simpson,
2011). This genus includes about 180 species (of approximately 255
species comprising Linaceae) with a nearly cosmopolitan distribu-
tion (Dressler et al., 2014). The family Linaceae is found in temper-
ate to tropical regions, mainly in the Northern Hemisphere, and the
Mediterranean region and Southwestern Asia are the centre of bio-
diversity of Linum (Dressler et al., 2014). Although Linaceae sensu
Dressler et al. (2014) has been shown to be monophyletic (McDill &
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establishment success in a new area. Neither biogeographic changes nor analysed
trait changes can explain speciation nor extinction rates in Linum. Our results confirm
that the evolution of heterostyly is related to the paleogeographic history and are
not consistent with the idea that a key innovation or “dispersification” has shaped the

diversification patterns in Linum.

biogeography, BiSSE, breeding system, colonization, GeoSSE, life history, Linum, long-distance
dispersal, Mediterranean, style polymorphism

Simpson, 2011), Linum is paraphyletic, with genera Cliococca Bab.,
Hesperolinon (A. Gray) Small, Sclerolinon C.M. Rogers and Radiola
Hill nested within the core Linum (hereafter Linum s.l.; McDill et al.,
2009; Ruiz-Martin et al., 2018; Schneider et al., 2016).

The genus Linum has been studied as a model group for disentan-
gling the evolution of floral polymorphisms since the seminal work
by Darwin (1877) on within-population variation in reproduction
in plants. Experimental and observational work by Darwin in sev-
eral Linum species has made this genus a classic representative of
plants with one of the most common flower polymorphisms: hetero-
styly (Barrett, 2019; Barrett & Shore, 2008). Heterostyly is defined
as the occurrence of two or three different floral morphs within a
given population and mainly occurs due to reciprocal differences
in the placement of the stigmas and anthers in the flower (Barrett,
1992, 2019; Darwin, 1877; Ruiz-Martin et al., 2018). The underly-
ing mechanism was described by Darwin to promote outcrossing
(Darwin, 1877; Barrett, 1992; Barrett & Shore, 2008; but see al-
ternative hypotheses for the maintenance and loss of heterostyly
in Charlesworth & Charlesworth, 1979; Lloyd & Webb, 1992). For
example, if heterostyly promotes outcrossing, which has been sug-
gested to favour diversification more than selfing (Stebbins, 1957,
but see Igic & Busch, 2013), heterostyly could thus be expected
to promote diversification (de Vos, Hughes, et al., 2014) and could
be considered a key innovation trait (Haller et al., 2014; Vamosi &
Vamosi, 2011). Similar arguments were posed for suggesting a high
diversification rate in dioecious clades, but testing this hypothesis
has got only mixed results (Vamosi et al., 2018).

The genus Linum has both high biodiversity in different regions
and wide occurrence of heterostyly (Ruiz-Martin et al., 2018), pro-
viding an opportunity to investigate how heterostyly could be cor-
related with macro-evolutionary processes shaping diversification.
The only previous empirical test of the hypothesis that heterostyly
promotes diversification was conducted in Primulaceae, where
heterostyly is also common (de Vos, Hughes, et al., 2014). Thus, in
exploring the importance of heterostyly in diversification, we con-
tribute to better understanding the role of plant traits in explaining
angiosperm diversification (Dodd et al., 1999), Darwin's “abomina-
ble mystery” (Davies et al., 2004). Here, we add a biogeographical
component, given the wide range of the genus and the differen-
tial distribution of heterostyly and species diversity of this genus
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(Ruiz-Martin et al., 2018). Ruiz-Martin et al. (2018) suggested that
there may be a correlation between style polymorphism and dis-
tribution; the proportion of Linum species that are heterostylous is
substantially higher in the Western Palearctic than in the Americas
and southern Africa. This could be in part due to the lack of specific
pollinators that promote outcrossing (by legitimate pollen trans-
fer) between different morphs, which may differ amongst regions
(Busch, 2011; Lloyd & Webb, 1992) or higher colonisation capacity
of the non-heterostylous species because they might behave in part
as selfers more frequently than heterostylous species (see Baker's
law; Baker, 1974).

There has been a long-standing interest in the effect of repro-
ductive systems on the construction of the species range (Moeller
etal., 2017). Thus, Baker's law has been invoked to explain the higher
frequency of selfers in isolated territories at several spatial scales
(Cheptou, 2012). However, the high incidence of dioecy, an obligate
outcrossing breeding system, in small, isolated populations and on
oceanic islands has been considered as evidence against this rule.
However, it should be distinguished if dioecy is an ancestral trait in
colonising lineages or if it evolved after colonisation (Pannell et al.,
2015). The case of heterostyly has some parallels to dioecy, as it
divides the population into two (or three in tristyly) mating groups,
thus increasing the chances of a limitation of mates. Consequently,
heterostyly is expected to be rare in isolated areas (Crawford et al.,
2011; Watanabe & Sugawara, 2015). If heterostyly is associated
with both heteromorphic incompatibility and reciprocal herkogamy,
which requires specialist pollination, a heterostylous species will be
a super-outcrosser; this is in strong contrast to monomorphic spe-
cies, particularly if the latter are self-compatible. In other words, it
can be argued that Baker's law can also be applied to heterostyly,
hence predicting that nonheterostylous species should colonise
new territories more easily and that heterostyly should be rarer in
colonised areas. Although there are several studies that indirectly
address biogeographical questions in heterostylous groups (e.g.
Ferrero et al., 2012; Guggisberg et al., 2006; Watanabe & Sugawara,
2015), including Linum (McDill et al., 2009), we know of no previ-
ous attempts to explicitly test biogeographical hypotheses of the
association between migration, transitions of heterostyly and diver-
sification. In addition, we aimed to test the hypothesis of “dispersifi-
cation” (Moore & Donoghue, 2007), which proposes that dispersal is
followed by a shift in diversification rates of species in the newly col-
onised area, assuming that these species are pre-adapted to the new
niche, such as a harsher pollination environment. Concerning dis-
persal, we adhere to its biogeographical meaning, that is, the ability
to colonise a new area, which includes both diaspore dispersal and
establishment. In Linum, there are no apparent differences across
species, whether heterostylous or not, with respect to seed disper-
sal abilities, thus dispersal mostly implies the ability to establish once
diaspores reach a new area. Based on the above considerations, we
expect that (1) clades where heterostyly is common have high di-
versification rates in contrast to those clades where heterostyly is
scarce and (2) that diversification rates are high in clades after dis-
persal (dispersification) and low in clades without dispersal. We have

no a priori expectations concerning the outcome of the combination
of both factors.

In the present work, we aim to reconstruct the biogeographic
history of the genus Linum s.l. The specific objectives of this study
are (1) to elucidate the origin of the most recent common ancestor
(MRCA) of the whole genus and of the main clades within Linum, (2)
to determine the centre of diversification and source for later col-
onisation of other regions around the world, (3) to estimate diver-
sification rates across the phylogeny and (4) to determine whether
dispersed species were monomorphic or polymorphic and to eval-
uate the influence of heterostyly (monomorphic vs. polymorphic
species) and of geographic area (within vs. outside the Palearctic) on
colonisation and diversification. To do this, we used updated phylo-
genetic information. Although we included a significant number of
species from around the world, we concentrated particularly on spe-
cies from the Palearctic, given that this is the region with the highest
species richness in the genus.

2 | MATERIALS AND METHODS

2.1 | Sampling

Sequence data for this study were downloaded from NCBI GenBank.
We included all accessions used in a recent phylogenetic study pub-
lished by Ruiz-Martin et al. (2018), comprising 103 Linum samples
from 93 different species (approximately 52% of all Linum species
sensu Dressler et al., 2014). In addition, we included seven samples
from different genera within Linaceae (Anisadenia pubescens Griff.,
Cliococca selaginoides (Lam.) C.M. Rogers and Mildner, Hesperolinon
micranthum (A. Gray) Small, Radiola linoides Roth., Reinwardtia indica
Dumort, Sclerolinon digynum (A. Gray) C.M. Rogers and Tirpitzia sin-
ensis (Hemsl.) Hallier f.), and three samples from genera of sister fam-
ilies as outgroup (Humiria balsamifera Aubl., Hypericum perforatum L.
and Viola pubescens Aiton; Table S1 in Appendix S1 in Supporting
Information). In total, whenever available, we used four DNA regions
for each sample: the nuclear ITS (113 sequences), plastid ndhF (114)
and matK (87) genes, plus trnL-F spacer (113; see Ruiz-Martin et al.,
2018 for more details). We categorised species as polymorphic (in-
cluding any state related with style length polymorphism) or mono-
morphic for style length, according to the information provided in
Ruiz-Martin et al. (2018) or, when unavailable in that work, from tax-
onomic descriptions of species. Unlike in other style-polymorphic
groups, heterostyly has been frequently considered a useful diag-
nostic character in Linum, so there is sound information on this trait
in floras and taxonomic studies (e.g. Ockendon & Walters, 1968).
We coded as polymorphic any species with at least two discrete
morphs for style length. This included mostly heterostylous spe-
cies: The most common state was distyly (46 species), and the three
least common states were each expressed in a single species—3D
distyly (L. suffruticosum; see Armbruster et al., 2006 for a precise
description of this rare type), tristyly (L. hirsutum) and style dimor-
phism (L. grandiflorum). Species with only one morph were coded as
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monomorphic. This included the most common states of approach
herkogamy (the style protruding the stamens; 19 species) and homo-
morphism (stamens and style of similar length, also called by some
authors homostyly; 20 species) and the less frequent horizontal
herkogamy (styles and stamens separated in the horizontal plane
of the flower; four species) and reverse herkogamy (styles shorter
than stamens; three species). Some examples of this floral variety
are shown in Figure S1 in Appendix S1. Most of these states are re-
lated with proposed steps in models of the evolution of heterostyly
(Charlesworth & Charlesworth, 1979; Lloyd & Webb, 1992).

2.2 | Divergence time analysis

We performed a divergence time estimation analysis in BEAST
2.4.0 (Bouckaert et al., 2014) using all four DNA regions combined
into a single matrix on the one hand, and considering two partitions
(ITS and plastid) on the other hand. Three independent Markov
Chain Monte Carlo (MCMC) runs were carried out with 100 million
generations each, and GTR+I+G for ITS and GTR+I+G for plastid
regions in the partitioned analysis, based on results from jModel-
Test 2.1.3 (Darriba et al., 2012). We used a log normal relaxed clock
model and birth-death for the tree model (Drummond et al., 2006).
Two calibration points were included in our analyses: a secondary
calibration point for the stem node of the Linaceae family (a mean
of 93.5 Ma and 95% confidence interval between 88 and 97 Ma;
Bell et al., 2010) following a normal distribution, and a fossil record
for the crown node of the genus Linum, including additional gen-
era gathered within Linum with a log-normal distribution with an
estimated mean age of 33.9 Ma and an interval of 33.9-37.2 Ma
(Cavagnetto & Anaddn, 1996; but see details in Ruiz-Martin et al.,
2018). Results were visualised to assess convergence in Tracer
1.6 (Rambaut & Drummond, 2013), and a maximum clade cred-
ibility (MCC) tree was reconstructed using TreeAnnotator 2.4.0
(Bouckaert et al., 2014), removing the first 20% of the trees from
each run as burn-in.

2.3 | Ancestral areas reconstruction and
biogeographic events

We pruned the calibrated phylogeny (Figure S2 in Appendix S1) for
our analyses, keeping only one sample per monophyletic species.
For polyphyletic species (L. densiflorum P.H. Davis, L. punctatum C.
Presl and L. tenue Desf.), we kept one sample per clade in which the
species were present. A total of 96 species (100 samples, consider-
ing duplicates of all polyphyletic species, plus both subspecies of L.
austriacum L.) constituted the core Linum in our analyses. In addition
to Linum species, we included samples from C. selaginoides, H. mi-
cranthum, S. digynum and R. linoides. Finally, although we removed all
outgroup species considered by Ruiz-Martin et al. (2018), we main-
tained the sister clade to the core Linum because its inclusion could
shed light on the origin of the MRCA to the core Linum. This clade
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was represented mainly by Asian species: A. pubescens, R. indica and
T. sinensis.

Ancestral areas reconstruction was performed using the pack-
age “BioGeoBEARS 1.1” (Matzke, 2013) in R 3.2.2 (R Core Team,
2015) with the MCC tree from BEAST. Absence or presence of spe-
cies was coded for six biogeographic realms: (1) Western Palearctic,
(2) Eastern Palearctic (including the Indo-Malaysian realm), (3)
Afrotropic, (4) Nearctic, (5) Neotropic and (6) Australasia (see realm
codification for each species in Table S1 in Appendix S1). Limits for
these regions were based on Udvardy (1975; with modifications
by Olson et al., 2001). Nevertheless, due to the predominantly
Mediterranean distribution of Linum, we divided the Palearctic into
the Western Palearctic, where most species of the genus occur, and
Eastern Palearctic, where few species are distributed, using the Ural
Mountains as the boundary between the two regions. Moreover, we
included the Indo-Malaysian realm in the Eastern Palearctic because
all species in this region are also in the Eastern Palearctic. The realms
considered mostly coincide with continental plates that were also
clearly separated during the Oligocene, when Linum s.l. originated
and began differentiating (see below), and the Indo-Malaysian and
Eastern Palearctic realm were tightly connected (Scotese, 2014).

“BioGeoBEARS” can implement three main reticulate models
(Ronquist & Sanmartin, 2011): Dispersal-Extinction-Cladogenesis
(DEC; Ree & Smith, 2008), Dispersal-Vicariance Analysis (DIVA-like;
Ronquist, 1997) and BayArea-like (Landis et al., 2013). We decided
not to consider a BayArea-like model in our analyses because it
would have assumed modes of speciation that we considered unre-
alistic in view of our study group and codification of biogeographic
areas. The remaining DEC and DIVA-like models were implemented
with two free parameters—"d” (range expansion) and “e” (range con-
traction). A third parameter “j” (founder event or jump dispersal),
which allows the analysis to consider cladogenetic dispersal, was not
included in our analyses, since it forces models to have greater ten-
dency towards explaining the data entirely by cladogenetic events
and inferring, in some cases, anagenetic rates of O (Ree & Sanmartin,
2018), which could lead to unrealistic results.

Additionally, testing for the importance of changes in dispersal
rates through time, we repeated all approaches above constrained
with a combination of connectivity matrices. The dispersal matri-
ces were based on those by Dupin et al. (2017), which set different
rates depending on the distance between continents (Table S2 in
Appendix S1). Variation in plant dispersal between North (Nearctic
realm) and South America (Neotropical realm), between 24 and
10 Ma, was codified in the matrices based on Bacon et al. (2015;
Table S2 in Appendix S1). Matrices were scaled using an additional
free parameter, “w”. This parameter reduces the effect of subjectiv-
ity in the establishment of specific values by the researcher in the
matrices. In total, four models were tested: DEC and DIVA-like, each
one unconstrained and constrained (with dispersal multiplier matri-
ces and free parameter “w”). We selected the best fit model with the
highest Akaike Information Criterion weight (AICw; Akaike, 1974).

Phylogenetic uncertainty was evaluated for the best fitting
model by running independent “BioGeoBEARS” analyses in 100
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post-burn-in trees from BEAST and estimating the average probabil-
ities from all trees for the reconstruction of a consensus tree.

We used the biogeographical stochastic mapping (BSM), as used
in Matzke (2014) and implemented in “BioGeoBEARS 1.1” package
in R 3.2.2 (Dupin et al., 2017; R Core Team, 2015) to characterise
biogeographical events between areas (humber and type of events).
Mean and standard deviation were estimated after 50 BSM runs.

2.4 | Diversification analyses

Bayesian analyses of macroevolutionary mixtures (BAMM; Rabosky
et al, ,2013, 2014; Shi & Rabosky, 2015) were used to quan-
tify diversification rates over time across the Linum phylogeny.
Analyses were done in BAMM 2.5 as implemented in the R package
“BAMMrtools” (Rabosky, Grundler, et al., 2014). Our analysis allowed
shifts in diversification rates and changes over time within each re-
gime. We ran BAMM for five million generations. We used the R
package “coda” (Plummer et al., 2006) to check MCMC convergence.
The “BAMMtools” R package was used to process the results and
summarise the parameters of the models with the highest posterior
probabilities. In a recent study, Louca and Pennell (2020) concluded
that because extant time trees are consistent with multiple diversifi-
cation scenarios, they are not appropriate by themselves to estimate
diversification rates. However, Morlon et al. (2020) concluded that
Louca and Pennell's (2020) results do not undermine hypothesis-
driven model selection procedures and that diversification rates may
be investigated from extant time trees using a data-driven proce-
dure, without a priori hypothesis implemented in the model of the
analysis.

To test whether heterostyly or geographic range is correlated
with diversification rates in Linum, we used two different state-
dependent speciation and extinction (SSE) approaches to estimate
speciation and extinction rates in relation to (i) heterostyly as a
binary morphological trait (monomorphic vs. polymorphic) using
a binary-state speciation and extinction model (BiSSE; Maddison
et al.,, 2007) and (ii) geographic range as a binary trait (Western
Palearctic—the origin based on BioGeoBEARS results—vs. the rest
other realms) using a geographic model (GeoSSE; Goldberg et al.,
2011). Both analyses were done in the R package “diversitree”
(Fitzjohn, 2012). For the BiSSE model, we compared the fits of the
full models versus constrained models (equal rates of transition/
dispersal, equal speciation rates or equal extinction rates). We also
performed an ancestral state reconstruction for style monomor-
phism versus polymorphism using the BiSSE model. For the GeoSSE
model, we compared the fits of the full models versus constrained
models (equal speciation and extinction rates or null speciation
rates in the widespread range). We estimated the parameters of
the models (BiSSE and GeoSSE) using a Bayesian approach. To do
this, we ran the full model for the BiSSE model and a constrained
model for GeoSSE (widespread speciation was not allowed as only
one species was coded as widespread). Then, we ran MCMC analy-
ses with one million generations each.

2.5 | Evolution of reproductive system, geographic
distribution and life history

Because we did not find statistically significant trait-dependent di-
versification after the BiSSE analyses (see Section 3), we used Pagel's
model (Pagel, 1994) for the correlated evolution of two binary traits
as implemented in the function fitPagel of the R package “phytools”
(Revell, 2012). We ran the analyses twice, once assuming equal rates
of transitions between character states and once with different
rates (model “ER” and “ARD”). We also ran the analyses assuming
that the variable x depended on variable y and vice versa. We tested
whether evolution was dependent or independent amongst three
traits: reproductive system (as coded in the BiSSE analyses), geo-
graphic distribution (as coded in the GeoSSE analyses) and annual

versus perennial life history (as coded in Ruiz-Martin et al., 2018).

3 | RESULTS

3.1 | Divergence times

The crown node for Linum s.l. (which includes the genera Cliococca,
Hesperolinon, Radiola and Sclerolinon) was estimated to have origi-
nated during the late Eocene to mid Oligocene (a mean of 32.55 Ma;
27.2-38.26 Ma at 95% HPD; Figure S2 in Appendix S1). Two main
clades were differentiated within Linum. One originated during the
early Oligocene to late Miocene (25.99 Ma; 19.88-31.71 at 95%
HPD), containing species mainly from the Western Palearctic. The
other clade originated during the Miocene (15.73 Ma; 9.42-22.15 at
95% HPD) and was composed of taxa from the Western Palearctic,
Afrotropic, Nearctic and Neotropic (Figure S2 in Appendix S1).

3.2 | Ancestral areas
The unconstrained DIVA-like model was the most supported
model, with an AIC_ weight of 0.53 (Table 1, but see Figure S3
in Appendix S1 for results under unconstrained DEC model,
which had similar results). This model had an extinction rate
(e) of zero (1e-12 events/Myr) and anagenetic dispersal rate (d)
of 0.0039 events/Myr (Table 1). The summarised result of the
ancestral area reconstruction under the DIVA-like model in the
100 post-burn-in MCC trees was almost identical to the obtained
using the single consensus MCC tree (Figure S4 in Appendix S1).
The origin of the MRCA of Linum s.l. was predicted to have
occurred in the Western Palearctic (Figure 1). Two main clades
were derived from the MRCA, one with species distributed
mainly in the Western Palearctic (including Linum sections
Dasylinum (Planch.) Juz., and Linum) and another comprising spe-
cies from the Western Palearctic, Afrotropic and the Nearctic and
Neotropic realms (sections Cathartolinum (Rchb.) Griseb., Linopsis
(Rchb.) Engelm. and Syllinum Griesb.). The MRCA of this second
clade was predicted to be from the Western Palearctic and the
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TABLE 1 Biogeographical models

tested in “BioGeoBEARS”

Model LnL

No constraints
DEC -64.64
DIVA-like -63.44

Dispersal multipliers
DECc -64.08
DIVA-likec -63.32

Free
params d

0.0028
2 0.0039
3 0.0038
3 0.0041

1999
EEMEE ey

e w AIC.  AICwt
10e-12 1 1334 0.6
1.0e-12 1 131 0.53
10e-12 039 1344  0.097
10e-12 0035 1329 021

Note: Dispersal-extinction-cladogenesis (DEC) and dispersal-vicariance like model (DIVA-like)

were tested. Additionally, all analyses were performed adding dispersal multiplier matrices with
shifts over time as input, based on Dupin et al. (2017). In these cases, “w” was considered as a free
parameter to reduce subjectivity induced by the assignment of a given value for dispersal between
geographic realms. LnL indicates Log-likelihood for each model tested, numbers of free parameters
included as “Free Params,” “d” for anagenetic dispersal rate, “e” for extinction, Akaike's information
criterion corrected for small sample size (AIC ), Akaike's information criterion weights for all four

models (AIC wt). The best fitted model is in bold text.

0]

H wardtia indica
| ® 77rprtzla sinensis

sect. Dasylinum .

L wscnsum

L olympicum

L spathulatum

L. hirsutum

L densiflorum2
hypericifolium

r unguiculatum

L. densiflorum 1

sect. Linum-="

f

sect. .-°

. marginale

N NN

. hologynum
villarianum
L. usitatissimum
L. bienne
L virgultorum
L. nervosum
L. tmoleum

. bungei
Y L. aroanium 1

L austiacum subsp. mauritanicum
L punctatum?2

L lanuginosum

L. austracum subsp. gomricum
® L. lew

[ peremne

L. tommasinii

> L punctatum 1

o Rad/%/a  Inoides
L pungens.

L

L al

L. aethiopicum

L. brevistylum

L. adustum

L. heterostylum
L. thunbergii

L. thesioides

L quadifolium
t esterhuysenae
L

acuticarpum
Sclerolinon digynum

Linopsis A

o-eo+
o-e0+o

Combined areas

sect.
Cathartolinum .

L. striatum
L vema/e

L
L ok
L pro
L.

/i[to
Chococca selaginoides

L maritimum

m
) L subaspen/allum
& mumbyanun

® L. trigy

oL cmymbulosum

® L. nodifiorum

> L tauricum
L. gyaricum

e

*@
§~
23
°3

[ campanulatum
) L. elegans

L. velutinum
L. mucronatum 1
L. syriacum

sect. .
Linopsis C

. fenue
[ corymbiferum
L. virgatum

Paleogene

Neogene

EOCENE OLIGOCENE

MIOCENE | PLIO I

PLEI

|
30

20

|
10

0 Ma

FIGURE 1 Divergence time
estimation in Linum s.l., showing results
of the ancestral area reconstruction

in “BioGeoBEARS” (Matzke, 2013)

under the DIVA-like model. Each node
represents the probability of the most
recent common ancestor (MRCA) to

that clade occurring in each area or
combination of areas as in the map and
colour legend. Tip labels indicate the
species names and in a coloured square,
the area where the species occurs, with
colours corresponding to the map from
the Oligocene, and whether the species is
monomorphic (dark blue) or polymorphic
(yellow) in circles, when information was
available. The scale along the bottom of
the figure indicates the periods from the
origin of the phylogeny to the present in
millions of years ago (Ma)
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FIGURE 2 Average number of dispersal events per source and sink after 50 biogeographic stochastic mappings (BSM), performed in

“BioGeoBEARS” (Matzke, 2013) under the DIVA-like model, indicating standard deviation in parentheses. Warmer colours indicate higher
event frequency. The marginal row (bottom) and column (right) indicate the sum and percentage of events in each area as the origin (row) or

the destination (column) of dispersal events

FIGURE 3 Posterior probability
density plot of speciation (1), extinction (x)
and transition or dispersal rate to another
area (d), comparing monomorphic and
polymorphic species of Linum s.l., using

the MCC tree from BEAST analysis under
the BiSSE model (see colour legend in

the figure). X axis indicates rates for each
analysed parameter in event/Myr, Y axis
probability in % and lower bars in colours
correspond to the 95% credibility intervals
for each parameter
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Afrotropic or, perhaps, only the Western Palearctic (Figure 1).
Diversification of the genus Linum was inferred to be mostly due
to within-area speciation events (a mean of 92.8 + 0.45 events
predicted after 50 BSM runs; Figure 1). Vicariance events were
less frequent (9.2 + 0.45), which were the causes of diversifica-
tion in the Afrotropic and clades from the Nearctic and Neotropic
in Linum (Figure 1 and Figure S5 in Appendix S1). Finally, a mean
of 10.08 + 0.27 anagenetic dispersal events was found. Most of
them were from the Western Palearctic to other regions (73.21%
of all dispersal events; Figures 1 and 2; but see Figures S5 and Sé6
in Appendix S1 for alternative models).

3.3 | Diversification analyses

Three possible scenarios of evolutionary regimes were found. The
scenario with no changes in diversification rates was clearly preferred,
with a probability (p) of 0.80. The second-best model, with a p of 0.20,

considered one shift in diversification rates in two alternative loca-
tions: an instantaneous increase of diversification in the sister clade of
Linum (p = 0.15), or less probable, an instantaneous decrease of diver-
sification rates in Linum with a p of 0.056. The model with the highest
posterior probability had a speciation rate (lam1) of 0.473 lineages per
million years (lin./Myr), an extinction rate (mul) of 0.540 lin./Myr and
a speciation growth parameter of 0.028 (Figure S7 in Appendix S1).
The BiSSE and GeoSSE models yielded similar results (Figure 3
and Figure S8 in Appendix S1). Comparing the AIC between con-
strained and unconstrained BiSSE and GeoSSE models did not show
that any model was significantly more supported than another (Table
S3 in Appendix S1). In the Bayesian approach for the BiSSE model,
we found no differences in extinction or transition/dispersal rates,
although there were slight differences in the speciation rate, which
was higher in style polymorphic species (although the difference
was not significant, Figure 3). Character reconstruction of hetero-
styly under the BiSSE model did not resolve the state for this charac-
ter in older nodes but did for more recent nodes (Figure 4). Thus, we
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FIGURE 4 (a) Ancestral state reconstruction of heterostyly in Linum s.l. using the maximum clade credibility (MCC) tree from the BEAST
analysis under the BiSSE model. Colours indicate monomorphic (dark blue) and polymorphic (yellow) states. (b) Example of style polymorphic
species L.suffruticosum with long-styled (b1) and short-styled (b2) flowers and (c) style monomorphic species L.bienne. Pictures by J. Arroyo
(b) and M. Lucefio (c). See Figure S1 in Appendix S1 for more examples of floral morphs

cannot confirm the state of the MRCA of the genus Linum s.I. nor the
MRCA of the two main clades in the phylogeny. However, our results
suggest that most likely state of the MRCA of most of the main or
major nodes within Linum was polymorphic. The exception was the
MRCA of the Linum section Linopsis “A” plus R. linoides, which con-
tains species from the Afrotropic, the Nearctic and the Neotropic,
which have been predicted to be monomorphic (Figure 4). The
Bayesian approach for the GeoSSE model showed no differences
in dispersal, extinction or speciation rates for source (Western
Palearctic) versus sink (the rest) areas (Figure S8 in Appendix S1, but

see also Table S3 in Appendix S1).
3.4 | Joint evolution of reproductive system,
geographic distribution and life history

The best model explaining the evolution of the reproductive system
(heterostyly vs. style monomorphism) and geographic distribution

was the dependent model in which reproductive system depended
on geographic distribution following a model for rates of transition
where all rates were different (ARD). Specifically, the best model in-
ferred only transitions from the Palearctic to the rest of the areas.
The rate of transition from monomorphism to polymorphism was
almost twice the rate from polymorphism to monomorphism in
the Palearctic. In the rest of the areas, the rate of transition from
polymorphism to monomorphism was more than 10 times higher
than from monomorphism to polymorphism (Figure 5; see Figures
S9 and S10 and Tables S4-Sé in Appendix S1 for more details). An
extraordinarily high rate of monomorphism-polymorphism transi-
tion was inferred outside the Palearctic, especially from polymor-
phism to monomorphism. We associate this with the coincidence
of transitions in style polymorphism between very closely related
species (very short branches) outside the Palearctic. The best model
to explain the evolution of annual versus perennial life history and
geographic distribution was the independent model with equal rates
of transition (ER; Tables S4-56 in Appendix S1). The best model to
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explain the evolution of reproductive system and life history was
the dependent model in which reproductive system depended on
life history with the ER model for rates of transition. Specifically, the
best model inferred a single rate of transition (0.0926) for life his-
tory trait but two rates of transitions for reproductive system. The
rate of transition in reproductive system was five times faster in an-
nual (a rate of 0.3087) than in perennial (rate = 0.0599) species (AIC
dependent model = 192.9526, AIC independent model = 193.8328),
although this was only marginally supported (p = 0.0897). Finally, we
found that all lineages in the phylogeny that have dispersed out of
the area of origin were monomorphic (Figure 1).

4 | DISCUSSION

4.1 | Origin and diversification of Linum s.l.

The best-fitting model from “BioGeoBEARS” (DIVA-like, AICw = 0.53;
Table 1) placed the origin of the MRCA of the genus Linum s.l. in the
Western Palearctic during the late Eocene to mid Oligocene (27.2-
38.26 Ma at 95% HPD; Figure S2 in Appendix S1). When the MRCA
of Linum diversified into two major lineages, one of these clades,

comprising sections Dasylinum and Linum, diversified in the early
Oligocene to late Miocene (19.88-31.71 at 95% HPD; Figure S1 in
Appendix S1) and remained in the Western Palearctic. The other major
clade, constituted of sections Cathartolinum, Linopsis and Syllinum,
originated during the Miocene (9.42-22.15 at 95% HPD; Figure S2
in Appendix S1), and we cannot discern whether the MRCA of this
clade remained distributed in the Western Palearctic or spread into
the Afrotropic (Figure 1). These dates are similar to those obtained by
Ruiz-Martin et al. (2018), although dates in our results are generally
somewhat more recent. They dated the crown node for the genus at
35.37 Ma (33.95-43.31 Ma at 95% HPD), and the crown nodes of
each of the two major clades at 30.38 Ma (23.65-38.59 Ma) and 19.7
(11.48-29.49 Ma). We used almost the same sequence data as Ruiz-
Martin et al. (2018), with the modifications of excluding a sample from
genus Hugonia L. and keeping only one sample of each species except
for nonmonophyletic species. However, two aspects of our meth-
ods that can explain the differences in our divergence time results,
namely, (1) using two partitions of DNA matrices (nuclear and plastid)
instead of the fully concatenated matrix with a single evolutionary
model used in Ruiz-Martin et al. (2018) and (2) using a Birth-Death
tree model instead of the Yule tree model used by Ruiz-Martin et al.
(2018; see results). Moreover, dates for Linum s.l. and two major clades
within the genus given by McDill et al. (2009) are even older than our
results and those by Ruiz-Martin et al. (2018). For example, they dated
the crown node for the genus between 41.63 and 46.24 Ma, falling
in the mid-Eocene. Thus, after comparing different models of diver-
gence time estimations and including data partitions for each DNA
region, each with its own substitution model of evolution, our study
gives more accurate divergence time estimations for Linum s.l. and
major clades, which are younger in general than published in previous
studies. This might be critical as the geomorphological and tectonic
setting is different in each time slice, particularly in the Old World,
which has more connected landmasses. In other words, erroneously
dating the timing of divergence might have important implications in
terms of biogeographical interpretations.

Currently, most species of the genus occur in the Western
Palearctic. Some isolated taxa have dispersed and speciated in dif-
ferent areas, for example L. stelleroides Planch. and L. pallescens
Bunge in the Eastern Palearctic, L. volkensii Engl. in the Afrotropic,
L. lewisii Pursh in the Nearctic and L. marginale A. Cunn. ex Planch.
in Australasia (Figure 1). Nevertheless, these taxa did not diver-
sify after colonisation, instead constituting long terminal branches
in the phylogeny; there probably was a stasis in diversification
after colonisation. The main exception to this stasis after coloni-
sation is the species of the clade constituted by section Linopsis
A, where the colonisation into new areas (Afrotropic, Nearctic
and Neotropic) has also led to a diversification process, leading to
monophyletic clades with various species in those areas (Figure 1).
Most of the dispersal events (seven out of nine events) were from
the Western Palearctic (approximately 75% of dispersal events;
Figure 2): three to the Eastern Palearctic, two to the Afrotropic,
one to the Nearctic and another to Australasia. Apart from these
events, there was one dispersal event from the Afrotropic realm
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and another from the Nearctic (Figure 2). This highlights the
fact that the area of origin of the MRCA of Linum s.l. (Western
Palearctic) was probably not the destination of any dispersal
events (Figure 2).

Two dispersal events from the Western Palearctic to colonise the
Afrotropic were predicted (Figure 2). The first, by the MRCA of the
clade constituted by Linopsis A plus R. linoides (ca. 15.73 Ma; Figure 1
and Figure S2 in Appendix S1), coincides in time with a period when
the Western Palearctic and the African platform (the Afrotropic)
were connected, constituting a corridor for animal and plant lineages
(Meulenkamp & Sissingh, 2003; Rosenbaum et al., 2002; Santos-Gally
etal., 2012). The second event was by the MRCA of L. volkensii and the
clade constituted by L. strictum L., L. liburnicum auct., L. gallicum L., L.
tenue 3, L. corymbiferum Desf. and L. virgatum Schousboe (Figure 1).
Divergence time analysis does not resolve the timing for this node
(Figure S2 in Appendix S1), although the position within the phylog-
eny suggests that this dispersal to the Afrotropic took place after
the establishment of the Sahara Desert (7.2-11.6 Ma; Zhang et al.,
2014). This implies a long-distance dispersal (LDD) event crossing the
Sahara. Similar LDD across the Sahara (once established) has occurred
in other plant species, both from the north (e.g. Arabis alpina, Assefa
et al., 2007; Koch et al., 2006) and from the south (e.g. Erica arborea,
Désamoré et al., 2011; see Pokorny et al., 2015 for more biogeographic
examples of this area). Other likely LDD include those to the Nearctic
and Australasian realms (Figures 1 and 2), as those territories were al-
ready separated. In Linum, LDD has been described to be facilitated
by the formation of mucilage around seeds after hydration, which al-
lows them to adhere to animals for dispersal (Kreitschitz et al., 2015;
Sorensen, 1986), as well as facilitate establishment (Yang et al., 2012).
The crossing from the Nearctic to the Neotropic (North America to
South America) could have occurred over the Isthmus of Panama, as
this node was dated after the closure of the isthmus (Figure 1 and
Figure S2 in Appendix S1; Bacon et al., 2015), a well-known migration
process (Bacon et al., 2015; Marshall, 1985).

4.2 | Dispersification or key innovation? The role of
heterostyly and dispersal in Linum evolution

The most important source of diversification in Linum s.l. is clearly
within-area speciation, which is related to size of the areas we have
used for our ancestral area reconstruction. Most species diversified
in the Western Palearctic, which is the area of origin of the MRCA
of the genus (Figure 1 and Figure S5 on Appendix S1). No events of
subset within-area speciation were found, and vicariance and ana-
genetic dispersal constitute only isolated events in the evolution of
Linum s.l. (Figure 1 and Figure S5 on Appendix S1). As mentioned
above, most anagenetic dispersal events have not led to a diversi-
fication process in newly colonised areas (Figure 1). The exception
was the clade constituted by the section Linopsis A. The MRCA of
Linum section Linopsis dispersed south from the Western Palearctic
to the Afrotropic; from there, the MRCA of Linopsis A dispersed to
the Nearctic, then later from the Nearctic to the Neotropic (Figure 1).
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Each of these colonisations, including the Afrotropic realm, was fol-
lowed by a diversification processes (particularly in South Africa),
although shifts in diversification rates did not couple with these bio-
geographic movements (Figure S8 in Appendix S1). Although diver-
sification rates remained constant throughout the phylogeny (Figure
S8 in Appendix S1), biogeographic changes due to dispersal into a
new area have predated and led to diversification processes (appear-
ance of new species on these areas) in section Linopsis A.

The term “dispersification” was defined by Moore and Donoghue
(2007) as a shift in diversification rates caused by the colonisation of a
given new area, rather than by the appearance of novel morphological
traits, although it may be applied to any other phenotypic traits related
to differentiation. This concept is based on the idea that new taxa can
fill unexplored places with similar environmental conditions rapidly
if colonising species are pre-adapted to those conditions (Donoghue,
2008). Dispersification implies (i) a change in the geographic range
and (ii) a shift in diversification rates without the need to involve a
phenotypic trait change (key innovation), assuming that species
are pre-adapted to the new area, and can diversify rapidly (Moore
& Donoghue, 2007). Heterostyly has been viewed as a mechanism
that promotes outcrossing and thus could foster differentiation (de
Vos, Hughes, et al., 2014), although the mechanism remains obscure
(but see Haller et al., 2014) and is expected to depend strongly on
the occurrence of specific pollinators which properly transfer pollen
between morphs (Darwin, 1877; Lloyd & Webb, 1992), which could
vary across regions. However, the only available study to date does
not report an increase of speciation rates in polymorphic lineages
compared to monomorphic ones, and only reduced extinction rate in
the former was reported (de Vos, Hughes, et al., 2014). In the current
study, no significant differences in diversification rates were found
between monomorphic and polymorphic lineages or source versus
sink geographic ranges (in relation to diversification, speciation, ex-
tinction and dispersal/transition events; Figure 3), which reject the
hypotheses of dispersification and heterostyly as a key innovation.

It is remarkable that all lineages in our phylogeny (Figure 1) that
have dispersed are monomorphic (Figure 4). Nevertheless, although
they are minority, the Linopsis A clade in southern Africa includes
two heterostylous species (L. comptoni and L. heterostylum; Rogers,
1981; Ruiz-Martin et al., 2018), which remains a noteworthy excep-
tion to the rule in the clade. In fact, we have inferred a strongly sig-
nificant dependent model in which reproductive system depends on
geographical distribution; in the Palearctic, species evolve towards
a polymorphic reproductive system whereas in dispersed areas spe-
cies evolve towards a monomorphic reproductive system. This might
reflect two patterns that are indirectly related to heterostyly. First,
monomorphism is evolutionarily associated with annual life cycle in
Linum (Ruiz-Martin et al., 2018), and this life form (and in general
short-lived plants) is more prone to colonisation, both on ecological
(Baker, 1974) and evolutionary (Lavergne et al., 2013) time scales.
Although we have inferred a marginally significant model in which
reproductive system depends on life history trait, we have inferred
an independent model for life history and geographical distribu-
tion (Tables S4-S6 in Appendix S1), which discards life history as
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having a crucial role in the dependence of reproductive system on
geographic distribution. Second, as in many other heterostylous
groups, all tested polymorphic species in Linum show heteromorphic
self-incompatibility, whereas self-compatible species are all mono-
morphic, although the species sample is very limited, particularly for
American and African species (Ruiz-Martin et al., 2018). It would be
very interesting to know if selfing is the dominant mating system
amongst colonisers, as Baker's law predicts (Baker, 1955; Stebbins,
1957). At least, our results are consistent with this prediction if anin-
creased selfing rate is expected in monomorphic species in compari-
son with obligate self-incompatible heterostylous species. Although
not explored in our study, there is also wide variation in herkogamy
of monomorphic species (Ruiz-Martin, 2017), from non-herkogamy
(monomorphic homostyly) to several degrees of approach and re-
verse herkogamy (see description in Material and Methods section).
This might have profound effects on the ability to self-pollinate
amongst species that are self-compatible (Webb & Lloyd, 1986)
and thus on colonisation capacity, at least with regards to pollina-
tion environment (Busch, 2011). This has been shown in Primula,
where high selfing rates were found for homostylous and thus non-
herkogamous populations (Zhong et al., 2019). There is a need to ex-
plore breeding systems and pollination biology on selected species
in these colonising lineages to determine a closer fit to Baker's law.
One remaining question is why five of these monomorphic lineages
found only outside the area of origin (i.e. L. lewisii, L. marginale, L.
pallescens, L. stelleroides and L. volkensii) had stasis in diversification
after colonisation but three of them (three main clades within sect.
Linopsis A; Figure 1) diversified after colonisation.

What is clear is that heterostyly is mostly confined to the
ancestral area, the Western Palearctic (particularly in the
Mediterranean Basin), and is possible that the genetic system cod-
ing heterostyly was already present in the ancestor of Linum, as
this breeding system is present in other Linaceae (see also Figure 4
for the ancestral state reconstruction of heterostyly in Linum).
Diversification of current Mediterranean Linum could be fostered
by a dynamic paleogeography during the Oligocene, when land
fragmentation was the rule, compared with the rest of the world,
parallel to what occurred in many other Mediterranean groups
(e.g. Barres et al., 2013; Manafzadeh et al., 2014). In this sense,
the date of dispersal could be a factor for diversification. Species
or lineages which diversified more recently, might not have had
enough time to further diversify (or available niche could have
been already mostly occupied by species that colonised before).
Nevertheless, although time could influence diversification, this
possible explanation is not applicable in some cases of ancient dis-
persals, such as L. stelleroides or L. volkensii. Whatever the causes
of this diversification, it remains a mystery why two species of the
coloniser Afrotropical clade (within Linopsis A; Figure 1) became
polymorphic at the southern tip of the continent, within a clade
that is otherwise monomorphic (Figure 4), in a period (Pliocene,
Figure 1) when a truly Mediterranean-type climate was already
fully established in the region (Rundel et al., 2016). Other tran-
sitions, like monomorphism acquired from style polymorphism,

are frequent in Linopsis B and Linopsis C in the western Paleartic,
although derived monomorphism (particularly non-herkogamous
homostyly) is a frequently reported case in heterostyly research
(e.g. Primula; de Vos, Wiest, et al., 2014; Zhou et al., 2017).

5 | FINAL REMARKS

The origin of the MRCA of the genus Linum s.I. was clearly in
the Western Palearctic from the late Eocene to mid-Oligocene.
All studied species (or their MRCA) that dispersed outside the
Western Palearctic were monomorphic, perhaps indicating the im-
portance of self-pollination for their establishment in new places.
The high incidence of heterostyly in the Mediterranean Basin
(within the Western Palearctic) is apparently not related with the
high regional diversification there but with the paleogeographic
setting of the territory.
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