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Abstract: The taxonomy of the subfamily Linoideae at the intergeneric and section levels has been
questioned throughout the years, and the evolution of floral characters remains poorly understood.
In particular, the evolution of flower color is still uncertain, despite its ecological importance and
being one of the most variable and striking traits in Angiospermae. We evaluated the phylogenetic
relationships of the genera and sections and used the phylogeny to reconstruct the ancestral state
of flower color. The results suggest reevaluating the taxonomic status of segregated genera and
re-incorporating them into Linum. Four of the five sections currently accepted were recovered as
monophyletic (Cathartolinum, Dasylinum, Linum, and Syllinum). We propose accepting the section
Stellerolinon and reevaluating Linopsis, whose representatives were recovered in three separate clades.
The ancestral flower color for Linoideae was yellow-white. The flower colors purple and yellow-white
were recovered at the deepest nodes of the two main clades. Pink, blue, and red colors were the most
recent to evolve. These results appear to be related to diversification events, biogeographical history,
and ecological aspects of the subfamily. Our reconstruction constitutes the first plausible scenario
that explores the evolution of flower color, leading to new testable hypotheses for future research on
the flax group.

Keywords: ancestral flower color; evolution; flax lineages; linseed; segregated genera; taxonomy

1. Introduction

Linoideae Arnott is one of the two known subfamilies in Linaceae and the larger of the
two. The subfamily is distributed mainly in temperate regions, with the greatest diversity
concentrated in the Mediterranean Basin and Southwestern Asia, with some representatives
extending to tropical and subtropical latitudes [1,2]. It comprises approximately 210 species
in 8 genera [1,3], with Linum L. being the most diverse and commercially important [2,4,5].
Recognition of the genus is attributed to the cultivation of Linum usitatissimum L., commonly
known as flax or linseed [6]. However, some wild species have recently been used for
other purposes, such as Linum perenne L. and L. grandiflorum Desf, which have been used as
ornamentals [7,8], and L. rupestre (A. Gray) Engelm. ex A. Gray and L. scabrellum Planch.,
which have been used for their medicinal properties [9–11].

The species of the genus have great morphological diversity, due in part to the wide
range of environments where they live, so species can be difficult to characterize [12–14].
Therefore, Linum has been subject to several taxonomic changes. For example, although
Linoideae was initially organized in the genera Anisadenia Wall., Linum, Radiola Hill, and
Reinwardtia Dumort, for Planchon [15,16], Tirpitzia Hallier f. was segregated from Reinward-
tia due to the presence of species with tubular corollas characteristic and winged seeds [17].
Furthermore, the monotypic genera Cliococca Bab. and Sclerolinon C. M. Rogers, as well as
the genus Hesperolinon (A. Gray) Small with 13 species, originally confined in Linum, were
segregated from this genus based on morphological characteristics [18–21].
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Cliococca selaginoides (Lam.) C. M. Rogers & Mildner was initially described as
Linum selaginoides Lam. [22], and later, Babington [23], based on the description of cul-
tivated plants at the Cambridge Botanical Garden, considered that there were sufficient
characteristics to establish the existence of a new genus: Cliococca. Rogers and Mildner [21]
reassessed the genera and validated their segregation. Similarly, Hesperolinon was also
described as a section of Linum by Gray [24]. Small [18], based on morphological characters,
such as the number of carpels and styles, circumscribed the section at the genus level with
H. californicum (Benth.) Small. as the type. This status was supported by Sharsmith [19],
who detailed the description of this genus. However, its separation from the rest of the
flaxes is controversial. Although the genus shows clear morphological differences [18,25],
there are no clear differences at the molecular level, and its return to Linum has been
suggested [1,26]. For its part, Sclerolinon digynum (A. Gray) C. M. Rogers was described
under the basonym Linum digynum (A. Gray). Brewer and Watson [27] and Trelease [28,29]
noted the resemblance of this species to Hesperolinon. It was the first time that the species
was separated from flaxes. A century later, Sharsmith [19] pointed out the need to reassess
this species to accurately determine what genus it belongs to and validated Sclerolinon as
a genus.

The studies of Planchon [15,16], Winkler [30], and Ockendon and Walters [31] con-
stituted the basis for the establishment of the five sections of the Linum genus currently
recognized in most taxonomic works: Cathartolinum (Rchb.) Grised, Dasylinum (Planch.)
Juz., Linum (Planch.) Juz, Linopsis (Rchb.), and Syllinum Griseb. However, phylogenetic anal-
yses show discrepancies in the validity of some sections. McDill et al. [2], from molecular
characters, recovered only two of the five sections, Dasylinum and Cathartolinum, as natural
groups. On the other hand, McDill and Simpson [1], from plastid DNA data, recovered
Linum, Dasylinum, Syllinum, and Cathartolinum as natural groups. Meanwhile, intending to
track the evolution of style polymorphism, Ruiz-Martín et al. [13] and Maguilla et al. [32]
recovered only three sections as monophyletic (Dasylinum, Syllinum, and Cathartolinum).
Furthermore, other classifications at the section level have recently been evaluated in the
group [33]. Therefore, shedding light on this debate is necessary.

The evolution of heterostyly in Linum has been extensively studied. Nonetheless, the
evolution of other floral features, such as the widely variable color of the corolla among
species, has not been studied. Flower color diversity is one of the most striking features of
angiosperm radiation. Moreover, it appears to be one of the most evolutive changed traits,
often differing between sister species [34,35].

Corolla color spots, patterns, and lines are common across angiosperms and, in
ecological terms, are important for mediating plant–animal interactions. For example, color
patterns on petals can enhance the pollinator’s ability to detect flowers [36,37], orient it to
floral rewards [38], and increase the likelihood of effective pollination [39].

The genetic changes that lead to flower color transitions have been studied in de-
tail [40–42]. They are valuable not only for pollination studies [43] but also in evolution.
The evolution of character states can be revealed when such states are traced in phylo-
genetic trees [44]. To clarify the intra- and infrageneric evolutionary relationships of the
subfamily Linoideae and contribute for the first time to the knowledge of the evolution of
flower color in the group, the aims of this study were: (a) to elucidate the phylogenetic
relationships between the genera of Linoideae using molecular characters, (b) to evaluate
the phylogenetic position of the five sections of Linum, and (c) to reconstruct the ancestral
flower color of the lineages of the subfamily.

2. Results
2.1. Phylogenetic Analysis

The concatenated dataset consisted of 2989 characters, 1631 of which were conserved
sites, 1316 were variable sites, and 951 were parsimony-informative. The parsimony
analysis (PA) resulted in 240 most-parsimonious trees with a length of 3347, a consistency
index (Ci), excluding uninformative characters, of 0.44, and a retention index (Ri) of 0.86.
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Although significant congruence was observed between topologies derived from Bayesian
Inference (BI, Figure 1) and PA analyses (Supplementary Figure S3), with only minor
differences in the placement of some taxa, in the topology obtained with parsimony, some
poorly resolved clades were recovered. Consequently, hereafter, only the BI tree is described
and discussed with the corresponding support values (Figure 1).

The subfamily Linoideae was recovered as a well-supported monophyletic group
(BS = 100%, PP = 1), with their members resolved into two major clades. The first one com-
prised the Anisadenia and Tirpitzia genera, forming a monophyletic group with moderate
support (BS ≤ 80%, PP = 0.97), with Reinwardtia as its sister group (BS ≤ 80%, PP = 0.96).
The second clade included all Linum species and segregated genera (BS ≤ 80%, PP = 1)
resolved in two main clades (I and II).

Clade I (BS = 100%, PP = 1) recovered the section Dasylinum as monophyletic (clade A:
BS = 100%, PP = 1) and almost all members of the section Linum, also as a natural group
(clade B: BS = 100%, PP = 1), except for L. stelleroides Planch, which was positioned as the
basal clade. Within clade B, the position of L. usitatissimum showed discrepancies between
PA and BI analyses. In the topology obtained with PA, L. bienne Mill. was positioned
as the sister species of L. usitatissimum, although with a low support value (BS < 80%),
while in the BI analysis, the cultivated species was positioned as the sister of the clade
formed by L. bienne and L. villarianum Pau., with strong support (PP = 1). Notwithstanding
this inconsistency, this clade showed robust support in both analyses (BS = 100%, PP = 1).
Additionally, this clade was consistently recovered as a sister of the clade composed of
L. hologynum Rchb. and L. marginale A.Cunn. ex. Planch. (BS = 95%, PP = 1). Interestingly,
in the sect. Linum (clade B), several species of socioeconomic interest were recovered. For
example, in addition to agronomic species, those of ornamental interest, L. narbonense L.,
L. grandiflorum Desf., and L. decumbens Desf., formed a clade together but with no support
(BS < 80%, PP < 0.9). For its part, L. perenne, also of ornamental importance, was recovered
forming a natural group with Linum leonii F. W. Schultz, L. alpinum Jacq., L. tommasinii
(Rchb.), and L. punctatum C. Presl., albeit without enough support (BS < 80%, PP < 0.9).

Clade II integrated most of the Linum species (31%), as well as the segregated gen-
era. Here, two large well-resolved clades were recovered (C and D), with Radiola linoides
positioned as their sister group with strong support values (BS = 98%, PP = 1). Clade C
(BS = 87%, PP = 0.95) included three minor clades: the clade Hesperolinon (BS < 80%,
PP = 1), which integrated the genera Hesperolinon and Sclerolinon; the clade Cliococca
(BS ≤ 80%, PP = 0.99), which was recovered as the sister of clade Hesperolinon and in-
cluded seven species of the so-called section Linopsis [(Linum oligophyllum Willd. Ex Schult.,
L. littorale A. St. Hil, L. macraei Benth., L. prostratum Dombey ex Lam., L. rupestre (A. Gray)
Engelm. ex A. Gray, L. vernale Wooton, and L. kingii S. Watson) together with the monospe-
cific genus Cliococca; and the clade Linopsis A (BS = 97%, PP = 1), which integrated more
representatives of the sect. Linopsis.

Clade D (BS = 87%, PP = 1) recovered four minor clades: the section Syllinum with
strong support values (BS = 100%, PP = 1) and sister to clade Linopsis B, integrating some
species from the sect. Linopsis (BS = 100%, PP = 1). The clade composed of the monotypic
section Cathartolinum, which was positioned as basal to the clades Linopsis B and Syllinum
(BS = 84%, PP = 0.92), and the fourth clade integrating the remaining species of the sect.
Linopsis (clade Linopsis C) had high support values (BS = 91%, PP = 1).
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Figure 1. Bayesian Inference tree of Linoideae based on combined plastid (ndhF, matK, and trnL-F) 
and ITS dataset. The bootstrap values (BS; left) and posterior probabilities (PP; right) are labeled 
above the branches. Only support values of BS ≥ 80% and PP ≥ 0.9 are shown. * No support values. 
A representative of Hugonia (Hugonideae) was used as an outgroup. 

Figure 1. Bayesian Inference tree of Linoideae based on combined plastid (ndhF, matK, and trnL-F)
and ITS dataset. The bootstrap values (BS; left) and posterior probabilities (PP; right) are labeled
above the branches. Only support values of BS ≥ 80% and PP ≥ 0.9 are shown. * No support values.
A representative of Hugonia (Hugonideae) was used as an outgroup.

2.2. Reconstruction of Ancestral Flower Color

The results of the analysis in RASP based on the S-DIVA model (Figure 2) indicated
that the flower color of the most recent common ancestor of all living linoids (41.44 Ma:
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95% HPD 36.95–47.45 Ma; Supplementary Figure S4) was most likely yellow-white (AC)
(node I, Table 1). The same state was recovered for node II (P = 0.30), composed of the
genera Anisadenia, Tirpitzia, and Reinwardtia, and node III, which corresponds to the species
of Linum plus segregated genera (=clade Linum s.l., P = 0.16), which diversified during the
Eocene (Priabonian) 34.77 Ma (95% HPD: 20.96–46.61 Ma).
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Figure 2. Reconstruction of ancestral states of flower color in the subfamily Linoideae based on S-
DIVA analysis. Colored circles at nodes indicate the most likely color state, as estimated by RASP. 
Roman numerals represent key nodes. The colors at the tips represent the current color of the flower. 
Global temperature scales and timing of sea-level fluctuations were modified from Zachos et al. [45] 
and Haq et al. [46], respectively. The geological time scale is in Ma (million years).  

Within the clade Linum s.l., node IV (=clade I) corresponds to sects. Dasylinum and 
Linum, which recovered purple as the most likely color ancestral state (P = 0.32), emerging 

Figure 2. Reconstruction of ancestral states of flower color in the subfamily Linoideae based on
S-DIVA analysis. Colored circles at nodes indicate the most likely color state, as estimated by RASP.
Roman numerals represent key nodes. The colors at the tips represent the current color of the flower.
Global temperature scales and timing of sea-level fluctuations were modified from Zachos et al. [45]
and Haq et al. [46], respectively. The geological time scale is in Ma (million years).
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Table 1. Divergence time estimates from BEAST analysis and probabilities of the ancestral color of
the flower estimated with the Statistical Dispersal-Vicariance Analysis (S-DIVA) in RASP for key
nodes of Linoideae in analysis of concatenated data. 95% HPD = 95% highest posterior density;
Ma = million years; AC = area code; P = probability value.

Code Node Mean (Ma) 95% HPD
(Ma) AC P Color Code

I Linoideae 41.44 36.95–47.45
AC 0.25

A = Yellow
C = White
D = Purple

AC = Yellow + White
AD = Yellow + Purple

AF = Yellow + Pink
CD = White + Purple

CF = White + Pink

CD 0.15

II Anisadenia + Reinwardtia + Tirpitzia 34.77 20.96–46.61
AC 0.30
C 0.20

III Linum s.l. 38.32 35.64–42.91
AC 0.16
C 0.15

IV
Subclade I (sections Dasylinum +

Linum + Stellerolinum) 32.16 26.33–37.7
D 0.32

CD 0.18

V
Subclade II (sections Linopsis + Syllinum

+ Cathartolinum + segregated genera) 24.49 16.29–33.68
AC 0.62
A 0.15

VI Hesperolinon 3.75 1.95–5.78
AF 0.86
AD 0.14

VII Sclerolinon 1.19 0.25–2.36 A 1.00
VIII Cliococca 0.22 0–0.61 CF 1.00
IX Radiola 4.01 1.15–8.11 C 1.00

X
Clade Hesperolinon

(Hesperolinon + Sclerolinon) 6.55 4.14–9.36
A 0.84

AF 0.15

Within the clade Linum s.l., node IV (=clade I) corresponds to sects. Dasylinum and
Linum, which recovered purple as the most likely color ancestral state (P = 0.32), emerging
in the Oligocene at approximately 32.16 Ma (95% HPD 26.33–37.7 Ma). In this same epoch,
node V (=clade II, P = 0.62, Table 1), which includes sects. Linopsis, Cathartolinum, and
Syllinum, as well as segregated genera, showed yellow-white flower color as the most likely
ancestral state (Table 1, Figure 2).

Regarding the segregated genera, the clade Hesperolinon (node X) recovered yellow
as the ancestral color of the flower during the Miocene (Tortonian, 7.95 Ma), which was
also recovered for the genus Sclerolinon (node VII, P = 1). For the same period, the red color
was detected as emerging in the clade of purple flowers in the mid-Miocene (13.5 Ma). The
pink color emerged between the end-Miocene and Pleistocene (0.22–5.78 Ma) in the genus
Hesperolinon (node VI), with the color yellow-pink as the ancestral state (P = 0.86), and in
Cliococca (node VIII) with the color white-pink (P = 1). The above, unlike Radiola (node IX),
showed white as the most likely state (P = 1).

The parsimony ancestral state reconstruction analysis (Supplementary Figure S5)
resulted in flower color reconstructions like those obtained with the Bayesian approach
(S-DIVA). Minor differences were detected at deep nodes. With parsimony analysis, nodes I,
II, III, and V recovered the yellow color as the ancestral state. With RASP, these same nodes
retrieved yellow-white as the most likely state. The rest of the nodes similarly recovered
the ancestral state in both analyses. According to the parsimony analysis, the pink and
white colors of the flowers showed multiple independent origins in subclade II (node V).
In subclade I (node IV), the ancestral color was pink-purple.

It is important to note that each of the two large clades into Linum s.l. shows a color
affinity. In clade I (node IV), corresponding to sections Dasylinum and Linum, the ancestors
show mainly a purple flower color, followed by pink. Clade II (node V) shows a greater
distribution of the yellow color among the ancestors and the current species, which is
therefore a plesiomorphic state. The pink and blue colors indicate more recent states
(~15 and 10 Ma, respectively). For its part, the red color, according to our analysis, is
an apomorphic state also of recent origin, since it is present only in two current species,
L. decumbens and L. grandiflorum, both forming a monophyletic group.



Plants 2022, 11, 1579 7 of 17

3. Discussion
3.1. Phylogenetic Analysis

Our results support the close relationship between Anisadenia and Tirpitzia, with Rein-
watdtia as the sister group, in contrast with McDill and Simpson [1], who recovered Anisade-
nia and Reinwardtia as the most closely related genera. Similarly, Ruiz-Martín et al. [13]
obtained different results. They recovered Tirpitzia and Reinwardtia as monophyletic, with
Anisadenia as the sister genus. The inconsistency in the phylogenetic position of these three
genera was pointed out by McDill et al. [2], who concluded that, although the relationship
between these genera is uncertain, they are consistently sister to the flax clade.

Within the clade of Linum s.l., two large subclades were recovered, consistent with
previous phylogenetic work [1,2,13,26,33]. The largest of these subclades integrated Hesper-
olinon, Sclerolinon, Clioccoca, and Radiola. These genera were originally circumscribed within
Linum [18,19,23] and, later, due to differences in morphological characters, segregated and
categorized into the taxonomic rank of the genus. Considering the current circumscription,
Linum is paraphyletic, which has already been widely highlighted in various phylogenetic
studies [1,2,13,26]. However, our results add to those cited above that do not support the
current circumscription of the genera, since all of them are nested within the different
clades of flax with high support values. Therefore, it has been proposed to reconsider the
return of these genera to Linum. If so, the genus will be recovered as a natural group.

Thus, Hesperolinon is consistently recovered as a monophyletic group nested within
one of the large subclades of Linum, coinciding with previous works [1,2,13,26,33]. This con-
trasts significantly with the morphological evidence shown in a recent taxonomic study [25].
In addition, Hesperolinon has been highlighted as the only ecological and evolutionarily
notable group showing extreme diversification in serpentine soils [1,19,47–49]. Geograph-
ically, the species of the genus are distributed in a narrow region within the Californian
biogeographic province, which has demonstrated not only geographic but also edaphic en-
demism [4,19,25,26]. Considering these remarkable group differences, the results reported
here, and Gray’s [24] proposal, we hypothesize that the Hesperolinon species should be
treated at the section rank, probably together with Sclerolinon, which form a well-supported
natural group. This latter genus, originally described as Linum digynum, shows important
morphological similarities to Hesperolinon, which caused it to be transferred to that genus
by Sharsmith [19]. However, it was finally elevated to generic rank by Rogers [20] based on
the presence of a bicarpellate fruit 4-locular due to the presence of false septa, nuclei with
one seed each. Since then, there has been no revision of Sclerolinon to give certainty that it
is a monotypic genus.

Similarly, we suggest that Cliococca, which was initially described as Linum selaginoides
Lam. until Babington [23] and Rogers and Mildner [21] validated its segregation based
on a few morphological characters (presence of decumbent, leafy stems arising from an
extensive subterranean pattern, and the presence of indehiscent capsules), should not be
considered in the rank of genus. Based on our results, Cliococca selaginoides is more closely
related to L. oligophyllum, L. littorale, L. macraei, and L. prostratum, with high support values.
This is also consistent with the different phylogenies of the group [2,13,33]. Returning to
the notes made by Rogers and Mildner [21] in their reevaluation of the genus Clioccoca, they
mentioned that there are sufficient similarities to Linum; however, some characters, such as
the indehiscent 10-segmented fruit, imbricate corolla, and the unique pollen morphology,
suggest that C. selaginoides be maintained as a distinct genus from the flaxes. Under these
considerations, future work should focus on evaluating the species at the population level
and consider the possible hypothesis that it may be a hybrid, even more so when its
original description was based on cultivated material from the Cambridge Botanic Garden.
In addition, our results also do not support the current Radiola circumscription, despite its
segregation from Linum based on morphological characters [3]. Most likely, it is a section.

Our results support the sectional division of four of the five sections proposed by
Ockendon and Walters [31]. These are Dasylinum, Cathartolinum, and Syllinum, and with-
out considering L. stelleroides, the sect. Linum was also recovered as monophyletic with
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high support values. Considering our results, we support Yuzepchuk’s [50] proposal
to recognize L. stelleroides as a monotypic section called Stellerolinon Juz. ex Prob. The
same has already been considered in recent works [4,33,51]. This is based not only on the
fact that the species has a geographical distribution range that is different from the rest
(Eastern Asia) but also on the presence of stipulate glands provided with a small stipe, a
character that does not appear in any other section. Furthermore, the chromosome number
of L. stelleroides is 2n = 20, different from sects. Linum and Dasylinum, which have the
chromosomal base n = 8, 9, or 15 [31,50,52,53]. Meanwhile, all species of the sect. Linum
lack stipulate glands [2]. For its part, Linopsis, the largest of all of the sections, was not
recovered as a natural group, and its species were distributed in three clades. According
to Planchon [15,16], Winkler [30], Rogers [54], and Ruiz-Martín et al. [13], the characters
that describe Linopsis are very broad and variable, so a more detailed taxonomic treatment
for this section, as well as the inclusion of ecological and biogeographical features, could
support the proposal to divide Linopsis into independent sections.

Several recent works have shown the importance of identifying and studying the
wild relatives of cultivated plants [55–58]. As sources of new genetic diversity, crop wild
relatives have been used for many decades for plant breeding, contributing to a wide
range of beneficial agronomic and nutritional traits [55,59]. Linum ussitatisimum is not an
exception, as it is the species of the greatest importance and was used in ancient times for
agronomical purposes in the subfamily, and, in recent years, its production demand has
increased [60,61]. Hence, knowing the phylogenetic relationships of this species is essential
to explore and estimate the potential use of available resources from its sister species.

Although there is no clarity about the sister group of the cultivated species, our results
show a close relationship with L. villarianun and L. bienne. The relationship of cultivated
flax with L. bienne was mentioned by McDill et al. [2], McDill and Simpson [1], Schnei-
der et al. [26], Ruiz-Martín et al. [13], Sheidai et al. [62], and, recently, Bolsheva et al. [33],
and it has been widely studied since it is considered the old flax wild form cultivated and
the wild ancestor of the modern cultivated flax [2,12,63,64]. Something important is that,
except for the work by Ruiz-Martín et al. [13], no studies have included L. villarianum in
their analyses. The phylogenetic closeness of this last species with L. ussitatisimum repre-
sents an opportunity to focus efforts on studying it under the premise that it represents
an important potential resource. However, this analysis only includes 54% of the species
of the subfamily and 73% of the sect. Linum. Therefore, it is likely that by including the
remaining species, the phylogenetic relationships of L. usitatissimum will change. As shown
in this analysis, just by including one more species, the relationships with cultivated flax are
uncertain and weak. It is urgent and essential to represent the remaining 46% of Linoideae.
Including the rest of the taxa will surely shed light on this controversy, and the hypotheses
proposed here will be tested.

Although they attract less attention, the rest of the species that have gained interest
for their uses should not be left out. Among those, L. grandiflorum and L. narbonense stand
out, reported as ornamentals [8], and our results recovered them forming a clade together
with L. decumbens. These three species are the sister group of the clade that integrates
cultivated flax. Linum perenne and L. lewisii, also reported as ornamentals [65–67], were
recovered with a close relationship and as sister species to L. punctatum, L. tommasinii,
L. alpinum, and L. leonii. All of them belong to the sect. Linum. The present work is the
first to incorporate L. narbonense into a phylogenetic analysis, whose position had not been
evaluated before and which has also been reported for medicinal use [68]. Other species
of the genus have been recognized for their traditional uses. Linum rupestre, for example,
is used in some localities in the state of Chiapas, Mexico, as a medicinal plant [11]. This
species was recovered in the present analysis in a monophyletic group with L. vernale and
L. kingii. Despite the importance of these and other flax species in medicine, phytochemistry,
and ornamentals, several of them have not been a focus of interest, and little or nothing has
been explored, not only at the molecular level but also in terms of their potential for use.
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3.2. Reconstruction of Ancestral Flower Color

The diversity of the colors of flowers is one of the most striking characteristics of
the radiation of angiosperms since this character has allowed us to identify and measure
the interaction with animals [34–37]. The subfamily Linoideae has been characterized by
the inclusion of a great diversity of colors in the corolla, which has translated into the
ornamental interest in several of its species [5,6,14,25,54,69]. Our study provides the first
tentative evidence that the color of the ancestral flowers of Linoideae was most likely
yellow-white. Flower color transitions in Linoideae have not received much attention from
an evolutionary perspective either. McDill et al. [2] were the first to formally recognize
a clade of blue flowers and another clade of yellow flowers in Linum s.l., data that were
perpetuated in the subsequent publications of the group. However, this identification was
only based on the flower colors of the current species, without delving further into its
evolutionary significance.

Based on our analyses of the reconstruction of ancestral states, yellow-white was
the plesiomorphic state (41.44 Ma: 95% HPD 36.95–47.45 Ma), from which the purple
flower evolved in the Oligocene at 32.16 Ma (clade IV: sects. Linum, Dasyllinum, and
Stellerolinon), followed by blue and red colors in the late Miocene (~13 Ma), with pink as
the most recent color to evolve (end-Miocene–Pleistocene), coinciding with the period of
the greatest radiation in the subfamily. Previous studies have implicated flower color shifts
in speciation [70,71]. To the extent that flower color plays a role in speciation events, it is
important to determine what evolutionary forces underlie its divergence.

The emergence of the purple color (node IV) in one of the major clades in Linum s.l.
in the late Eocene and Oligocene coincided with a period of low temperatures, which,
in the Northern Hemisphere, became too cold [48,72]. According to the ancestral areas
reconstructed by Maguilla et al. [32], in this period, the most recent common ancestor to
Linum s.l. inhabited the Western Palearctic (i.e., Europe, North Africa, northern and central
Arabian Peninsula, and part of temperate Asia). This cold event in the north probably
caused the expansion of the lineages, since this climatic change promoted the establishment
of communities dominated by temperate vegetation, mainly herbaceous species [73]. In
addition, this could have favored the establishment of flax species, since they have shown
a preference for habitats dominated by grasses and small herbaceous plants [1,2,13].

The Miocene was characterized by greater aridity that allowed the further expansion
of sclerophyll shrublands and woodlands [48,74,75]. In this geological time, the red color
evolved from a purple ancestor between the mid-Miocene (~13.5 Ma) and late Miocene
(~7 Ma). In that same epoch, the blue color also emerged from different ancestors through-
out clade I. At this point, the most likely ancestral area of the lineages was the Western
Palearctic, and currently, this clade is essentially Eurasian [32]. In the middle of the Miocene,
the starting phase of global cooling and rapid aridification led to the expansion of grass-
land and xeric vegetation [75,76]. The impact of the dry climate had important effects
not only on the Western Palearctic but also across the entire Northern Hemisphere [77].
These events led to important diversification events, supported by growing evidence for
species in the western Mediterranean [78–80]. These changes were likely what caused the
greatest radiation of flax species in the Mediterranean Basin, producing its current status as
a Linoideae hotspot.

The effects were also significant in Africa, where the summer monsoon was drastically
reduced by the narrowing of the Tethys Sea during the Tortonian age (11.6–7.2 Ma) [81]. These
changes altered the composition and distribution of Northern Hemisphere flora [76,82] and
coincided with the emergence of the two important lineages in clade C (American and African
lineages). This cladogenetic event was congruent with several geological events. The
rise of the African lineage (clade Linopsis A) [13,32] was concordant with the connection
formed between Africa and south-western Asia due to the collision of the Afro-Arabian
plate with the Iranian and Anatolian plates [83]. Furthermore, the main collision with
Eurasia resulted in the closure of the Tethys Sea with the formation of the Gomphoterium
land bridge during the mid-Miocene, causing African and Eurasian biota to interact [84].
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On the other hand, the colonization of the American continent (American lineage: North
American = clade Hesperolinon + South American = clade Clioccoca) was congruent with
an existing connection between North America and Eurasia. It had been assumed that
lineages with divergence times between Eurasia and America younger than the Eocene
would not have passed across a North Atlantic land bridge (NALB) but rather across the
Bering Strait [85]. However, a review of Neogene sedimentary rocks with plants from
Iceland [86–90] revealed rich warm-temperate to temperate flora that lasted at least until
9–8 Ma. This was supported by various studies on temperate flora that corroborated a
migration between America and Eurasia via the NALB during the Miocene and up to the
Pliocene [86,88,90–93]. At the end of the Miocene and the middle Pliocene (7.95–3.75 Ma),
the pink color arose in the North America and South America lineages independently, both
evolving from ancestors with yellow flowers. It is important to highlight that the yellow
and pink colors dominate the flowers (Figure 2) of the American lineages, and yellow
dominate the African lineages [32]. Results can be influenced by the time of separation of
both continents with their respective biogeographical events. These conditions probably
favored the diversification and fixation of the pink color through the current species.

The pink color also emerged in the Eurasian species L. viscosum and L. pubescens in
clade A in the late Miocene–Pliocene and more recently in the Asian genera Anisadenia and
Tirpitzia during the Pliocene–Pleistocene (~2.5 Ma). This last epoch was characterized by
glacial and interglacial cycles that resulted in the evolution and migration of many plant
lineages, favoring their diversification to alternate environments [79]. It is currently known
that the Mediterranean Basin served as a refuge for many species during the Tertiary and
Quaternary glaciations and as a source for the subsequent colonization of adjacent areas as
Asia regions [94]. However, although the geological and paleoclimatic events mentioned
could suggest a close relationship between the biogeographical history of the group and
the color of the flowers, they do not explain why the pleisiomorphic yellow state is mainly
maintained throughout clade II and the purple state is maintained in clade I. Here, it is
likely that pollinators played a more important role.

Flower color transitions usually accompany a shift in pollination mode [95]. Observa-
tions on pollination in Linum or sister genera are scarce, scattered in the literature, and/or
have not been updated [96–99]. The little that is known about the group has been general-
ized from those studies, and it is mentioned that Linum flowers are typically pollinated by
insects such as honeybees, bumblebees, flies, and butterflies [13,99]. It is known that, due
to differences in preferences, different functional groups of pollinators may select different
flower colors [95,100,101]. However, many floral radiations exhibit a remarkable variety of
colors despite members sharing the same functional group of pollinators [102–105]. The
above suggests that the pollinator shift model does not fully account for the diversity of col-
ors across angiosperms [106]. In addition, it is important to mention that we examined the
color evolution of the corolla based on human perception and not the ultraviolet light (UV)
spectrum that pollinators can detect, mainly insects [107]. It has been suggested that the
evolution of human-visible patterns is associated with the evolution of larger flowers, but
the evolution of UV patterns is correlated with the evolution of smaller flowers [108]. There-
fore, we suggest complementing this work from an ecological perspective, since little is
known about the types of pollinators and details about pollination in Linoideae. Moreover,
color vision can vary among insect species, so this information cannot be generalized [109].

A few studies have examined the tempo of discrete changes in flower color, such
as gains or losses of pigmentation [110,111]. According to our results, the most likely
scenario is that pigmentation was gained in a speciation event from an ancestral lineage
of white-yellow flowers. According to Ng and Smith [112], the appearance of a gain of
pigmentation mutant in an ancestral population could also lead to the emergence of a new
lineage if this trait allows or even promotes dispersal to a new region. This is consistent
with the geological period with the greatest diversification of Linoideae, which coincides
with dispersal events to new geographical areas of several lineages, and provides an initial
assessment of the possible role of flower color in dispersal to new habitats. Nonetheless,
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we cannot rule out a pollinator-mediated scenario where a sub-population disperses to
a new region with a different pollinator fauna that selects for colored flowers [111,113].
Studies about pollinators are needed to test this hypothesis. Once this knowledge is
acquired, it will be possible to know and understand how Linoideae’s pollinators, especially
insects, perceive colors and thus understand plant-pollinator interactions more precisely in
this group.

Our study provides a novel picture of the flower color of the most recent ancestor of
all living Linoideae and the earliest steps of color polymorphisms. The ancestral flower
color for Linoideae was yellow-white, with the purple color dominating clade I ancestors
and the yellow color dominant throughout clade II, suggesting a scenario closely related
to the biogeographical history of the group and its pollinators. However, new progress
in reconstructing the evolutionary steps and integrating breakthroughs in evo-devo and
ecological research is still necessary. Likewise, the taxonomic status of the segregated
genera was explored, and as a result, we propose here that they be reconsidered so that
they are returned to Linum and that the current sectional status is reevaluated. These results
are a contribution toward an understanding of floral color pattern diversity and evolution,
as well as the systematics of the subfamily Linoideae.

4. Material and Methods
4.1. Taxon Sampling

The taxonomic diversity of Linoideae was represented by 451 accessions of 113 species
covering the eight genera of the subfamily (Supplementary Table S1). Hugonia busseana
Engl. (subfamily Hugonioideae) was included as an outgroup along with Phyllanthus em-
blica L. and Ixonanthes chinensis (Hook. & Arn.) Champ., representing the two sister
families of Linaceae: Phyllanthaceae and Ixonanthaceae [114]. Sequences from these taxa
were retrieved from GenBank (Supplementary Table S1) and correspond to four DNA
regions: the nuclear ribosomal DNA ITS1-5.8S-ITS2 (ITS) region, Maturase K (matK),
NADH-dehydrogenase subunit F (ndhF), and the intergenic spacer between tRNALeu and
tRNAPhe (trnL-trnF). Sequences were aligned using PhyDe software [115] with the Muscle
algorithm [116], followed by a final adjustment by visual inspection.

4.2. Phylogenetic Analysis

Phylogenetic analyses were performed separately for ITS and cpDNA (matK, ndhF,
and trnL-trnF) and in combination (ET = ITS + cpDNA). Analyses were performed with
H. busseana (subfamily Hugonioideae) as the outgroup. The congruence of the phylogenetic
signals from ITS and cpDNA was evaluated by visual comparison of their respective
topologies. Furthermore, an incongruence length difference (ILD) test [117], implemented
in PAUP v4.0a168 [118] as the partition-homogeneity test between the ITS and cpDNA
datasets, was conducted. The partition homogeneity test revealed that partitions were
homogeneous (P > 0.05). There were no strongly conflictive topologies found among
molecular data partitions (Supplementary Figures S1 and S2). Therefore, we concatenated
both datasets for further analyses and discussion.

Phylogenetic reconstruction was carried out using Parsimony Analysis (PA) and
Bayesian Inference (IB) approaches. Of the regions recovered from GenBank, 5.98% were
missing in some taxa; hence, they were coded as “missing data (?)”. PA was performed
with the heuristic search implemented in TNT v1.5 [119] with 100 iterations with the
TBR (Tree Bisection Reconnection) algorithm, retaining 100 trees per iteration. Gaps were
recorded as missing. The shortest trees obtained were saved for calculating the strict
consensus tree. Statistical branch support was determined by bootstrap (BS) analysis
running 1000 sampling replicates with replacement and collapsing those clades with a
value lower than 50% through the “Cutoff” option.

The IB analyses were carried out in MrBayes v3.2.7a [120] with the Markov Chain
Monte Carlo (MCMC) technique. Model parameters were fixed according to the values
obtained with jModeltest v2.1.10 [121] for each of the matrices and selected with Akaike’s
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criterion (AIC) [122]. The models used were TVM + G for cpDNA and GTR + I + G for
the concatenated matrix and ITS dataset. Each MCMC analysis was run for 10 million
generations with four MCMC chains—one cold and three heated—starting from different
random points in the parameter space with a discarded burn-in of 25% and sampled every
1000th generation. The outgroup was never forced to be monophyletic during searches.
Nodes with posterior probabilities (PP) > 60% were retained in the majority-rule consensus
tree. Finally, the trees obtained were visualized and edited in FigTree v1.4 [123].

4.3. Reconstruction of Ancestral Flower Color

Reconstruction of ancestral states using model-based methods requires a phylogenetic
tree with branch lengths proportional to time, i.e., a timeline. The precedent is to avoid
bias by assuming a strict correlation between molecular and morphological evolutionary
rates. Therefore, molecular dating analyses were conducted using BEAST v1.10.1 [124]
with the individual datasets (Supplementary Material Table S2) and concatenated matrix
under an uncorrelated lognormal relaxed-clock model. Based on the results of the study
by Xi et al. [125], two secondary calibration points were selected. The first of them was
used to calibrate the root node of Phyllanthaceae + [(Ixonanthaceae + Linaceae) under a
normal distribution (mean = 102.5; SD = 4.03). The second was used to calibrate the stem
node of Linaceae + Ixonanthaceae (mean = 90; SD = 8.65). A third calibration point from
fossil pollen grain data unequivocally attributed to Linum from the late Eocene from the
Ebro basin in northeastern Spain [126,127] was used to calibrate the minimum stem node
divergence of this genus under a lognormal distribution (mean = 1; SD = 1; offset = 35.55).

The model parameter implemented for the molecular clock implemented was GTR
+ I + G for all datasets. This was the closest model to those calculated according to the
AIC in jModelTest. Tree priors were modeled with a birth–death process, which models
speciation and extinction patterns. Three independent MCMC analyses were run for ITS
and ET, each with 50,000,000 generations. For the cpDNA, 120,000,000 generations were
carried out in four independent analyses. In all cases, sampling was performed every
1000th generation. The convergence and stationarity of the estimated parameter values
were assessed according to effective sample size (ESS > 200), traces, and Bayesian density
plots using Tracer v1.7. (Germany) [128]. The log files were combined using LogCombiner.
A maximum-clade-credibility (MCC) tree representing the maximum a posteriori topology,
with mean divergence times and a posterior probability limit of 0.9, was calculated after
the removal of 10% of trees as burn-in using TreeAnnotator v1.10.4. (New Zeland) [129].
Finally, the trees were visualized with FigTree v1.4. (UK) [123].

We recorded the flower colors of 112 species of Linoideae using herbarium data,
systematic and taxonomic studies, regional floras, and a database [5,6,13,54,130–133]. We
did not use any general family descriptions or make any assumptions that all species of a
genus share the same character state. The Bayesian method of ancestral state reconstruction
(GTR + I + G model) Statistical Dispersal-Vicariance Analysis (S-DIVA) [134], implemented
in RASP v3.2.1 (China) (Reconstruct Ancestral State in Phylogenies) [135], was performed
to reconstruct the ancestral flower color. Each terminal in the tree was coded for six color
states divided into the following categories: yellow, blue, white, purple, red, and pink.
Flower colors with the highest probability value are indicated by the colored circle at
each node of the tree, and the probability values are given in Table 1. For comparison,
the ancestral color of flowers was also reconstructed using parsimony, as implemented in
Mesquite v2.75 (Canada) [136]. All characters were treated as unordered.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11121579/s1. Table S1: GenBank accessions numbers for
ndhF, matK, trnL-F, and ITS; Table S2: Divergence time estimates from BEAST analysis for key nodes
of the Linoideae subfamily based on partitioned data; Figure S1: Phylogenetic relationships of the
Linoideae subfamily based on combined plastid DNA: (A) Parsimony tree. (B) Bayesian Inference
tree; Figure S2: Phylogenetic relationships of the Linoideae subfamily based on ITS: (A) Parsimony
tree. (B) Bayesian Inference tree; Figure S3: Parsimony analysis tree of Linoideae based on combined
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plastid and ITS dataset; Figure S4: Beast maximum clade credibility tree of Linoideae inferred from
combined ITS, ndhF, matK, and trnL-F; Figure S5: Reconstruction of ancestral states of flower color in
the subfamily Linoideae based on Most Parsimonious Reconstruction.
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