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ABSTRACT

The taxonomic boundaries of Centaurea L. species and infraspecific taxa are often blurred by hybridizations. However,
counterbalancing genetic isolation contributes to maintaining taxonomic limits and fostering rapid speciation processes. Radiant
(R) and non-radiant (NR) capitula are two major floral morphs present in Centaurea. However, it is unclear how gene flow affects the
distribution of floral morphotypes across populations and taxa. We have investigated the taxonomic differentiation and potential
effect of genetic isolation in R and NR populations of Iberian Centaurea sects. Jacea (Mill.) Pers. ex Dumort. and Lepteranthus
(Neck. ex DC.) Dumort. A total of 510 individuals from 58 populations (12 taxa) were analyzed using 165 amplified fragment length
polymorphism (AFLP) markers. Genetic diversity and structure parameters were estimated at the taxon, population, and floral
morphotypic levels. We tested whether there was correlation between population pairwise fixation index (Fst) genetic distances and
the inbreeding coefficient (Fis), taken as a surrogate of reproductive isolation between the R and NR morphotypes of each group,
and also taking into account geographic distances, using distance-based redundancy analysis (dbRDA). We also performed
isolation by distance (IBD) tests between different floral morphotypes, aiming to infer the impact of genetic isolation on evolutionary
and taxonomic divergence of the individuals. The taxa of Centaurea sects. Jacea and Lepteranthus constitute independent
evolutionary lineages. Most of the detected genetic clusters match the taxonomic circumscription proposed in our most recent
treatments. Genetic diversity was highest in C. debeauxii Godr. & Gren. subsp. debeauxii and subsp. grandiflora (Gaudin ex
Schiibl. & G. Martens) Devesa & Arnelas and in C. jacea L. subsp. angustifolia (DC.) Gremli (R) and lowest in C. nevadensis Boiss.
& Reut. (NR) within the Centaurea sect. Jacea clade, whereas it was highest in C. linifolia L. within the Centaurea sect.
Lepteranthus clade. Population-level dbRDA tests did not detect a significant correlation of R versus NR genetic distances and Fis
values in any of the studied cases; by contrast, they detected significant correlation with longitude (C. jacea subsp. angustifolia, C.
debeauxii, C. linifolia—C. stuessyi Arnelas, Devesa & E. Lopez) or latitude (C. nigra L.). IBD analysis at the individual level showed
that, in addition to geography, other morphotype-related factors may affect the genetic differentiation of R versus NR morphs in C.
nigra, C. debeauxii, and C. linifolia—C. stuessyi. These results suggest that the fixation of the different morphs within the same taxon
or group may be explained by geographic isolation, though we could not discount other potential unknown factors that could have
contributed to microspeciation in these recently divergent populations, which originated only several thousands of years ago.

Key words: amplified fragment length polymorphism, Asteraceae, Centaurea, floral morphs, gene flow barriers, population
genetics, taxonomy.
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Centaurea L. is a highly diversified genus of the
Asteraceae family. In its current circumscription it
comprises nearly 250 species (Susanna & Garcfa-
Jacas, 2007) distributed mainly in Eurasia, showing a
large representation in the Mediterranean and the Irano-
Turanian regions. Species of the genus show two types of
capitula, discoid and radiant. Discoid capitula are com-
posed only of fertile hermaphrodite disk florets, whereas
radiant capitula are composed of fertile hermaphrodite
disk florets and enlarged peripheral and actinomorphic
or slightly actinomorphic neuter florets (Devesa et al.,
2014; Devesa, 2016, Fig. 1). Several ploidy levels have
been reported in species of Centaurea sects. Jacea
(Mill.) Pers. ex Dumort. and Lepteranthus (Neck. ex
DC.) Dumort. (Arnelas & Devesa, 2010), ranging from
diploids to hexaploids. Diploids are predominant in
Centaurea sect. Lepteranthus, whereas tetraploids are
more abundant in Centaurea sect. Jacea. Previous tax-
onomic studies also detected several populations of
putative hybrid origin, involving species in Centaurea
sect. Jacea (e.g., Centaurea Xdecipiens Thuill pro sp.;
Arnelas & Devesa, 2011) and one species of suspected
hybrid origin within Centaurea sect. Lepteranthus (C.
stuessyi Arnelas, Devesa & E. Lépez; Arnelas et al.,
2013). Recent phylogenetic studies have demonstrated
that Centaurea sects. Jacea and Lepteranthus, although
closely related, belong to different lineages and should
be maintained as separate sections (Arnelas et al.,
2018). This study also confirmed that the maternal
and paternal progenitor species of the allotetraploid
C. stuessyi originated from lineages Lepteranthus 1
and 2 of Centaurea sect. Lepteranthus, respectively,
and that C. gallaecica (M. Lainz) Arnelas & Devesa
should be segregated from C. janeri Graells and placed
within Centaurea sect. Jacea. The shape of the bract
appendage and presence/absence of the achene pappus
have been the main characters used to differentiate
species of these two sections (Willkomm, 1865; Dostil,
1976; Arnelas & Devesa, 2011, 2012; Devesa et al.,
2014; Devesa, 2016).

Different studies have indicated the existence of
floral morphological variability both within and between
species of Centaurea sects. Jacea and Lepteranthus;
some individuals present a radiant capitulum (R mor-
photype hereafter), whereas others present a non-
radiant discoid capitulum (NR morphotype hereafter)
(Arnelas & Devesa, 2011, 2012). Similar morphotypic
patterns have also been reported in natural and artifi-
cially produced individuals of other genera of the daisy
family such as Senecio L., Haplopappus Cass., and
Helianthus 1. (Trow, 1912; Jackson & Dimas, 1981;
Ingram & Taylor, 1982; Stuessy et al., 1986; Andersson,
2001). The development of ray flowers in Helianthus
and Chrysanthemum L. is under genetic control of the

CYCLOIDEA (CYC)-type genes (Chapman et al., 2008,

2012; Huang et al., 2016). For example, studies of gene
expression in sunflower (Helianthus annuus L.) dem-
onstrated how a mutation in the single dominant gene
HaCYC2c¢ was determinant for the emergence of floral
zygomorphy of typical peripheral ray ligulate florets of
radiate capitula (Chapman et al., 2012), whereas studies
in Chrysanthemum morifolium Ramat. showed how
CmCYC2c¢ was highly upregulated and expressed in
petal development of peripheral zygomorphic ray ligu-
late florets of the same type of capitula (Huang et al.,
2016). Zygomorphic flowers have played an important
role in angiosperm diversification (Cubas, 2004). In
Asteraceae, ray flowers have been shown to be an
adaptive morphological feature, enhancing floral attrac-
tiveness to pollinators (Stuessy et al., 1986; Comes,
1998; Andersson, 2008; Chapman & Abbott, 2009),
increasing plant-pollinator interaction, and presumably
also affecting reproductive isolation (Chapman et al.,
2012). The extent of the R and NR morphotypical
variation in the Iberian Centaurea sects. Jacea and
Lepteranthus species is considerable (Arnelas & Devesa,
2011, 2012). Both morphotypes have been found within
populations of the same taxon, and in populations of
closely related taxa that grow either in allopatry or in
overlapping distribution ranges.

Hypervariable molecular markers have been used
successfully to analyze the genetic composition and
complexity of several plant groups at both taxon and
population levels (Garcia-Jacas et al., 2000; Tremets-
berger et al., 2004; Pérez-Collazos & Cataldn, 2006;
Pérez-Collazos et al., 2009; Anand et al., 2010). Am-
plified fragment length polymorphism (AFLP) is a pow-
erful genetic fingerprinting technique (Vos et al., 1995)
that has proven to be useful in detecting cryptic taxa
(Martinez-Ortega et al., 2004) and separating specific
and infraspecific genetic groups (Medrano et al., 2014).
Here we have analyzed the specific and infraspe-
cific taxa described in two Centaurea sections from
the Iberian Peninsula (Centaurea sect. Jacea: C.
debeauxii Godr. & Gren. subsp. debeauxit and subsp.
grandiflora (Gaudin ex Schiibl. & G. Martens) Devesa &
Arnelas, C. jacea subsp. angustifolia (DC.) Gremli, C.
nevadensis Boiss. & Reut., C. nigra L. subsp. nigra and
subsp. endressii (Hochst. & Steud) Arnelas & Devesa;
Centaurea sect. Lepteranthus: C. antennata Dufour
subsp. antennata, C. gallaecica, C. janeri subsp. janeri
and subsp. babiana M. Lainz, C. linifolia L., C. stuessyi),
including R and NR populations with overlapping and
non-overlapping distribution ranges. Our study has two
aims: to circumscribe the taxonomic boundaries of this
highly hybridogenous Centaurea clade using AFLP
markers; and to test the potential of AFLP markers to
characterize and separate the floral R and NR morpho-
types in taxa and populations in Centaurea sects. Jacea
and Lepteranthus, focusing on the genetic composition
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of their individuals. Through the analysis of the genetic
structure of and distance between species, subspecies,
and populations using AFLP markers, and its potential
correlation with the occurrence, reproductive isolation,
and geographical distribution of the floral morphotypes,
we aim to test for the existence of barriers to gene flow in
populations of Centaurea taxa, and particularly between
R and NR populations of the same taxon with over-
lapping distribution ranges, and their potential effects in
the fixation of the two floral forms.

MATERIALS AND METHODS
PLANT MATERIAL, DNA EXTRACTIONS, AND AFLP ANALYSIS

A total of 510 individuals from 58 Iberian popula-
tions of 12 taxa in Centaurea sects. Jacea and Lepter-
anthus were included in the study (Fig. 1A-F,
Supplementary Table S1). In general, seven to 10 in-
dividuals were collected per population (Supplementary
Table S2). Voucher specimens from all studied pop-
ulations were deposited at COFC (Supplementary Table
S1). Sampling was designed to represent the main
specific and intraspecific lineages of Centaurea sects.
Jacea and Lepteranthus in the Iberian Peninsula.

Genomic DNA was extracted from silica gel—dried
leaves following the DNeasy Plant Mini Kit protocol
(Qiagen, Hilden, Germany). The AFLP technique was
carried out according to methods from Vos et al. (1995)
with slight modifications. Two primer combinations
(E-AAG/M-CAC and E-ACA/M-CTC) were selected
from 10 combinations tested in a previous screening.
Products were separated in 6% polyacrylamide gels and
silver-stained following Bassam et al. (1991). Repeat-
ability of bands (< 1% error) was confirmed using
control samples in different gels.

GENETIC DIVERSITY

AFLP fragments were scored in a binary data matrix
of presence/absence. We calculated the number of total
fragments (fr), unique bands with a frequency equal to 1
(far), private (f,; unique bands with frequency < 1), and
rare (f;; frequencies < 0.1) fragments for populations,
floral morphotypes, and taxa. Additional measures of
genetic diversity were estimated through the frequency—
down-weighted marker index using AFLPdat (DW;
Schonswetter & Tribsch, 2005), and the percentage of
polymorphic loci at the 99% criteria (99%P) using
Excel (Microsoft Corporation, Redmond, Washington,
U.S.A.). We applied the rarefaction method of Petit et al.
(1998) to estimate band richness (Pb) and the proportion
of polymorphic loci using AFLPdiv (Coart et al., 2005)
for standardized sample sizes of three and seven for
populations and taxa, respectively. We calculated Nei
diversity index (h) using Excel. Bayesian genetic

diversity, defined as average panmictic heterozygosity
within each population, floral morphotype, and taxon
(Hy), were computed using Hickory version 1.0.4
(Holsinger & Lewis, 2003). The AFLP data set was
analyzed under the free model that does not assume
Hardy-Weinberg equilibrium and is therefore suitable
for dominant AFLP markers (Holsinger et al., 2002).

GENETIC RELATIONSHIPS, STRUCTURE, AND ISOLATION AMONG
FLORAL MORPHOTYPES

Genetic relationship among all studied individuals
was assessed by neighbor-joining clustering methods
(NJ; Saitou & Nei, 1987) using pairwise (Nei & Li,
1979) genetic distances in NTSYSPC v. 2.11a (Rohlf,
2002). Significance of branches was assessed by
bootstrap analysis through 1000 replicates (Felsen-
stein, 1985). We also estimated genetic relationships
among taxa, populations, and floral mophotypes using
principal coordinates analyses (PCoA) and minimum
spanning tree (MST; Gower & Ross, 1969). Two- and
three-dimensional plots were constructed based on
the Nei and Li (1979) distance matrix using NTSYS v.
2.11a.

Genetic structure was analyzed through analysis of
molecular variance (AMOVA) using Arlequin 3.11
(Excoffier et al., 2005). Different analyses were con-
ducted using: (1) AMOVA of the entire dataset, con-
sidering all populations belonging to the same group;
and (2) different hierarchical AMOVAs considering
different taxonomic and floral morphotype groupings.
The Wright Fst coefficient (Wright, 1951) was obtained
using Arlequin 3.11.

Bayesian model-based analysis was performed to infer
the genetic structure of populations using STRUCTURE
2.2 (Pritchard et al., 2000; Falush et al., 2007). We
imposed an admixture model with correlated allele fre-
quencies for the entire dataset and for different taxonomic
partitions that share the same common ancestor in order to
estimate the probability (LnP[D]) of K groups or hypo-
thetical populations (Pritchard & Wen, 2004). We ran the
analysis for a range of K values from one to 50, using a
burn-in period of 10,000, and a run length of the Markov
chain Monte Carlo (MCMC) of 50,000 with eight inter-
actions using the ad hoc parameter AK of Evanno et al.
(2005) to estimate the rate of change of likelihood values
between successive K values. The o parameter (the
admixture proportion of an individual) was inferred from
the data with Structure; « values close to zero imply that
most individuals derive essentially from one or another
ancestral Bayesian group, whereas o values > 1 imply
that most individuals are admixed (Falush et al., 2003).
Structure data processing was conducted with STRUC-
TURE HARVESTER (v. 0.9.94) (Earl & vonHoldt,
2012), which identifies the optimal K based on both
Ln Pr(X|K) and AK (Evanno et al., 2005) statistics.
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Distance-based redundancy analysis (dbRDA;
Legendre & Fortin, 2010) was conducted to examine
whether geography or reproductive isolation could ex-
plain the population genetic differentiation observed
both within and between R and NR floral morphotypes
in four study cases where the R and NR morphs showed
fully (C. jacea subsp. angustifolia; Fig. 1A) or partially
(C. nigra subsp. nigra and subsp. endressit, C. debeauxii
subsp. debeauxii and subsp. grandiflora, and the C.
linifolia—C. stuessyi complex; Fig. 1B, C) overlapping
distribution ranges. We used the inbreeding coefficient
index (Fis) as a surrogate for population reproductive
isolation within and between morphs. To conduct
dbRDA analyses we used pairwise population Fst dis-
tances as genetic data, geographic coordinates of the
centroid of each population (longitude, latitude) as
geographic data, and population Fis values, calculated
with Hickory v.1.0.4 (Holsinger et al., 2002) under the
full model using default prior values (burn-in set to
50,000 and sampling set to 250,000) as reproductive
isolation data. DbRDA (marginal test) and conditional
dbRDA (i.e., test for each set of variables while con-
trolling for the influences of longitude and latitude
included as covariates) analyses were performed with
the R package VEGAN (Oksanen et al., 2019) using the
capscale function. Statistical significance of the predic-
tors, assigned using multivariate F statistics with 9999
permutations and variance components, were obtained
with the anova.cca and RsquareAdj functions within the
same package. All statistical analyses were performed
with R version 3.4.3 (R Core Team, 2019). In order to
evaluate the influence of the predictor variables in the
genetic differentiation of the individual morphs, we
additionally performed dbRDA and isolation by dis-
tance (IBD) tests at the individual level. Because we
only had the geographic coordinates of the populations,
we arbitrarily established a distance of 5 m between
individuals of the same population that closely reflected
the sampling distance. We estimated the individual Fis
according to Chybicki et al. (2011) and using the [4A
software, which applies a Bayesian method that infers
whether two dominant alleles could be identical by
descent in the individuals. For the IBD analysis we
computed Mantel tests between pairwise Fst genetic
distances and geographic distances at individual level
with 1000 permutations using the VEGAN (Oksanen
et al., 2019) package in the R software. We plotted the
Mantel results of genetic versus geographic distances for
the R, NR, and R+NR phenotypes of each study case
and adjusted the data with trend lines in order to
visualize whether geography or isolation caused by floral
morphotype explains the genetic differentiation of the
individual morphs. For it, we examined whether the
linear trends of the R, NR, and R+NR phenotypes fit
some of the following four genetics-versus-geography-

versus-floral morphotype evolutionary scenarios: (1) no
variation of genetic distances with geographic distances
in any of the three trend lines with each of them showing
similar genetic variation: neither geography nor pheno-
type affects the genetic differentiation of the individuals
(Supplementary Fig. S1A); (2) no variation of genetic
distances with geographic distances in any of the three
trend lines, but the R+NR line showing higher genetic
variation than the separate R and NR lines: phenotype
and not geography affects the genetic differentiation
of the individuals (Supplementary Fig. S1B); (3)
variation of genetic distances with geographic dis-
tances in all three trend lines with each of them
showing similar genetic variation: geography and not
phenotype affects the genetic differentiation of the
individuals (Supplementary Fig. S1C); and (4) varia-
tion of genetic distances with geographic distances in
all three trend lines with the R+NR line showing
higher genetic variation than the separate R and NR
lines: both geography and phenotype affect the genetic
differentiation of the individuals (Supplementary
Fig. S1D).

REsuLts

GENETIC DIVERSITY IN IBERIAN CENTAUREA SECTS. JACEA AND
LEPTERANTHUS

The AFLP approach generated 165 reproducible
fragments in 510 studied individuals. Fingerprinting
was high: 98.8% of the sample profiles were polymor-
phic. Genetic diversity values for all studied popula-
tions are shown in Supplementary Table S2. The highest
number of total AFLP fragments was obtained for Cen-
taurea jacea subsp. angustifolia (R), C. debeauxii
subsp. debeauxii (NR), and C. debeauxii subsp. gran-
diflora (R) (Table 1). Only one diagnostic fragment was
detected in C. nigra subsp. endressii (Table 1). Private
fragments were scarce across the studied populations,
with a single private band found only in C. jacea subsp.
angustifolia (R/NR), C. nigra subsp. nigra (NR), and C.
nevadensis (R/NR). Rare fragments were present in all
taxa except in C. nevadensis (NR), C. janeri subsp. janeri
and subsp. babiana, and C. antennata subsp. antennata
(Table 1). Highest DW values were detected in C. jacea
subsp. angustifolia (R); by contrast, C. janeri subsp.
janeri (R), C. antennata subsp. antennata, and C.
nevadensis (NR) showed lowest DW values (Table 1).
Percentage of polymorphic loci (99%P), band richness
for a standardized sample size of seven (Pb7), proportion
of polymorphic loci after rarefaction to seven (PLP[7]
5%), Nei genetic diversity (h), and average panmictic
heterozygosity (H,) indicated that C. debeauxii subsp.
debeauxii (NR) (99%P = 80%; Pb[7] = 1.526; PLP[7]
5% = 0.709; h = 0.69; H, = 0.21) and C. debeauxit
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Figure 1, Part 1.  Geographical distributions and images of the studied populations and floral radiant (R) and non-radiant
(NR) morphotypes of Iberian Centaurea L. sects. Jacea (Mill.) Pers. ex Dumort and Lepteranthus (Neck. ex DC.) Dumort.
—A. Different floral morphotypes occurring in the same taxon (overlapping distribution ranges of R and NR morphotypes): C.
Jacea L. subsp. angustifolia (DC.) Gremli (R, NR). —B. Different floral morphotypes occurring in different subspecies of the
same taxon (partially overlapping distribution ranges of R and NR morphotypes). —B1. Centaurea nigra L. subsp. endressii
(Hochst. & Steud) Arnelas & Devesa (R) and subsp. nigra (NR). Shading and symbols of taxa and morphotypes are indicated
in the figure. Global distributions of taxa are based on Arnelas and Devesa (2011, 2012) and Arnelas et al. (2013). Images:
I. Arnelas.

subsp. grandiflora (R) (99%P = 76%; Pb[7] =
1.564; PLP[7]5% = 0.636; h = 0.71; H, = 0.21)
are the most diverse taxa (Table 1). Centaurea jacea
subsp. angustifolia (R), C. nigra subsp. nigra (NR),
and C. linifolia also showed high levels of genetic
diversity (Table 1). Lowest genetic diversity levels

were detected in C. nevadensis NR (99%P = 17%;
h = 0.66; H, = 0.12; Pb[7] = 1.174; PLP[7]5% =
0.000; Table 1).

Analysis of Centaurea jacea subsp. angustifolia R

and NR morphotypes showed medium values of ge-
netic diversity (99%P = 58; Pb[7] = 1.426; PLP[7]
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Figure 1, Part 2. Geographical distributions and images of the studied populations and floral radiant (R) and non-radiant (NR)
morphotypes of Iberian Centaurea L. sects. Jacea (Mill.) Pers. ex Dumort and Lepteranthus (Neck. ex DC.) Dumort. —B2.
Centaurea debeauxii subsp. grandiflora (Gaudin ex Schiibl. & G. Martens) Devesa & Arnelas (R) and subsp. debeauxii (NR). —C.
Different floral morphotypes occurring in progenitor diploid-descendant allopolyploid taxa (partially overlapping distribution
ranges of R and NR morphotypes): C. linifolia L. (R) and C. stuessyt Amelas, Devesa & E. Lépez (NR). Shading and symbols of taxa
and morphotypes are indicated in the figure. Global distributions of taxa are based on Arnelas and Devesa (2011, 2012) and

Arnelas et al. (2013). Images: 1. Arnelas.

5% = 0.563; h = 0.64; Hs = 0.17) and high values of
rare fragments (fr = 24; DW = 78.5) in both cases,
whereas the NR and R morphotypes of C. nevadensis
showed low values for rare fragments (fr = 10; DW =
9.61) and genetic diversity (99%P = 28; Pb[7] = 1.228;
PLP[7]5% = 0.148; h = 0.67; Hs = 0.12); by contrast,
the C. nevadensis R morphotypes showed a relatively
high value of rare fragments (fr = 21) (Table 1).

GENETIC RELATIONSHIPS, STRUCTURE, AND ISOLATION AMONG
TAXA, POPULATIONS, AND FLORAL MORPHOTYPES OF IBERIAN
CENTAUREA SECTS. JACEA AND LEPTERANTHUS

The NJ analysis revealed a high population genetic
structure, since most of the sampled individuals clus-
tered into their respective natural populations (Fig. 2A).
Genetic circumscription of each taxon is also recovered
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Figure 1, Part 3.  Geographical distributions and images of the studied populations and floral radiant (R) and non-radiant (NR)
morphotypes of Iberian Centaurea L. sects. Jacea (Mill.) Pers. ex Dumort and Lepteranthus (Neck. ex DC.) Dumort. —D. Different
floral morphotypes occurring in the same taxon (non-overlapping distribution ranges of R and NR morphotypes): C. nevadensis
Boiss. & Reut. R, NR). —E. Same floral morphotype occurring in different subspecies of the same taxon (non-overlapping
distribution ranges of R and NR morphotypes): C. janeri Graells subsp. janeri (R) and subsp. babiana M. Lainz (NR). —F. Same
floral morphotype occurring in progenitor diploid-descendant allopolyploid taxa (non-overlapping distribution ranges of R and NR
morphotypes): C. antennata Dufour subsp. antennata (NR) and C. stuessyi (NR). Shading and symbols of taxa and morphotypes are
indicated in the figure. Global distributions of taxa are based on Arnelas and Devesa (2011, 2012) and Arnelas et al. (2013).
Images: 1. Arnelas.

in the NJ phenogram despite the short length and low
bootstrap support of branches. A clear genetic diver-
gence was recovered for species belonging to, respec-
tively, Centaurea sects. Jacea and Lepteranthus; the
only exception was C. gallaecica (Centaurea sect.
Jacea), which clustered with species in Centaurea sect.

Lepteranthus (Fig. 2A). The strong genetic differentia-
tion between sections Jacea and Lepteranthus was also
in agreement with the STRUCTURE results (Fig. 2B).
Within Centaurea sect. Jacea, the NJ analysis detected
four clusters corresponding to (1) C. jacea subsp.
angustifolia (R), (2) C. jacea subsp. angustifolia (NR)-
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Table 1. Genetic diversity analysis of the studied Iberian taxa of Centaurea L. sects. Jacea (Mill.) Pers. ex Dumort and
Lepteranthus (Neck. ex DC.) Dumort and their floral morphotypes using amplified fragment length polymorphism (AFLP) markers.
Taxon name, floral capitulum type (1), ploidy level (2), number of studied populations (3), number of studied individuals (N),
number of total fragments (fr), number of diagnostic fragments (f;), number of private (f,) and rare (f,) fragments, frequency—down-
weighted marker values index (DW), percentage of polymorphic loci at 99% criterion (99%P), band richness for a standardized
sample size after rarefaction for seven individuals per population (Pb[7]) (see Supplementary Table S2), proportion of polymorphic
loci after rarefaction for seven individuals per population (PLP[7]5%) (see Supplementary Table S2), Nei genetic diversity index

(h), and average panmictic heterozygosity (H,) data for each taxon.

99% PLP(7)

Taxon 1) 2 @3 N fp fy f. £ DW P Pbh(7) 5% h H,
Centaurea sect. Jacea

C. jacea subsp. angustifolia ~ (R)  (4x) (10) 93 160 0 1 29 141.04 73 1.505 0.691 0.65 0.21
C. jacea subsp. angustifolia ~ (NR) (4x) 3) 30 117 0 1 20 1627 43 1.347 0436 0.63 0.14
C. jacea s.1. 123 152 0 2 24 7850 58 1426 0.563 0.64 0.17
C. nigra subsp. nigra (NR) (2x,4x) (5) 45 133 0 1 14 2405 62 1496 0.630 0.63 0.19
C. nigra subsp. endressii R)  (4w) (3) 30 121 1 0 16 4681 47 135 0321 0.63 0.15
C. debeauxit subsp. debeauxit (NR) (4x) (10) 89 141 0 0 28 3443 80 1526 0709 0.69 0.21
C. debeauxii subsp. R)  (4w) 6) 54 136 0 0 31 1562 76 1564 0.636 0.71 0.21

grandiflora

C. nevadensis R) (2v 3) 21 103 0 1 21 1345 39 1280 0297 0.68 0.12
C. nevadensis (NR) (2% 1) 7 79 0 1 0 577 17 1.176  0.000 0.66 0.12
C. nevadensis s.1. 28 117 0 2 10 9.61 28 1228 0.148 0.67 0.12
C. gallaecica (NR) (6x) 2) 20 111 0 0 12 875 36 1294 0.183 0.61 0.14
Centaurea sect. Lepteranthus

C. janeri subsp. janeri R)  (4x) (1) 9 97 0 0 O 3.10 18 1.360 0.036 0.54 0.13
C. janerti subsp. babiana R) (4x) 1) 9 99 0 0 0 727 23 1408 0.073 0.57 0.14
C. antennata subsp. R)  (2x) (1) 9 9 0 0 0 4.77 24 1234 0.061 061 0.13

antennata

C. linifolia R) (2% 6) 53 131 0 0 24 18.08 68 1496 0.564 0.70 0.20
C. stuessyi (NR) (4x) (6) 41 127 0 0 24 1513 56 1410 0.503 0.64 0.17

NR, non-radiant; R, radiant.

C. nigra subsp. endressii, (3) C. nigra subsp. nigra—C.
debeauxii subsp. debeauxii, and (4) C. debeauxii subsp.
grandiflora—C. nevadensis (R, NR). Unexpectedly, the
NJ analysis showed the individuals of C. debeauxit
subsp. debeauxii and subsp. grandiflora to be more
similar genetically to those of C. nigra subsp. nigra and
C. nevadensis than to each other (Fig. 2A). Within
Centaurea sect. Lepteranthus, the NJ analysis recovered
two clusters that comprised (1) C. antennata subsp.
antennata, C. stuessyt (STU 06, 02), C. janert, and C.
gallaecica (Centaurea sect. Jacea), and (2) C. linifolia
and C. stuessyi (STU 01, 03, 05, 04) (Fig. 2A). These
results were also congruent with the STRUCTURE
results, except that some individuals of C. stuessyi
(STU 01, 03, 05, 04) were admixed with those of C.
linifolia (Fig. 2A). Centaurea jacea subsp. angustifolia
R and NR morphotypes showed some segregation in two
close but separate groups. Also, the NJ analysis showed
morphotype segregation in the two subspecies of C.
debeauxii (subsp. debeauxii NR, subsp. grandiflora R)
and C. nigra (subsp. nigra NR, subsp. endressii R),
respectively. Two populations of C. stuessyi (STU 06, 02)

clustered with C. antennata subsp. antennata and four
populations with C. linifolia (R) (Fig. 2A).

PCoA analyses revealed similar genetic relationships
among the studied individuals (Fig. 3, Supplementary
Table S3). Two groups coincident with species belong-
ing, respectively, to Centaurea sect. Jacea and Centau-
rea sect. Lepteranthus plus C. gallaecica, separated
along axis 1, which accumulated 7.52% of variance
(Fig. 3A, Supplementary Table S3). MST analysis
recovered a high cohesiveness within each group, with
only a single intergroup connection found between C.
Jacea subsp. angustifolia (sect. Jacea) and C. antennata
subsp. antennata (sect. Lepteranthus) (Fig. 3A). Sepa-
rate PCoA analysis for individuals of Centaurea sect.
Jacea showed segregation of the C. jacea subsp. angus-
tifolia group from the C. nigra (subsp. nigra and subsp.
endressii) plus C. debeauxii (subsp. debeauxii and
subsp. grandiflora) group in the 3D plot, which accu-
mulated 18.50%, 13.30%, and 7.40% of variance in its
three main axes (Fig. 3B). Noticeably, intraspecific
PCoA analysis of C. jacea subsp. angustifolia re-
covered a separation of R and NR morphotypic
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Figure 2. Genetic relationship among the studied populations and floral radiant (R) and non-radiant (NR) morphotypes of taxa
of Iberian Centaurea L. sects. Jacea (Mill.) Pers. ex Dumort and Lepteranthus (Neck. ex DC.) Dumort based on amplified fragment
length polymorphism (AFLP) data sorted by taxonomic rank and morphotypes. —A. Neighbor-joining (NJ) analysis of 510 studied
individuals. —B. Genetic structure of the studied samples inferred by STRUCTURE for an optimal K = 2. Floral morphotypes
of radiant (R) and non-radiant (NR) discoid capitula are indicated in gray and black colors, respectively, in the NJ phenogram of
Figure 2A. Numbers on branches indicate bootstrap support values. The asterisk indicates that C. gallaecica (M. Lainz) Arnelas &
Devesa belongs to Centaurea sect. Jacea.
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Figure 3.  Genetic relationship among 510 studied individuals of Iberian Centaurea L. sects. Jacea (Mill.) Pers. ex Dumort
and Lepteranthus (Neck. ex DC.) Dumort taxa based on amplified fragment length polymorphism (AFLP) data inferred by
principal coordinates analysis (PCoA) and minimum spanning tree (MST) analyses. —A. Centaurea sects. Jacea and Lepteranthus
groups. —B. Centaurea jacea L. subsp. angustifolia (DC.) Gremli (radiant [R]}-non-radiant [NR]) and Centaurea gr. nigra
L.—Centaurea gr. debeauxii Godr. & Gren. groups. —C. Centaurea jacea subsp. angustifolia (R) and C. jacea subsp. angustifolia
(NR) groups. —D. Centaurea gr. nigra—Centaurea gr. debeauxii—C. nevadensis Boiss. & Reut. —E. Centaurea antennata Dufour
subsp. antennata, C. linifolia L., C. stuessyt Arnelas, Devesa & E. Lopez, Centaurea gr. janeri Graells, and C. gallaecica
(M. Lafnz) Arnelas & Devesa*. *Classified within Centaurea sect. Jacea according to Arnelas and Devesa (2012).

groups, also with high percentage of accumulated
variance in the three main axes (29.23%) (Fig. 3C,
Supplementary Table S3). Independent PCoA
analysis of C. nigra—C. debeauxii—C. nevadensis
showed genetic differences between the species
and all their taxa (C. nigra subsp. nigra and C.
nigra subsp. endressii, C. debeauxii subsp.
debeauxii, and C. debeauxii subsp. grandiflora)
but with some overlapping between the respective
C. debeauxii subsp. debeauxii—C. nigra subsp.

nigra, and C. debeauxii subsp. grandiflora—C. nigra

subsp. endressii plots (Fig. 3D, Supplementary Table
S3). However, no segregation was observed for C.
nevadensis R and NR morphotypes. Individual PCoA
analysis of Centaurea sect. Lepteranthus plus C. gal-
laecica (Centaurea sect. Jacea) showed the segregation
of the C. linifolia—C. stuessyi group from the C. anten-
nata subsp. antennata—C. janeri—C. gallaecica group
along the first axis that accumulated 16.00% of variance
(Fig. 3E, Supplementary Table S3). The first three axes
(31.70% variance) of this plot segregated C. janeri
(C. janeri subsp. janeri and subsp. babiana), C.



Volume 105, Number 4
2020

Arnelas et al. 491
Iberian Knapweeds (Centaurea sects. Jacea

and Lepteranthus, Asteraceae)

Table 2.  Genetic structure of the studied Iberian taxa of Centaurea L. sects. Jacea (Mill.) Pers. ex Dumort and Lepteranthus
(Neck. ex DC.) Dumort using amplified fragment length polymorphism (AFLP) markers analyzed through analysis of molecular
variance (AMOVA) for different taxonomic and floral morphotype groupings.

Grouping Gl %V ar Fst
A. One group with all populations
Among populations 58 59.05 0.59 (P < 0.001)

Within populations 453 40.95

B. 12 groups: according to taxonomic treatment

[JRA/JNRI{NNRJ-[NRAJ-{DNR}- [DRAJ[NVR/NVN]-{GALI-{JAN]- [BAB-{LRAJ-{STUJ-{ANT]

Among groups 11 21.52 0.60 (P < 0.001)
Among populations 46 38.71
Within populations 441 39.77

C. 14 groups: considering both taxa and R-NR morphotypes as separate groups
[JRIHINRJ-[NNRJ-NRAJ-[DNR]- [DR]-[NVR]-[NVN]{GAL]-[JAN]{BABJ-[LRA]-[STU]J-[ANT]

Among groups 13 23.45 0.60 (P < 0.001)
Among populations 44 36.64

Within populations 441 39.91

D. One group: Centaurea sect. Lepteranthus

Among populations 16 65.44 0.65 (P < 0.001)
Within populations 119 34.56

E. One group: Centaurea sect. Jacea

Among populations 12 53.00 0.53 (P < 0.001)
Within populations 110 47.00

ANT, Centaurea antennata Dufour subsp. antennata (NR); BAB, C. janeri Graells subsp. babiana M. Lainz (R); DNR,
C. debeauxii Godr. & Gren. subsp. debeauxii (NR); DRA, C. debeauxii subsp. grandiflora (Gaudin ex Schiibl. & G. Martens)
Devesa & Arnelas (NR); Fst, fixation index; GAL, C. gallaecica (M. Lainz) Arnelas & Devesa (NR); gl, grade of freedom;
JAN, C. janert subsp. janeri (R); INR, C. jacea L. subsp. angustifolia (DC.) Gremli (NR); JRA, C. jacea subsp. angustifolia
(R); LRA, C. linifolia L. (R); NNR, C. nigra L. subsp. nigra (NR); NR, non-radiant; NRA, C. nigra subsp. endressii (Hochst.
& Steud) Arnelas & Devesa (R); NVN, C. nevadensis Boiss. & Reut. (NR); NVR, C. nevadensis (R); R, radiant; STU, C. stuessyi

Arnelas, Devesa & E. Lépez (NR); %Var, percentage of variation.

gallaecica, and C. antennata subsp. antennata, and to a
lesser extent C. linjfolia from C. stuessyi (Fig. 3E).

AMOVA analysis revealed that 59.05% of the total
genetic variation was found among populations
(Table 2A), suggesting a high genetic divergence of
Centaurea sects. Jacea and Lepteranthus. Hierarchical
AMOVA of the 12 studied taxa revealed 21.52% and
38.71% of the total variation among taxa and among
populations, respectively (Table 2B). Hierarchical AMOV A
of 14 groups considering floral morphotypes revealed an
increase of genetic structure among groups (23.45%), with a
variation among populations of 36.64% (Table 2C). Sep-
arate AMOV A analysis of taxa belonging to Centaurea sect.
Jacea and Centaurea sect. Lepteranthus showed 53.00%
and 65.44% of the total genetic variation distributed among
populations, respectively (Table 2D, 2E).

AFLP Bayesian analysis conducted with STRUC-
TURE found the highest LnP(D) and AK values
for K = 2 (P < 0.001), revealing two optimal hypo-
thetical groups congruent with Centaurea sect. Jacea
and Centaurea sect. Lepteranthus (plus C. gallaecica)
(Fig. 2B). The a value was 0.046, indicating a clear
assignment of the individual plant’s membership to each

genetic group. Genetic structure analysis of Centaurea
sect. Jacea showed the highest values of AK for K = 2,
where C. jacea subsp. angustifolia (R, NR) was segre-
gated from C. nigra—C. debeauxii (Fig. 4A). Indepen-
dent analysis of floral morphotypes of C. jacea subsp.
angustifolia (R, NR; Fig. 4B) recovered a highest value
of AK for K = 2, corresponding to a genetic group
composed of intermixed R and NR populations (JNR 01,
02, 03; JRA 02, 06, 09, and 11), and a second group
formed only by R populations (JRA 01, 03, 04, 07, 08,
and 10). Separate analysis of C. nigra—C. debeauxii—C.
nevadensis showed the highest value of AK for K = 2,
revealing the segregation of the two abundant species
(C. nigra subsp. nigra and subsp. endressii vs. C.
debeauxii subsp. debeauxii and subsp. grandiflora),
though two populations of C. debeauxii (C. debeauxii
subsp. debeauxii [DNR10] and C. debeauxii subsp.
grandiflora [DRA 06]) clustered within the C. nigra
group (Fig. 4C). Independent analysis of C. nigra—C.
debeauxii subsp. debeauxii DNR10-C. debeauxii subsp.
grandiflora DRAO6 supported the segregation of the two
subspecies of C. nigra (highest values of AK for K = 2),
showing the closeness of C. nigra subsp. nigra and



492 Annals of the
Missouri Botanical Garden

C. debeauxii subsp. €. debeauxii subsp. C. jacea subsp. angustifolia
debeauxii (NR) grandiflora (R) (R-NR)

1.00
080
060
040
020
0.00

V23 455 7 g 9 qolyp139415 45 17 119 35 21 2323 34 252627 39 293531 35 33 3y 35 35 37 39 39,41

A

C'. nevadensis (R)
C. nigra subsp.
endressii (R)

C. nigra subsp.
nigra (NR)

| C. nevadensis (NR)

C. jacea subsp. angustifolia (R) C. jacea subsp. angustifolia (NR)
1.00
080
080
0.40
020
0.00
1 2 3 N 5 6 7 3 9 g0 M 2 13 B

= o & =

E E- =1 = =

H Ed E} 2

3 ] ng 3

3 g2 g3 3

C. debeauxii subsp. C. debeauii subsp. 5 2 £ ¥ & g

debeauxii (NR) grandiflora (R) U y S U o

1.00
0.80
0.60
0.40
0.20
0.00

23 4956 7 g9 4012731475 15171g 1899 21 23 23 34 25 2620

C. debearixii subsp.
grandiflora (R, DRA06)

C. nigra subsp. C. nigra subsp.
endressii (R) nigra (NR)

C. debearixii subsp.
debeauxii (NR, DNR10)

1.00
0.80
0.60
0.40
0.20
0.00

1 2 3 4 5 6 7 8 9 10

D

Figure 4. Bayesian genetic structure analysis of the studied individuals of taxa of Iberian Centaurea L. sect. Jacea (Mill.) Pers.
ex Dumort based on amplified fragment length polymorphism (AFLP) data inferred by STRUCTURE. —A. Centaurea sect. Jacea.
—B. Centaurea jacea L. subsp. angustifolia Gremli R and NR groups. —C. Centaurea nigra L.—C. debeauxii Godr. & Gren.—C.
nevadensis Boiss. & Reut. groups. —D. Centaurea nigra, C. debeauxii subsp. debeauxii (DNR 10), and C. debeauxii subsp.
grandiflora (Gaudin ex Schiibl. & G. Martens) Devesa & Arnelas (DRA 06) groups.
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Figure 5. Bayesian genetic structure analysis of the studied individuals of taxa of Iberian Centaurea L. sects. Jacea (Mill.) Pers.
ex Dumort and Lepteranthus (Neck. ex DC.) Dumort based on amplified fragment length polymorphism (AFLP) data inferred by
STRUCTURE. —A. Centaurea sect. Jacea: C. debeauxii Godr. & Gren. (excluding DNR 10 and DRA 06) taxa and C. nevadensis
Boiss. & Reut. —B. Centaurea sect. Lepteranthus taxa. —C. Centaurea stuessyi Amelas, Devesa & E. Lépez (non-radiant [NR])
(excluding STU 02) and C. linifolia L. (radiant [R]). —D. Centaurea gallaecica (M. Lainz) Arnelas & Devesa (NR), C. janeri Graells
subsp. janeri (R) and subsp. babiana M. Lainz (R), C. antennata Dufour subsp. antennata (NR), and C. stuessyt (STU 02, NR).
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Table 3. Distance-based redundancy analysis (lbRDA) values obtained from marginal tests conducted at population level for
each of the Centaurea L. radiant (R), non-radiant (NR), and combined R +NR morphotype case studies (C. jacea L. subsp. angustifolia
(DC.) Gremli, C. nigra L., C. debeauxii Godr. & Gren., C. linifolia L.—C. stuessyi Amleas, Devesa & E. Lépez). Response variable
(pairwise Fst genetic distances between populations), predictive reproductive isolation variable (inbreeding coefficient Fis),
geographical variables (latitude and longitude). The marginal tests evaluate the potential effect of reproductive isolation (measured
as Fis) on genetic distances (Fst) taking into account geographic distances. The dbRDA test was not performed for C. jacea subsp.
angustifolia NR and C. nigra subsp. endressi (Hochst. & Steud) Amelas & Devesa R cases due to the low number of populations.

C. jacea subsp. angustifolia

R NR R+NR
Marginal test Marginal test Marginal test
Variable F P % Var Variable F P % Var Variable F P % Var
Fis 1.97 0.242 Fis 1.22° 0.190
Longitude 1.92 0.001% 182 Longitude 2.52 0.001% 18.27
Latitude 1.40 0.068% 13.3 Latitude 1.41 0.070
C. nigra
C. nigra subsp. endressii (R) C. nigra subsp. nigra (NR) R+NR
Marginal test Marginal test Marginal test
Variable F P % Var Variable F P % Var Variable F P % Var
Fis Fis 0.70  0.812 Fis 0.73 0.816
Longitude Longitude 0.89  0.641 Longitude 0.98 0.465
Latitude Latitude 094  0.541 Latitude 229 0.037* 28.7
C. debeauxii
C. debeauxii subsp. grandiflora (R) C. debeauxii subsp. debeauxii (NR) R+NR
Marginal test Marginal test Marginal test
Variable F P 9 Var Variable F P % Var Variable F P % Var
Fis 0.63 0.840 Fis 0.285 0.998 Fis 0.58 0.905
Longitude 1.68 0.143 Longitude 0.984 0.441 Longitude 240 0.006% 12.5
Latitude 0.89 0.585 Latitude 0.836 0.637 Latitude 0.63 0.880
C. linifolia—C. stuessyi

C. linifolia (R) C. stuessyi (NR) R+NR
Marginal test Marginal test Marginal test
Variable F P % Var Variable F p % Var Variable F P % Var
Fis 0.82 0.72 Fis 0.69 0.717 Fis 0.58 0.909
Longitude 0.11 0.447 Longitude 0.74  0.641 Longitude 241 0.004* 104
Latitude 0.56  0.935 Latitude 1.22 0.331 Latitude 0.63 0.881

* P < 0.05.

P <0.01.

P < 0.001.

§ Marginal significance.

C. debeauxii subsp. debeauxii DNR10, and of C. nigra
subsp. endressit and C. debeauxii subsp. grandiflora
DRAOG (Fig. 4D). Separate analysis of C. debeauxii—C.
nevadensts recovered the highest values of AK for K =
3, where each of the three taxa (C. debeauxii subsp.
debeauxii, C. debeauxii subsp. grandiflora, and C. neva-
densts) was assigned to a different genetic group (Fig. 5A).

Genetic structure analysis for Centaurea sect. Lep-
teranthus plus C. gallaecica showed the highest values

of AK for K = 2 (Fig. 5B). The first group contained C.
linifolia and C. stuessyi (all populations except STU 02),
and the second group C. janeri—C. gallaecica—C. anten-
nata subsp. antennata—C. stuessyt (STU 02), with both
groups including R and NR morphotypes. An indepen-
dent analysis of C. linifolia and C. stuessyi (all popu-
lations except STU 02) showed the highest values of AK
for K = 8 classifying populations into groups without
any apparent geographical structure (K1 = C. stuessyi:
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Figure 6. Distance-based redundancy analysis (dbRDA) plots (by multidimensional scaling) showing the position of the
studied Centaurea L. radiant (R) (gray dots) and non-radiant (NR) (black dots) populations relative to the two main RDA axes,
according to their genetic differentiation (the closer the populations in the plots, the lower the genetic dissimilarity). Significant
explanatory variables are depicted as solid vectors (see Table 3). —A. Centaurea jacea L. subsp. angustifolia (DC.) Gremli (R).
—B. Centaurea jacea subsp. angustifolia (R+NR). —C. Centaurea nigra L. (R+NR). —D. Centaurea debeauxit Godr. & Gren.
(R+NR). —E. Centaurea linifolia 1.—C. stuessyi Arnelas, Devesa & E. Lépez.

STU 03, 05, 01; K2 = C. stuessyi: STU 04; K3 = C.
stuessyi: STU 06; K4 = C. linifolia: LRA 03; K5 = C.
linifolia: LRA 04; K6 = C. linifolia: LRA 06; K7 = C.
linifolia: LRA 05; K8 = C. linifolia: LRA 01, 02; Fig.
5C). A separate analysis for C. janeri—C. gallaecica—C.
antennata subsp. antennata—C. stuessyi (STU 02)
showed the highest values of AK for K = 3, corre-
sponding to the C. stuessyi STU 02—C. antennata
subsp. antennata, C. janeri, and C. gallaecica groups

(Fig. 5D).

The dbRDA analyses were performed for R, NR, and
R+NR populations in all four case studies (C. jacea
subsp. angustifolia, C. nigra, C. debeauxii, C. linifolia—
C. stuessyi) except for C. jacea subsp. angustifolia (NR)
and C. nigra subsp. endressii (R), where the low number
of populations (= 3) precluded the validity of the
significance tests (Table 3). Our dbRDA results
showed a lack of significant correlation of Fis values
with population genetic differentiation in all the ana-
lyzed cases, and thus only results from the marginal
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probability tests are shown. By contrast, they indicated
that longitude significantly explained genetic differen-
tiation between the R populations in C. jacea subsp.
angustifolia (Table 3, Fig. 6A), whereas latitude
showed a marginal significance, suggesting that pop-
ulations might be genetically differentiated from east to
west and, to a lesser extent, from north to south. Lon-
gitude also significantly explained the genetic differen-
tiation of R versus NR populations of C. jacea subsp.
angustifolia, C. debeauxii subsp. grandiflora (R) versus
subsp. debeauxii (NR), and C. linifolia (R) versus C.
stuessyi (NR), but not within morphotypes in C.
debeauxii and C. linifolia—C. stuessyi (Table 3, Fig.
6B, D, and E, respectively). In C. nigra, latitude was
the predictor variable that significantly explained the
genetic differentiation of R versus NR populations
(subsp. nigra and subsp. endressii) but not within them
(Table 3, Fig. 6C). DbRDA analysis at the individual
level also showed that Fis did not significantly affect the
genetic differentiation of individuals in all studied cases
and that geography significantly explained their differ-
entiation within and between morphotypes (Supplemen-
tary Table S4).

Similarly, all Mantel tests performed at the individual
level detected significant association between genetic
and geographic distances within and between morpho-
types (Supplementary Table S4, Supplementary Fig.
S2). The predominantly linear trends of the R, NR,
and R+NR phenotypes in the IBD plots showed small
slopes in most cases (Supplementary Fig. S2A; Fig. 2C,
D) except for the Centaurea nigra subsp. endressti R trend
line, where its pronounced slope clearly indicated that
genetic differentiation increased with geographic dis-
tance for these phenotypes (Supplementary Fig. S2B).
In C. jacea subsp. angustifolia, the linear trends of the R
and R+NR phenotypes overlapped, indicating that only
geography explains the genetic differentiation of the
morphs (Supplementary Fig. S2A). However, in the
remaining cases (C. nigra, C. debeauxii, C. linifolia—C.
stuessyt), the linear or curvilinear R+NR trend showed
slightly higher genetic distance values than the R and NR
trends (except that of C. stuessyi NR) (Supplementary Fig.
S2B, S2C, S2D), suggesting that the floral morphotype, in
addition to geography, could also contribute to the genetic
differentiation of these morphs.

DiscussioN

GENETIC DIVERSITY, SPECIES BOUNDARIES, AND TAXONOMY OF
IBERIAN CENTAUREA SECTS. JACEA AND LEPTERANTHUS GROUPS

The limited variability and resolution observed in
previous plastid-based phylogenetic studies of Centau-
rea sects. Jacea and Lepteranthus (Garcia-Jacas et al.,
2006; Arnelas et al., 2018) suggested a recent

evolutionary history for this group of Iberian knapweeds.
However, our nuclear ribosomal internal transcribed
spacer (ITS) region—based phylogeny demonstrated that
despite the frequent hybridization detected between
some taxa, a main split differentiated the lineages de-
fined by sections Jacea and Lepteranthus (Arnelas et al.,
2018). Our current AFLP study reinforces this hypoth-
esis since we have recovered a clear genetic segregation
of populations and taxa of Centaurea sects. Jacea and
Lepteranthus (including C. gallaecica) in all the NJ
phenogram, PCoA, STRUCTURE, and AMOVA ana-
lyses (Figs. 2, 3A, Table 2). Our molecular ITS and
AFLP findings support our sectional classification
(Arnelas & Devesa, 2011, 2012; Devesa et al., 2014;
Devesa, 2016). Additionally, our AFLP analysis cor-
roborates the close relationships of species from both
clades, reinforcing the hypothesis of the recent origin of
the whole group. We have detected a small number of
diagnostic and private fragments for sectional and infra-
sectional taxa (Table 1), and few mutational changes
separating the short and poorly supported branches of
the NJ phenogram (Fig. 2A). In general, our data
revealed a high genetic structuring among populations
(Fst = 0.59; Table 2A), and no inter- or intraspecific
admixed populations were observed in our NJ pheno-
gram (Fig. 2A).

The higher among-population partition of variance
found within Centaurea sect. Lepteranthus (65.44%,
Table 2 grouping D) rather than within Centaurea sect.
Jacea (53%, Table 2 grouping D) is presumably con-
nected with geographic and eco-climatic diversification
and adaptation, since all species from Centaurea sect.
Lepteranthus are narrow endemics, whereas those from
Centaurea sect. Jacea are more widespread taxa. Our
genetic diversity study confirms that the more abundant
and geographically widespread taxa of Centaurea sect.
Jacea (C. debeauxii subsp. debeauxii, C. debeauxii
subsp. grandiflora, C. jacea subsp. angustifolia, C.
nigra subsp. nigra), together with one species of Cen-
taurea sect. Lepteranthus (C. linifolia), possess the
highest genetic variation values (Fig. 1, Table 1). These
results are consistent with the hypothesis that larger
populations are able to maintain higher levels of genetic
diversity than smaller populations (Fischer & Matthies,
1998; Gaudeul et al., 2000). The highest genetic DW
values (Table 1) observed in rear-edge populations of
widespread southwestern European taxa, such as C.
Jacea subsp. angustifolia, C. nigra, and C. debeauxii,
might be related with their occurrence in northern
Iberian glacial refugia, which likely maintained high
genetic diversity levels in these southern peripherical
populations (Hampe & Petit, 2005; Nieto, 2011), and
where new alleles could also have originated (Kimura,
1983). Our results showed the lowest genetic diversity
values (99%P, h, Hs) for several endemic species of
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both Centaurea sections such as C. janeri subsp. janeri
and C. janeri subsp. babiana, C. antennata subsp.
antennata, and C. gallaecica (Table 1). Several studies
have demonstrated that species with restricted distri-
bution exhibit low genetic diversity (Pifieiro et al., 2009;
Finlay et al., 2017). The DW values are low for C.
nevadensis, C. janeri, and C. antennata subsp. anten-
nata (Table 1) as expected for newly established pop-
ulations (Schonswetter & Tribsch, 2005). These results
are in agreement with our previous estimations of the
divergence of these narrow endemic taxa (Fig. 1) during
the Pleistocene (1.3-2.2 million years ago [Ma], Arnelas
et al., 2018).

The AFLP genetic structure and Fst data (Figs. 2, 3,
Table 2) also support the hypothesis that geographic and
ecological isolation in largely disjunct areas probably
promoted rapid taxonomic diversification and allopatric
speciation for these Iberian Centaurea taxa (Arnelas
et al., 2018). In this sense, our PCoA and STRUCTURE
analyses (Figs. 3E, 5D) demonstrated the segregation of
C. gallaecica from C. janeri, a taxon to which the former
species was previously subordinated. The divergence of
these species was probably caused by spatial isolation
after different founder events. Noticeably, our NJ phe-
nogram (Fig. 2A) and STRUCTURE analysis showed
close similarity between C. gallaecica and species of
Centaurea sect. Lepteranthus in this study. However, in
our taxonomic treatment of Centaurea sect. Lepteranthus
(Arnelas & Devesa, 2012), we treated C. gallaecica as
part of Centaurea sect. Jacea based on the morphology
of the bract appendages and the length of the pappus.
This taxonomic decision was supported by our phylo-
genetic analysis of Centaurea sects. Jacea and Lepter-
anthus, which included a large number of species of
Centaurea sect. Lepteranthus (Amelas et al., 2018) and
which placed C. gallaecica not within the Lepteranthus
clade but within the Jacea I clade in the ITS tree. Thus,
although our current AFLP data attribute C. gallaecica
to Centaurea sect. Lepteranthus, we propose to maintain
this species within Centaurea sect. Jacea until more
species of Centaurea sect. Lepteranthus are analyzed
genetically.

In our previous molecular study, we demonstrated the
potential of Centaurea nigra s.1. and C. debeauxii s.1. to
hybridize interspecifically, but also with C. jacea,
though our phylogenetic data indicated that the three
taxa could be considered different taxonomic entities
(Arnelas et al., 2018). Our current AFLP study agrees
with previous results, supporting their morphological
segregations based on involucre shape, number of api-
cal bract appendage fimbria, and length of pappus
(Arnelas & Devesa, 2011). Our study has further de-
tected new relationships within Centaurea sects. Jacea
and Lepteranthus. The NJ phenogram shows close sim-
ilarity within most infraspecific ranks of Centaurea sect.

Jacea (C. nigra subsp. nigra and C. nigra subsp.
endressii, C. debeauxii subsp. debeauxii, C. nevadensis)
with only C. jacea subsp. angustifolia and C. debeauxii
subsp. grandiflora showing dissimilarity (Fig. 2A). Sim-
ilarities between C. jacea subsp. angustifolia (NR) and
C. nigra subsp. endressii, and C. debeauxii subsp.
grandiflora (R) and C. nevadensis (NR and R) were
observed in the NJ phenogram (Fig. 2A), whereas the
STRUCTURE plots showed moderate genetic introgres-
sions in both groups (Fig. 4). In the STRUCTURE
analysis, there is genetic connection of one population
of C. debeauxii subsp. debeauxii (DNR 10) with C. nigra
subsp. nigra and of one population of C. debeauxii
subsp. grandiflora (DRA 06) with C. nigra subsp.
endressit (Fig. 4C, D), suggesting potential gene flow
among these taxa in the northern Iberian Peninsula.
Some introgression is also apparent between C.
debeauxii subsp. debeauxii and C. debeauxii subsp.
grandiflora, with some populations of the former show-
ing admixture with populations of the latter, and with a
clear-cut genetic separation of C. nevadensis from both
(Fig. 5A). Centaurea nevadensis also shows the highest
genetic differentiation within Centaurea sect. Jacea,
manifested in its largest NJ phenogram clade branch
(Fig. 2A), and a considerable number of rare fragments
in its R morphotype (Table 1). These new results rein-
force our taxonomic treatment (Arnelas & Devesa, 2011)
that recognized C. nevadensis as a separate species from
C. debeauxii, in contrast to previous classification (Dos-
tal, 1976). Centaurea nevadensis has accumulated a
number of unique mutations that differentiate this taxon
from its closest relatives, reinforced by its geographic
isolation in southern Spain and potential ecological
adaptation to warmer Pleistocene habitats, as indicated
for other plant species (Pimentel et al., 2007; Pérez-
Collazos et al., 2009). The low genetic diversity values
obtained for this Ibero-Maghrebian endemic species
with a restricted distribution in the Iberian Peninsula
(Fig. 1) agree with several studies conducted in other
endemic plant species where low genetic diversity is
associated with founder events or genetic drift caused by
fragmentation (Ellstrand & Elam, 1993; Cruse-Sanders
& Hamrick, 2004).

Within Centaurea sect. Lepteranthus, our PCoA anal-
ysis demonstrated the segregation of C. linifolia—C.
stuessyi, C. antennata subsp. antennata, C. janeri
subsp. janeri and subsp. babiana, and C. gallaecica
(Fig. 3E). The STRUCTURE analysis showed the over-
all separation of C. linifolia and C. stuessyi from C.
gallaecica in the optimal K = 2 clustering (Fig. 5B) and
three and five genetic groups, respectively, for C.
stuessyt and C. linifolia with no intermixed taxa in a
suboptimal K = 8 clustering (Fig. 5C). The PCoA and
STRUCTURE analyses also confirmed the distinctness

of C. gallaecica from C. janeri s.l. and C. antennata



498

Annals of the
Missouri Botanical Garden

subsp. antennata (Figs. 3E, 5D). Overall, the AFLP data
support the segregation of C. gallaecica and C. janeri,
which also can be distinguished morphologically and
cytotypically. The lowland northwestern Iberian C.
gallaecica shows narrowly triangular and erect to
erect-patent, not recurved, pectinate-fimbriate, and
black involucral bract appendages, a short pappus
([0.1]0.3—0.5[0.9] mm), and 2n = 6x = 66, whereas
the montane central-western to northwestern Iberian C.
Jjaneri shows linear-subulate and recurved, pectinate-
fimbriate involucral brownish bract appendages, a lon-
ger pappus ([0.1]0.7—1.8[1.9] mm), and 2n = 4x = 44
(Arnelas & Devesa, 2010, 2012).

Speciation might also occur in the presence of gene
flow if phylogenetic, karyological, and ecological diver-
gence can be demonstrated (Chapman et al., 2013). It
would explain the recent hybrid allopolyploid origin of
the NR allotetraploid Centaurea stuessyi (Arnelas et al.,
2013; 1.3 Ma, Arnelas et al., 2018) from its plausible
diploid progenitors C. linifolia (R) and C. antennata
subsp. antennata (NR), as evidenced in the NJ recon-
struction and STRUCTURE plot (Figs. 2A, 5D). Our NJ
phenogram, PCoA, and STRUCTURE analyses (Figs.
2A, 3E, 5B, and plastid phylogeny in Arnelas et al.
2018) support C. linifolia as the maternal progenitor.
Support for C. antennata subsp. antennata as the pa-
ternal progenitor comes from the NJ phenogram, show-
ing high similarity between this taxon and two
populations of C. stuessyt (STUO6, 02; Fig. 2A), and
the STRUCTURE analysis (Fig. 5D), showing a high
proportion of the C. antennata genetic profile in pop-
ulation STU 02 of C. stuessyi. These results suggest that
the NR morphotype of C. stuessyi was probably acquired
from C. antennata subsp. antennata, and that it may
have separated from both parents by reproductive and
geographical isolation. The genetic diversity values of C.
stuessyi are higher than those of other species of Cen-
taurea sect. Lepteranthus except C. linifolia. Several
studies have corroborated an increasing trend in the
genetic diversity of plant allopolyploids acquired
through hybridization, though in other cases the genetic
variation of the hybrid does not exceed that of the
progenitor species (Marques et al., 2014).

GEOGRAPHY AND GENETIC ISOLATION OF R AND NR FLORAL
MORPHOTYPES IN IBERIAN TAXA OF CENTAUREA SECTS. JACEA
AND LEPTERANTHUS

Our study has shown the plausible influence of ge-
ography in the genetic isolation of the R and NR
morphotypes across the studied taxa and populations
of Iberian Centaurea sect. Jacea and Lepteranthus
(Table 3, Supplementary Table S4). Our distance-
based redundancy analysis indicates that the inbreed-
ing coefficient, taken as a surrogate of reproductive

isolation, does not significantly explain the observed
genetic differentiation of populations either within or
between morphotypes (Table 3). By contrast, in all cases
either the longitudinal (C. jacea subsp. angustifolia, C.
debeauxii subsp. debeauxii and subsp. grandiflora, C.
linifolia—C. stuessyt) or latitudinal (C. nigra subsp. nigra
and subsp. endressii) distribution of populations is sig-
nificantly correlated with the genetic divergence of the
R and NR morphs (Table 3, Fig. 6B, D—F). The fact that
the population genetic differentiation is also explained
by geography within the same morph in C. jacea subsp.
angustifolia R (Table 3, Fig. 6A), but not in the other
cases, implies that the spatial distance and isolation of
populations within the same morph or between different
morphs is probably the main factor causing their genetic
differentiation (Table 3, Fig. 6B-E), even if the geo-
graphic distributions of the morphs could overlap par-
tially (Fig. 1).

Spriggs et al. (2019) used linear models to suggest
that genetic divergence between potential operational
taxonomic units (OTUs) was significantly greater than
what would be expected by geographic isolation alone
using an individual sample-level approach. Our dbRDA
and IBD analyses performed at individual level have
demonstrated that geography is apparently the main
factor explaining the genetic differentiation between
and within floral morphotypes in Centaurea sects. Jacea
and Lepteranthus (Supplementary Table S4). However,
we cannot discount the possibility that other intrinsic or
extrinsic factors, not represented by the inbreeding
coefficient, may also have participated in the genetic
isolation of the R and NR morphotypes. Indeed, the IBD
plots showed that in C. nigra, C. debeauxii, and C.
linifolia—C. stuessyi the combined R+NR morphotype
trend lines displayed higher genetic distances than the
separate R and NR lines (except C. stuessyi), suggesting
that some floral morph-related factor(s) may also be
contributing to the genetic differentiation of their re-
spective individuals (Supplementary Fig. S2B-D). In
fact, the AMOVA analysis detected an increase of
genetic structure among groups with respect to taxo-
nomic clustering (Table 2B) when intraspecific floral
morphotypes are considered as different OTUs
(Table 2C), indicating that for some taxa the floral
morphs might have experienced separate diverging
trends.

Gene flow explains the cohesiveness of species
boundaries, whereas different biological and evolution-
ary factors (e.g., ecological adaptation, flowering phe-
nology, pollination preference) constitute potential
barriers to gene flow that promote speciation. Pollina-
tion has traditionally been considered a determinant of
gene flow and a main factor driving speciation of several
angiosperm lineages (Darwin, 1877). Floral traits can
influence pollinator-mediated reproductive isolation
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between individuals, representing a direct link with
microevolutionary processes (Caruso, 2000). Previous
studies of the potential role of floral morphotypes in
insect-mediated selection and reproductive success of
Centaurea species indicated some preference of polli-
nators for the R morphotypes of C. scabiosa relative to
the NR morphotypes of C. nigra (Lack, 1976). In light of
our dbRDA and IBD data, which point to geography as
the main factor explaining the genetic differentiation of
R and NR morphotypes (Table 3, Supplementary Table
S4, Fig. 6) and also to possible floral morph-related
factor(s) (Supplementary Fig. S2B-D), we hypothesize
that pollinator-mediated reproductive selection or an as-
yet unknown factor could have favored the fixation of
different allelic regulators of the floral R/NR morphs
promoting different evolutionary R and NR trends. This
hypothesis is supported by the divergent trends of the R
and NR floral morphs of C. jacea subsp. angustifolia
with overlapping distribution ranges (Fig. 1A), as well as
of morphs of C. nigra subsp. nigra—C. nigra subsp.
endressii and C. debeauxii subsp. grandiflora—C.
debeauxii subsp. debeauxii with partially overlapping
ranges (Fig. 1B), as observed in the NJ phenogram (Fig.
2A) and PCoA (Fig. 3C, D) plots. These data suggest
that the R and NR morphotypes of the 1.2-million-
years-old C. jacea subsp. angustifolia, 0.7- to 2.1-
million-years-old C. nigra, and 1.2- to 2.2-million-
years-old C. debeauxii (Arnelas et al., 2018) may have
experienced allele fixation due to genetic drift at dif-
ferent times during the Quaternary. Studies in Senecio
(Asteraceae) have demonstrated how recently evolved
species are able to quickly transfer adaptive alleles to
phylogenetically close species, thus promoting rapid
divergence of the new evolutionary units (Chapman
et al., 2013). More detailed evolutionary and biological
reproductive studies are needed, however, to elucidate the
potential role of population life history and pollinators in
the evolutionary selection of floral morphs in the knapweeds.

In the only instance of allopatric R and NR morphs,
found in Centaurea nevadensis (Fig. 1D), our analysis
detected a segregation of them in the NJ phenogram, in
which all the individuals clustered separately in their
own R or NR morphotype group (Fig. 2A). By contrast,
no segregation of R and NR morphs was observed in the
PCoA (Fig. 3D) and STRUCTURE (Figs. 4C, 5A) plots.
Thus, in C. nevadensis it is unclear whether the diver-
gence of its R and NR populations could have been
caused by the genetic isolation of the morphotypes or by
their spatial isolation. In our taxonomic study of C.
nevadensis in the Iberian Peninsula, we observed that
the R morphotype was more abundant in central-eastern
Spain, while the NR morphotype was restricted to
southeastern Spain (Fig. 1D) (Amelas & Devesa,
2011). We hypothesize that the near fixation of the two
floral forms in their allopatric geographical locations could

have occurred recently, considering the relatively young
age of the group (1.3—-2.2 Ma; Arnelas et al., 2018), and
that their genetic isolation is maintained by a large (ca.
400 km) geographic barrier to gene flow. Moderate to
high IBD values for other Iberian infraspecific plant taxa
have also corroborated the occurrence of ongoing micro-
evolutionary processes coupled with the expansion of
different haplotype lineages (Martinez-Nieto et al., 2013).
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