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Abstract

The genus Hypochaeris was likely introduced into South America by a unique long-distance dispersal event from an ancestral
Northwest African species, with subsequent radiation and diversification throughout the temperate zones of the continent.
Hypochaeris catharinensis is an endemic species of Southern Brazil growing mostly in high-elevation grasslands with
dry, rocky, and shallow soils. Here, we used nine microsatellite loci and a total sample of 441 individuals to assess genetic
variability patterns within and among 13 H. catharinensis populations. The results showed a total of 215 alleles in the nine
loci tested, the expected and observed heterozygosities average were 0.31 and 0.43, respectively, and allelic richness varied
from 4.09 to 7.23. The levels of allelic richness showed that genetic variability is maintained by gene flow, thus ensuring
that these populations are not genetically isolated. We found no correlation between geographic and genetic distances, with
high levels of genetic variability within, rather than among, populations. The low levels of genetic structure in the species
are consistent with recent evolutionary processes of the Hypochaeris genus in South America; after adaptive radiation and
species differentiation, dispersal to similar habitats led to the establishment of new populations. Along with initial founder
effects, the existence of gene flow explains the current genetic variation across the H. catharinensis populations. In addition,
historic environmental changes reported for Southern Brazil may explain the current clustered distribution of the species.
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Introduction

Hypochaeris L. (Asteraceae) has a disjunct geographic dis-
tribution across the Old World and South America. The
genus consists of approximately 60 species, with 15 occur-
Handling Editor: Christoph Oberprieler. ring in the Mediterranean and Europe, two in Asia, and
approximately 45 in the temperate region of South Amer-
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Ruas et al. 2005; Tremetsberger et al. 2005, 2006; Weiss-
Schneeweiss et al. 2008). Studies on the phylogenetic rela-
tionships of the genus show limited divergence, with the
South American species generating a monophyletic group
(Cerbah et al. 1998; Samuel et al. 2003; Tremetsberger
et al. 2006; Reck et al. 2011), further supporting the recent
history of this group of species in South America.

Long-distance dispersal events and colonization
with rapid speciation were suggested as a way to allow
Hypochaeris species to occupy a range of habitats in South
America. Dispersion followed by geographic isolation and
selection within different ecological zones enabled the
development of high levels of morphological divergence,
indicating a pattern of speciation by adaptive radiation
(Stuessy et al. 2003). Population genetic studies based on
molecular markers support the assumption that isolation
by distance and founder events shaped the geographic
distribution patterns of the South American complex of
Hypochaeris species (Muellner et al. 2005; Tremetserger
et al. 2009; Urtubey et al. 2009; Rodrigues et al. 2016).
Furthermore, biogeographic events and climate changes
also played important roles in the distribution and isolation
of populations. A study of Hypochaeris palustris (Phil.)
De Wild., for example, showed that Pleistocene refugia,
possibly in unglaciated areas, and recolonization routes
influenced the postglacial distribution of the species in the
southern Andes (Muellner et al. 2005). Similarly, a study
on Hypochaeris incana (Hook. & Arn.) Macloskie dem-
onstrated how Pleistocene refugia defined the postglacial
geographic distribution of Patagonian and sub-Antarctic
species (Tremetserger et al. 2009). The authors report that
in some areas, populations of H. incana were mostly dip-
loid with high genetic diversity and connected by high
levels of gene flow, whereas other areas contained mainly
tetraploid individuals occurring as isolated and highly dif-
ferentiated populations with low genetic diversity. In con-
trast, for the ecologically restricted species Hypochaeris
lutea (Vell.) Britton, that occurring only in moist environ-
ments as swamps and wetlands, Rodrigues et al. (2016)
found no evidence of climatic pressure on the species’
genetic structure and distribution.

Several Hypochaeris species in South America have
either endemic or widespread distribution (Bortiri 1999;
Cabrera et al. 2000; Azevédo-Gongalves and Matzen-
bacher 2007). Some species are capable of colonizing a
wide variety of habitats from sea level to over 5000 m
(Tremetsberger et al. 2006; Urtubey et al. 2009), while
others are restricted to coastal or high-elevation zones or
are capable of growing in grasslands or modified environ-
ments (Reck et al. 2011; Rodrigues et al. 2016). In Brazil,
the Hypochaeris genus is represented by approximately 12
species, most of which occur in Rio Grande do Sul State
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(Ruas et al. 2005; Azevédo-Gongalves and Matzenbacher
2007; Rodrigues et al. 2016).

Hypochaeris catharinensis Cabrera is a perennial herb
endemic to the steppes or high-elevation grasslands of Santa
Catarina and northern Rio Grande do Sul States, but it has
been also reported in southern Parani State (Cabrera 1963;
Veloso and Goées-Filho 1982). Its ecological restriction to
the Araucaria Plateau has led to a process of evolutionary
endemism (Azevédo-Gongalves and Matzenbacher 2007),
with the species restricted mostly to high-elevation zones
(up to 1400 m) with dry, rocky, and shallow soils result-
ing from basalt weathering (Fig. 1). These ecological fac-
tors have led to the development of a horizontal rhizome
which is characteristic of this species, and the development
of rosette and oblanceolate leaves that favor photosynthesis
(Azevédo-Gongalves and Matzenbacher 2007). Little has
been published on the breeding systems of H. catharinen-
sis, but Amplified Fragment Length Polymorphism (AFLP)
data (Reck et al. 2011) suggest that the species reproduces
preferably through cross-fertilization in addition to rhizome
budding. Although the occurrence of self-incompatibility
has been reported for some Hypochaeris species (Nettan-
court 1977; Lane 1996), to date this mechanism has not been
confirmed for H. catharinensis.

Although Reck et al. (2011) detected a close phylogenetic
relationship between H. catharinensis and H. lutea (Lutea
group), no studies have assessed the genetic structure of H.
catharinensis. As such, we studied 13 populations of H.
catharinensis using nine microsatellite loci to evaluate the
genetic variability and structure of the species and eluci-
date the biogeographic history of H. catharinensis in South
America and the rapid speciation process inland. For this
purpose, we considered two biogeographic patterns in the
genus; (1) species influenced by the Pleistocene glaciations,
with posterior recolonization from ancient glacial refuge
areas and (2) species no influenced by the glaciations, but
by successive colonization events by long-distance dispersal.

Materials and methods
Sampling

The study included 13 H. catharinensis populations
(Table 1) from across the species’ range in the Brazil-
ian states of Rio Grande do Sul (five populations), Santa
Catarina (seven populations), and Parané (one population)
(Fig. 2). Leaf tissues were collected and stored in silica gel
(Table 1), with a minimum distance of three meters between
sampled individuals in each population. Voucher specimens
were deposited in the Herbarium of Londrina State Univer-
sity (FUEL) (Table 1).
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Fig. 1 a—f Hypochaeris
catharinensis (E. Urtubey,

C. Ruas and P. Ruas 350): a
typical community of Araucaria
angustifolia forests with H.
catharinensis (area between
Bom Jardim da Serra and Sao
Joaquin, Santa Catarina state);
b typical plant; ¢ capitulum
during anthesis (E. Urtubey, C.
Ruas and P. Ruas 358); d oblan-
ceolate basal leaves; E. Madure
capitulum (E. Urtubey, C. Ruas
and P. Ruas 356). Photographs
by E. Urtubey

DNA extraction and amplification

Genomic DNA was extracted from each individual accord-
ing to the 2% CTAB protocol (Doyle and Doyle 1987) with
the following modifications: after precipitation with isopro-
panol and subsequent centrifugation, the DNA pellet was
washed with 70% ethanol, dried at room temperature, and
resuspended in TE buffer. The quality and concentration
of total DNA were evaluated using a Scandrop spectrom-
eter (Analytik Jena, Germany). For the PCR reactions, we
used nine pairs of microsatellite primers (Table 2) obtained
from a microsatellite library developed for H. catharinensis
(Chaves et al. 2015). For amplification, we used indirect
fluorescent labeling of the fragments with a three-primer
system (Schuelke 2000) where the forward primers were
tagged with M13 sequences (TGTAAAACGACG GCC
AGT) at the 5’ end. The reactions occurred in a volume
of 10 uL containing: 4.5 uL of 1Xx GoTaqg Green Master

Mix (Promega, Madison, WI, USA); 0.08 uL and 0.32 pL.
of forward and reverse primers (5 pM each), respectively;
0.32 L. of the M13 primer (5 pM) labeled with each of the
fluorophores 6-FAM, HEX, or NED with 2 pL (30 ng) of
genomic DNA; and nuclease-free water to adjust the volume
to 10 uL. PCRs were performed in a PTC 200 thermocy-
cler (MJ Research, Inc. USA) in a touchdown program. In
brief, the initial annealing temperature was 65 °C for each
primer, with PCR cycles comprised of: 1 cycle of 94 °C for
4 min followed by 12 cycles of 94 °C for 30 s, 65 °C for
30 s, and 72 °C for 30 s, with the temperature in each PCR
cycle decreasing 1 °C from annealing per cycle until reach-
ing 55 °C; 29 additional cycles of 94 °C for 30 s, 55 °C for
30 s, and 72 °C for 30 s; one cycle of 94 °C for 30 s, 54 °C
for 30 s, and 72 °C for 30 s; 7 cycles of 94 °C for 30 s,
53 °C for 45 s, and 72 °C for 45 s; and a final extension at
60 °C for 40 min. The PCR products were resolved by cap-
illary electrophoresis in an ABI 3500XL Genetic Analyzer
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Table 1 Collection sites (with geographic coordinates and number of individuals sampled) for the 13 populations of Hypochaeris catharinensis

State/locality Identification Coordinate (S/W) N
Parand

Palmas, Road BR153 (CC, CR, PR, 09/12) P-1 26°34'53°/51°44'06”° 54
Santa Catarina

Cacador, Road SC451 (CC, CR, PR, 05/12) P-2 26°41'40"/51°3121" 46
Faxinal Sao Pedro (CC, CR, PR, 04/12) P-3 26°51'33"/50°50'19" 34
Sao Joaquim county (CC, CR, PR, 02/12) P-4 28°17'38"/49°56'54" 36
Coxilha Rica (CC, 01/12) P-5 28°09'52"/50°30'60" 32
Coxilha Rica (CC, 01/12) P-6 28°11'55"/50°30'06" 32
Road between Angelina and Rancho Queimado (CC, CR, PR, 15/11) P-7 27°38'48"/48°59'18" 32
Rancho Queimado (CC, CR, PR, 01/12) P-8 27°40'04"/48°59'50" 26
Rio Grande do Sul

Sao José dos Ausentes (AS, CC, PR, 11/11) P-9 28°51'96"/50°01'17" 30
Road between Sdo José and Serra da Rocinha (AS, CC, PR, 12/11) P-10 28°47'04"/49°58'04" 32
Cambara do Sul (AS, CC, PR, 09/11) P-11 28°58'51"/50°06'03" 32
Road between S. Francisco de Paula and Cambara do Sul (AS, CC, PR, 08/11) P-12 29°19'32"/50°22'51" 27
Sao Francisco de Paula (AS, CC, PR, 07/11) P-13 29°24'44"/50°32'03" 28

Collectors: AS Angelo A. Schneider, CC Camila L. Chaves, CR Claudete F. Ruas, PR Paulo M. Ruas

(Applied Biosystems, California, USA) with the molecu-
lar weight standard GeneScan 600 LIZ Size Standard (Life
Technologies, California, USA), in the molecular multi-user
laboratory of Londrina State University. Allele sizes were
determined based on comparison with the molecular weight
marker GeneScan-600 LIZ Size Standard (Life Technolo-
gies, California, USA) using the software GeneMapper ver-
sion 4.1 (Chatterji and Pachter 2006).

Data analysis

The microsatellite alleles were organized in a data matrix
according to size and subsequently analyzed using sev-
eral computer programs. The presence of null alleles was
estimated using the Micro-Checker program, version 2.2.3
(Van-Oosterhout et al. 2004), with a confidence level of 0.05.
Genetic diversity was measured by the number of alleles per
population (A), the number of effective alleles (E), observed
heterozygosity (H,), and expected heterozygosity (H,) cal-
culated in Popgene v.1.3.2 software (Yeh et al. 1999). The
exact tests for the Hardy—Weinberg Equilibrium (HWE),
allelic richness (R), private alleles (P), and inbreeding coef-
ficient (F,;) with Bonferroni correction (95%, a=0.05 and
2340 randomizations) were estimated using Fstat v. 2.9.3.2
(Goudet 2002). Unlike the sample size for each population,
the allelic richness was calculated using the rarefaction
method and the program HP-rare (Kalinowski 2005). The
relatedness coefficient was measured using the Coancestry
software (Wang 2011).

The analysis of molecular variance (AMOVA) considered
one group of populations and three groups of populations
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(K=3) according to Structure cluster. The genotypic data
were estimated using 1000 permutations for AMOVA and
to determine pairwise significant differences. For the Mantel
test and correlation between distance matrices, we consid-
ered 10,000 permutations, and for the exact test of popula-
tion differentiation we used 10,000 steps in a Markov chain
with 100,000 dememorization steps, at a significance level
of 0.01. AMOVA, index coefficients (Fg;; Fgo; Ferp;), and
linkage disequilibrium were calculated using Arlequin ver-
sion 3.11 (Excoffier et al. 2005). The index coefficient Fg¢;
tested the permutation rate among populations and groups;
F tested the permutation rate among populations within
groups; and F - tested the permutation rate of populations
among groups.

A hierarchical clustering and principal component anal-
ysis (PCA) were completed using the adegenet package
(Jombart 2008) in the R Development Core Team software
(2011). Hierarchical clustering is achieved by cutting the tree
at a certain height and pooling the few remaining branches
into the defined clusters, or by cutting the tree based on
genetic distances and indirectly defining genetic clusters.
The PCA uses allelic frequencies to calculate eigenvalues
which represent the amount of genetic diversity measured
by the multivariate method or the variance of the corre-
sponding principal component. To test whether the studied
populations underwent a recent genetic bottleneck effect, the
Bottleneck software (Cornuet and Luikart 1996; Piry et al.
1999) was applied considering the following evolutionary
models for microsatellite loci: Infinite Allele Model IAM),
Two-Phase Model (TPM), and Stepwise Mutation Model
(SMM). The probabilities based on heterozygosity excess/
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Fig.2 Map with collection sites of Hypochaeris catharinensis populations in Santa Catarina and Rio Grande do Sul in Brazil. Each acronym

indicates the localization of a population according to Table 2

deficiency were obtained with the Wilcoxon sign-rank test
(Luikart et al. 1998). This test provides relatively high power
for analyses using a small number of loci.

The estimated rate of migration was calculated using
BayesAss v.1.3 software (Wilson and Rannala 2003), and
the possible correlation between geographic and genetic
distances was calculated using the Pearson correlation test
in the Bioestat 5.0 software (Ayres et al. 2007). To identify
the number of clusters (K) of genetically similar populations,
we used the software Structure v. 2.3.3 (Hubisz et al. 2009),
considering an admixture model with correlated allele fre-
quencies, a set burn-in length of 10,000 interactions and
Markov chain Monte Carlo, and simulation runs with a
minimum of K=1 to a maximum of K= 16 (the number of
sampled populations + 3) with 20 replications per K (Evano
et al. 2005). The optimal number of clusters was estimated
with the AK method (Evano et al. 2005) in the Structure
Harvester Web site (Earl and VonHoldt 2012).

Results

We successfully genotyped nine microsatellite loci for 13
H. catharinensis populations (Table 3). PCR amplification
yielded a total of 215 alleles in 441 individuals, with the
number of alleles ranging from 12 (Hcat19) to 35 (Hcat24b)
and an average of 24 alleles per locus. The locus Hcat6 was
monomorphic in four populations (P-5, P-7, P-8, and P-9),
while locus Hcat19 was monomorphic in two populations
(P-9 and P-10). The average number of alleles per popula-
tion ranged from 4.78 (P-11) to 9.56 (P-4), with an over-
all average of 6.10 alleles. The number of effective alleles
ranged from 1.94 (P-6) to 3.76 (P-12), and private alleles
ranged from 1 (P-3, P-11) to 24 (P-4). The allelic richness
varied from 4.09 to 7.23 for populations P-3 and P-4, respec-
tively, with an average of 4.97 (Table 3). After rarefaction,
the allelic richness was similar, ranging from 4.47 (P-1) to
5.44 (P-8) (Supplementary material s6). The number of null
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Table 2 Sequences of Hypochaeris catharinensis microsatellite primers with their annealing temperatures (Tm) and lengths in base pairs (bp)

(Chaves et al. 2015)

Locus/GenBank acces- Primer sequence (5'-3") Motif Tm (°C) Size range (bp)
sion number
Hcat6/KF157561 F: 5’ACATGAAGGGACGAGTCAGG 3' (TTC)3n(TTC) 60 130-229
R: 5AATTCGGGAGGTTCCCTTTA 3’
Hcat7/KF157562 F: 5GATCAACGTAGCCAGGTGGT 3’ (CT)2n(TC)5 60 150-246
R: 5TCAAGGGTTCTCCCAACAAC 3’
Hcat8/KF157563 F: 5’ ATGTCGGGGACGGATCTACT 3’ (CA)N(CA) 60 130-224
R: 5CTGAATGTAGCGGGATCGTT 3’
Hcat14/1X418274 F: 5' ATAACCGTCTGATGCCAAGC 3’ (CTT)3n(CTA)3 60 150-245
R: 5’ CCCAATCTTGAAGCTGGAAA 3’
Heat17/JX418277 F: 5 ACACATGAGAAGGGCGATTT 3' (TG)4n(TG)3 59 159-229
R: 5GGTTCCCTATTGCGTTGAAA 3’
Hcat19/JX418273 F: 5 AACAAGCAAAACCCAGGATG 3’ (TCTG)6n (GT)5(TG)4 59 187-225
R: 5" CATCACCACCCCCTCTTCTA 3'
Hcat21/JX418272 F: 5 TGCGTGGTTGAATTCTTTGT 3’ (CT)3TTT(CT)19 59 181-237
R: 5 CAAACCAGCACCCTGAAAAT 3'
Hcat24a/JX418275 F: 5 TGGCTGCCCTTTATACTTGC 3’ (GA)Tn(AGG)5 60 181-243
R: 5’ CGGGAGTATGTATGCGTGTG 3'
Hcat24b/1X418276 F: 5 GCCATGCTTTCTCCCTTTCT 3' (CT)3n(AC)11 60 167-289
R: 5’ GCTTACGCGTGGACTAGCAT 3’
Table 3 Estimated genetic Population A E H, H, P R Fg Null
diversity parameters using
nine microsatellite loci in 13 P-1 7.00 2.48 0.35 0.48 9 5.01 0.27° 0.10
populations of Hypochaeris P-2 722 229 034 046 11 528 023" 0.12°
catharinensis
P-3 5.00 2.20 0.422 0.39 1 4.09 —-0.08 —-0.05
P-4 9.56 275 0.41? 0.53 24 7.23 0.22° 0.10°
P-5 5.89 3.15 0.422 0.48 17 5.20 0.13° 0.00
P-6 5.33 1.94 0.40 0.36 5 432 0.12° -0.16
pP-7 6.67 2.03 0.422 0.43 8 5.03 0.02 0.01
P-8 5.00 243 0.35 0.45 4 453 0.23° 0.04
P-9 5.56 2.28 0.39 0.39 2 476 0.01 —-0.01
P-10 5.00 2.41 0.43 0.41 7 4.19 —0.04 —-0.01
P-11 478 2.09 0.38 0.41 1 4.13 0.06 0.03
P-12 6.22 3.76 0312 0.46 12 5.72 0.33° 0.12°
P-13 6.00 241 0.40° 0.50 3 5.14 0.21° 0.02
Mean 6.10 - 0.39 0.44 8 497 - -

A allele number, E effective allele number, P private alleles, H, observed heterozygosity; H, expected het-
erozygosity, R allele richness, Fig inbreeding coefficient

“Deviation from Hardy—Weinberg equilibrium

b0=0.05

alleles was significant (o =0.05) for populations P-1, P-2,
P-4, and P-12 (Table 3). However, it is unlikely that these
null alleles will influence the calculation of genetic param-
eters (Carlsson 2008).

The average observed and expected heterozygosities
were 0.39 and 0.44, respectively. The values of observed
heterozygosity ranged from 0.31 (P-12) to 0.43 (P-10),
and the expected heterozygosity varied from 0.36 (P-6) to
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0.53 (P-4). For most of the studied populations, observed
heterozygosity was lower than expected, except for popula-
tions P-9 and P-7 that showed similar values of observed
and expected heterozygosities, and populations P-3, P-6
and P-10 that showed higher values for observed heterozy-
gosity. The exact test showed that all populations deviated
significantly from the Hardy—Weinberg equilibrium, while
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no significant linkage disequilibrium was found between
any pairwise combination of loci (Table 3).

The inbreeding coefficient (F;g) was positive and sig-
nificant for eight populations (P-1, P-2, P-4, P-5, P-6, P-8,
P-12, P-13) (Table 3). The AMOVA revealed that most of

Table 4 Analysis of molecular variance (AMOVA) for Hypochaeris
catharinensis species using nine SSR markers. The genotypic data
use one population and three groups (K'=3) of populations

Source of vari-  df % of Variation

ation

Sum of squares Variance
compo-
nents

Genotypic data, one group of populations, within-individual level

Among popula- 12 213.284 0.25056 22.92%%
tions

within popula- 869 732.303 0.84270 77.08
tions

Total 881 945.587 1.09326

Fixation index: F¢;=0.22919

Genotypic data, 3 groups (K =3) of populations, within-individual
level

Among groups 2 137.524 0.28420 23.21%%*

Among popula- 10 75.760 0.09794 8.00
tions within
groups

Within popula- 869 732.303 0.84270 68.80
tions

Total 881 945.587 1.22492

Fixation index: F¢;=0.3112; Fsc=0.1041; F-;=0.2321

*##P<0.01 (test significance with 1023 permutations)

Fig.3 Delta K values for the

Hypochaeris catharinensis 25
populations from Structure 2345
Harvester program, based on
the Bayesian analysis

15

Delta K

05 0

the genetic variation is within populations (77.08%) rather
than among populations (22.92%) (Table 4). The AMOVA
for K=3 structured groups (Fig. 3) exhibited high variance
among groups (23.21%) and low variance among popula-
tions within groups, thus confirming the clusters established
through Bayesian analysis. Different magnitudes of gene
flow were observed in all populations (Table 5). The high-
est migration rates were found for P-1, with migrants from
populations P-8 (0.289), P-11 (0.014), and P-4 (0.015), and
for P-2, with migrants from P-8 (0.263), P-11 (0.022), and
P-1 (0.016). Population P-8 had the highest (0.901) rate of
non-migrants.

The pairwise Fgy values ranged from 0.0267 between
populations P-13 and P-8, which are 158 km apart, to 0.365
between P-8 and P-10, located 175 km apart (Supplementary
material s1). The Pearson correlation test showed no correla-
tion between genetic and geographic distances (r=—0.6205;
P=0.1887). The Wilcoxon test (Supplementary material s2),
using evolutionary models IAM, SMM, and TPM for micro-
satellite loci, indicated that five populations of H. catharin-
ensis underwent recent decreases in effective size. Twelve
populations showed deficiencies in heterozygosity for the
TPM model and thirteen for the SMM model, with popula-
tion P-10 exhibiting heterozygosity deficiency only in the
SMM model.

The number of population clusters (K) generated by
the Bayesian analysis was K=3 (Figs. 3 and 4b), with
38% admixture of individuals. The hierarchical clustering
(Fig. 4a) and the PCA analysis (Supplementary material
s3) agree with the result for the Bayesian analysis of K=3

Delta K = mean(|L"(K)]) / stdeV[L(K)]
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Table5 Average proportions of non-migrant and migrant individu-
als in 13 populations of Hypochaeris catharinensis. Confidence level:

95%

Population =~ Non-migrants ~ Migrants

P-1 0.679 0.289 (P-8); 0.014 (P-11); 0.015 (P-4)
P-2 0.675 0.263 (P-8); 0.022 (P-11); 0.016 (P-1)
P-3 0.676 0.277 (P-8); 0.021 (P-11)

P-4 0.676 0.242 (P-8); 0.033 (P-11); 0.021 (P-1)
P-5 0.677 0.090 (P-8); 0.194 (P-11)

P-6 0.677 0.279 (P-8); 0.013 (P-11)

P-7 0.677 0.207 (P-8); 0.078 (P-11)

P-8 0.901 0.064 (P-11)

P-9 0.677 0.255 (P-8); 0.038 (P-11)

P-10 0.676 0.288 (P-1)

P-11 0.711 0.255 (P-8)

P-12 0.678 0.265 (P-8); 0.022 (P-11); 0.005 (P-1)
P-13 0.678 0.262 (P-8); 0.027 (P-11)

(Fig. 3). Most populations (P-1, P-2, P-3, P-4, P-6, P-7, P-9
and P-11) have limited differentiation and belong to one sub-
structured group; P-10 and P-12 are structured as a second
group anchored in this first group; and populations P-5, P-8,
and P-13 compose a separate, well-define group. A sharp
decrease in the PCA eigenvalues can also indicate relevant
structural boundaries among populations. The relatedness
coefficient ranged from —0.61 to 0.26 (Supplementary

a Hierarchical clustering

1.5

Height

material s5), with P-8 showing negative or no relatedness
values across all populations, while for P-3, P-6, P-9, and
P-11 the relatedness coefficient was positive and significant
for most populations.

Discussion

Despite its restricted distribution and both vegetative and
outcrossing reproduction, our SSR data showed moderate
variability for H. catharinensis, as indicated by the average
number of alleles per locus (A), average effective alleles (E),
and allelic richness (R) (Table 3, Supplementary material
s4; s6). Similar results were also reported for Hypochaeris
tropicalis Cabrera, a highly endemic species with a distribu-
tion restricted to the southwest of Rio Grande do Sul State,
Brazil. Using nine microsatellite loci, Paula (2015) showed
that the number of alleles per locus for H. tropicalis ranged
from 3 to 14, with an average of 6.2, and the number of
effective alleles ranged from 1.7 to 1.9.

The analysis of molecular variance (AMOVA) showed
that most genetic variability was within populations
(77.08%) rather than among populations (22.92%) (Table 4).
This pattern of genetic structure was also observed based on
AFLP data studies for H. catharinensis (83.64/16.36; Reck
2010) and H. lutea (76.67/12.51; Rodrigues et al. 2016).
Based on AFLP and SSR markers, populations of H. tropi-
calis presented a genetic variation of 91.06 and 97.08 within
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Fig.4 A groupment analysis, a hierarchical clustering using Euclidean distances and b Bayesian clusters for K=3 groups formed by the analysis
in thirteen Hypochaeris catharinensis populations, in X-axis are the allele frequencies and Y-axis are the population’s name
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populations and 8.94 and 2.92 among populations, respec-
tively (Paula 2015). These results are very different with
those obtained for other Hypochaeris species, such as the
Patagonian and sub-Antarctic species H. incana (67% among
populations) that seems to have expanded its population in
postglacial times (Tremetserger et al. 2009) and Hypochaeris
tenuifolia (Hook. et Arn.) Griseb. (30.89% among popula-
tions), a species with a recent history of colonization from a
refuge on the Lonquimay Volcano in Chile (Tremetsberger
et al. 2003). The H. catharinensis populations studied herein
showed high levels of genetic differentiation among popula-
tions (F¢;=22.92) and groups (Fyr=23.21); according to
Wade and McCauley (1988), a decrease in heterozygosity
and an increase in differentiation are expected in recently
founded populations.

The gene flow (Table 5) may explain the high level of
genetic variability observed within populations than among
populations of H. catharinensis. Moreover, the distribution
of genetic variability indicates a predominance of outcross-
ing with effective pollen and propagule dispersal mecha-
nisms (Kageyama et al. 2003).

Our analysis of F;g showed that populations with signifi-
cant inbreeding values exhibited genetic variability (A, E, R)
similar or slightly greater than populations with nonsignifi-
cant Fg (Table 3). Additionally, populations with significant
heterozygosity deficiency according to all three models of
allele mutation showed slightly higher or similar genetic
variability to populations that were significant for only one
or two of the models (Tables 3; Supplementary material s2).

The comparison of genetic parameters (A, E, R, and F)
(Table 3), rate of migration (Table 5), and heterozygosity
deficiency/excess (Tables 3 and 5; Supplementary mate-
rial s2) showed that population P-4 exhibited the greatest
average number of alleles (9.56) and allelic richness (7.13);
however, it had a positive and significant F;g and a signifi-
cant heterozygosity deficiency based on Wilcoxon test in the
TPM and SMM models (Supplementary material s2). Yet,
the P-4 population also showed a rate of migration of 0.296,
supporting the idea that gene flow strongly counterbalances
the effects of genetic bottlenecks and endogamy. On the
other hand, P-8 showed an intermediate level of genetic
variability with a positive and significant F;g (Table 3), as
well as the lowest rate of migration (0.064; Table 5), het-
erozygosity deficiency for the TPM and SMM models (Sup-
plementary material s2), and an absence of relatedness with
all other populations (Supplementary material s5). These
results suggest that the number of migrants was not suffi-
cient to counterbalance endogamy and the effects of reduced
population size in P-8.

Most H. catharinensis populations were significant for
endogamy and exhibited heterozygosity deficiency in at least
one mutational model. Nevertheless, the levels of diversity
found within populations were maintained by gene flow

(Table 5), suggesting that these populations are not geneti-
cally isolated and justifying the lack of linkage disequilib-
rium and fixed alleles in all populations. Likewise, the level
of allelic richness provides additional evidence that the
genetic variability of the studied H. catharinensis popula-
tions is being maintained by gene flow, which ensures that
the populations are not genetically isolated. The allelic rich-
ness estimated in H. catharinensis varied from 4.09 to 7.23.
In H. radicata, a European Hypochaeris species, the allelic
richness varied from 3.30 to 3.42 with high values of genetic
variability that were mostly maintained by gene flow (Mix
et al. 2006). Previous studies have shown that high levels of
allelic richness, even of neutral alleles, increase a species’
ability to evolve by making a larger proportion of the geno-
typic space accessible to fewer mutational events (Wagner
2008). Therefore, allelic richness is a strong indicator of
the evolutionary potential of a population (Allendorf 1986;
Caballero and Garcia-Dorado 2013; Allendorf et al. 2012)
and this measure has been suggested as key factor in popula-
tion studies (Petit et al. 1998; Foulley and Ollivier 2006).

The influence of the recent evolutionary history of the
genus established by a founder event in South America
(Tremetsberger et al. 2005, 2013) and a reduction in the
populations size can be observed through the increase in
excess homozygotes, higher frequency of a set of alleles,
and moderate genetic differentiation (Tables 3 and 4; sup-
plementary material s2; s4). Slatkin (1995) argued that with
founder effects and genetic bottlenecks, alleles present in one
copy immediately after the event may increase in frequency,
reaching high frequencies due to strong genetic drift, while
the population is still small.

We found no correlation between geographic and genetic
distance among the H. catharinensis populations, suggest-
ing that these populations do not follow a clear pattern of
isolation by distance. Hypochaeris catharinensis exhibits an
evolutionary process of endemism, probably due to ecologi-
cal restrictions, since it is well adapted to particular condi-
tions as higher elevation (up to 1400 m), cooler tempera-
tures, and dry, rocky, and shallow soils (Azevédo-Gongalves
and Matzenbacher 2007). The ecological requirements and
adaptation to similar, although discontinuous, niches thus
limit the establishment of individuals and shape the distri-
bution pattern of the species. A clustered distribution and
absence of correlation between genetic and geographic dis-
tances were also documented for H. lutea (Rodrigues et al.
2016) and for H. tropicalis (Paula 2015). The pairwise Fy
estimates revealed that the levels of genetic differentiation
varied considerably among H. catharinensis populations.
These values range from 0.027 between P-8 and P-13, which
are 158 km apart, to 0.365 between P-10 and P-8, which are
175 km apart (Supplementary material s1), consistent with
the values reported for H. lutea (Rodrigues et al. 2016). A
different pattern was found for H. tropicalis, which showed
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low values of genetic differentiation (Paula 2015). Species
with an island-like distribution that lack correlation between
geographic and genetic distances and a geographic struc-
ture may be associated with repeated introduction to similar
niches by an ancestral population through the establishment
of the new populations (founder events) (Lopez-Sepulveda
et al. 2015) and gene flow. Such a pattern can be attributed
to the three species (H. catharinensis, H. lutea, H. tropicalis)
endemic to Southern Brazil.

The Bayesian analysis showed that the studied popu-
lations are grouped into three clusters (K=3; Figs. 3 and
4b). The recent evolution and colonization pattern of H.
catharinensis possibly helped to shape these groups. His-
toric environmental changes can inform our understanding
of the current genetic structure of H. catharinensis. Dur-
ing the Pleistocene, large areas of grassland occurred in the
Southern Brazilian highlands, but by the middle of the Hol-
ocene the grasslands had decreased significantly (Behling
et al. 2004). The dominance of grasslands is attributed to the
cold and dry glacial environment that shifted to the hot and
dry climatic conditions of the upper Holocene. In the late
Quaternary, a gradual increase in rainfall resulted in forest
expansion (Rambo 1954, 1956), shaping the current mosaic
of grassland interspersed with Araucaria Forest (Pillar and
Vélez 2010). As shown above, the geographic distribution
of H. catharinensis consists of clusters in high-elevation
grasslands in Southern Brazil. This pattern is similar to that
of other taxa occupying the Brazilian highlands, the major-
ity of which exhibit geographic isolation processes due to
island-like distribution (Fregonezi et al. 2013) that is char-
acteristic of the process of forest expansion-retraction over
the grasslands.

Conclusion

The moderate genetic variability present in H. catharinensis
is likely maintained by gene flow, thus ensuring that the
populations do not become isolated. Our analysis suggests
that all populations of H. catharinensis were established
by a founder event and present an island-like distribution
caused by repeated introduction into similar niches from
an ancestral population. The H. catharinensis populations
studied herein are structured in three groups and have inter-
mediate levels of differentiation. Environmental changes that
occurred since the Pleistocene and the discontinuous patch-
work that is characteristic of forest expansion-retraction over
the grasslands likely helped to shape the structure of the
species.
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