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Abstract Peripheral sites usually offer suboptimal con-
ditions for species with wide distributions, where ex-
pression of phenotypic variability and potential inter-
specific hybridization might be enhanced. The Patago-
nian steppe, the largest and southernmost dryland eco-
system in South America, is characterized by natural
rangelands dominated by grasses. Festuca pallescens is
a keystone species with a wide distribution in Patagonia
over diverse environments reaching the extreme arid
zones in the Somuncura plateau, a biogeographical is-
land. Our aim is to study the phylogenetic relationships
among Festuca pallescens populations as well as be-
tween this species and the sympatric F. argentina in
North Patagonia. We analysed fourteen populations
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along a west-east transect of about 500 km in North
Patagonia with three types of molecular markers: ITS,
chloroplast #rnL-F and eight nuclear microsatellites.
Bayesian inferences, maximum parsimony and maxi-
mum likelihood analyses with #7nL-F and ITS showed
that F. pallescens is related to the Patagonian clade
within the Festuca phylogeny. However, the eastern-
most populations of F. pallescens at Somuncura plateau
were highly differentiated from the other populations
and clustered with F argentina (a sympatric species of
the Asian-American clade). Principal coordinates anal-
yses and Bayesian clustering performed with nuclear
microsatellites as well as morphoanatomical traits,
showed an intermediate position of one of these east-
ernmost populations with respect to the two species,
suggesting admixture. The high genetic variability ob-
served in these peripheral populations highlight their
relevance for conservation and might be indicating the
existence of evolutionary processes triggering events of
speciation in the Patagonian fescues.

Keywords Festuca pallescens - Festuca argentina -
Patagonian fescues - ITSregion - #7nL-F - Microsatellites -
Hybridization - Marginal populations

Introduction
Drylands (arid, semi-arid and dry-sub humid ecosys-
tems) are suitable environments to study adaptations to

extreme climatic conditions. These ecosystems are of
paramount importance because of their multi-
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functionality (Maestre et al. 2012) and high biodiversity
(Davies et al. 2012) related to the presence of ende-
misms (Millennium Ecosystem Assessment Panel
2005; Davies et al. 2012). Drylands constitute the largest
terrestrial biomes with high sensitivity to climate change
and desertification (Sala et al. 2000; Reynolds et al.
2007) and are also known for a noteworthy environmen-
tal heterogeneity that might promote the expression of
phenotypic variability (Hoffmann and Hercus 2000) and
hybridization processes (Thompson et al. 2010). In ad-
dition, over 70% of the worlds’ drylands are currently
used for grazing of livestock in native vegetation (Asner
etal. 2004). Therefore, understanding how environmen-
tal drivers influence genetic diversity in these vulnerable
ecosystems becomes of high relevance.

In Argentina, the Patagonian steppe constitutes the
largest and southernmost dryland ecosystem of South
America (Palazzesi et al. 2014). Natural rangelands are
strongly affected by desertification and overgrazing
(Aguiar and Leon 1985; Bertiller 1990; Paruelo et al.
1993) becoming highly vulnerable to the fluctuations
imposed by climate change. Generally, these ecosys-
tems are dominated by perennial grasses with low ca-
pacity to cope with rapid environmental change (Chapin
1993). In addition, a strong precipitation gradient char-
acterize the region (from above 900 mm in the west to
less than 200 mm of annual precipitation in the east)
generating a spatial distribution of changing vegetation,
soil and forage resources (Leon et al. 1998). Conse-
quently, the decline of abundance and diversity of native
species towards peripheral driest eastern locations re-
sulted in the formation of patches of bare soil with a
recolonization by shrubs and unpalatable grasses
(Aguiar and Leon 1985; Bertiller et al. 1993;
Golluscio et al. 1998; Busso and Bonvissuto 2009).

Patagonia is characterized by a large environmental
heterogeneity and a complex geomorphologic history.
Pliocene and Pleistocene glaciations, Miocene marine
transgressions and volcanism shaped the current topol-
ogy and probably left an imprint in the vegetation. In
North Patagonia (above 42° S), glaciers had a lesser
extent (Flint and Fidalgo 1964), being confined to the
foothills of the Andes and neighbouring zones, but with
a continuous permafrost throughout the region (Rabassa
et al. 2011). Towards the east occurs the Somuncura
plateau, a biogeographically isolated and elevated land-
scape formed during the Tertiary. Layers of basaltic
Cenozoic lavas formed this complex, a stable rigid
block, during the Andean orogeny (Malumian and
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Nafiez 2011). The Miocene marine transgressions af-
fected lowlands that surrounded the massif, but did not
reach the plateau (Malumian and Nafiez 2011). Instead,
it remained volcanically active until the early Pliocene
(Rabassa 2008). Therefore, this Precambrian plateau
formed an insular structure surrounded by water
(Burkart et al. 1999), enclosing particular microhabitats.
This has favoured the presence of numerous ende-
misms, such as five plants species, at least fourteen
invertebrates and ten vertebrates (Cei 1969; Cei and
Scolaro 1981; Ledon et al. 1998; Chebez 2005;
Andrade and Monjeau 2014; Breitman et al. 2015).
Furthermore, it constitutes a notable geomorphological
feature located in the extreme of the distribution for
many species of the Patagonian steppe (Leon et al.
1998; Andrade and Monjeau 2014). Although
Somuncura plateau was declared a Protected Area (Rio
Negro Province, Argentina), only a few works reported
on genetic and morphological variation of its biota (Cei
and Scolaro 1981; Chebez 2005; Muzon et al. 2005;
Andrade and Monjeau 2014; Breitman et al. 2015).
Peripheral sites usually offer suboptimal condi-
tions for species with wide and environmentally
diverse distributions, leading to progressively small-
er populations prone to isolation and extinction
(Eckert et al. 2008). In the case of the Somuncura
plateau, apart from the geographic isolation there are
also environmental constrains. Compared to western
and more central localities, Somuncura has much
lower precipitations (150 mm/year vs 800 mm/year),
a higher mean diurnal range of temperature (14.4 vs
11.5°C) and a higher temperature annual range (29
vs 22.7°C; Data from WorldClim, Hijmans et al.
2005). Although genetic differences between geo-
graphically central and peripheral populations are
rarely very large (Eckert et al. 2008), many dryland
species showed high levels of genetic differentiation
between extreme populations (Martinez-Palacios
et al. 1999). In addition, the repeated exposure to
stressful conditions of border populations could en-
hance the expression of phenotypic variability (Hoff-
mann and Hercus 2000) or local adaptations
(Hoffmann and Blows 1994). These environments
are also prone to the occurrence of natural interspe-
cific hybridization and introgression (Thompson
et al. 2010) that may increase genetic variation pro-
ducing new gene combinations better adapted to
novel environments (Johansen-Morris and Latta
2008). In any case, these responses contribute to a
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higher flexibility and survival of a population in a
context of changing environmental conditions.

Festuca pallescens (St. Yves) Parodi is a keystone
species with a wide distribution over diverse environ-
ments, type of soils and ecological areas of Patagonia
(Bertiller 1990; Nicora 1978; Catalan and Miiller 2012).
It is a highly palatable and preferred forage resource,
and therefore it was intensively affected by overgrazing
(Bertiller et al. 1993). In northern Patagonia, density of
F pallescens populations’ declines to the east, where the
species is increasingly fragmented forming spaced
patches related to a reduction of wet meadows and to
the lower topographic elevation (Leon et al. 1998). This
allohexaploid species shows a wide morphological and
anatomical variation (Oliva et al. 1993) as well as dif-
ferences in phenology associated to air temperature
(Bertiller et al. 1990), but its genetic diversity was never
studied. The ability of F. pallescens of growing in dif-
ferent environments might be exclusively plastic, adap-
tive, or a combination of both. We hypothesized that at
marginal locations, like the Somuncura plateau, where
the species is isolated and growing in suboptimal con-
ditions, environmental pressure promotes phenotypic
and genetic variation. Moreover, hybridization and spe-
ciation processes could be also favoured.

Festuca is the largest genus among the Loliinae, with
around 500 species (Inda et al. 2008). Polyploidization,
past and recent hybridizations, and intergeneric crosses
with other Loliinae are frequent (Inda et al. 2008 and
references within). In spite of the well reported phylog-
enies of the genus Festuca (Torrecilla and Catalan 2002;
Torrecilla et al. 2003; Catalan et al. 2004; Inda et al.
2008; Minaya et al. 2017) little is known about the
Patagonian fescues, being so far only few species in-
cluded in these studies (i.e. only F. argentina (Speg.)
Parodi, F. subantarctica Parodi, F. purpurascens Banks
& Sol. ex Hook. f., F. gracillima Hook. f., F.
magellanica Lam. and F. pyrogea Speg.). Therefore,
the position of F. pallescens within the infrageneric
phylogeny, as well as the relation with sympatric species
is unknown.

Our aim is to study the phylogenetic relationships
among F. pallescens populations from North Patagonia.
This is the first step towards the study of its genetic
diversity and, in particular, to disentangle differentiation
between populations and/or hybridization processes as-
sociated to its wide distribution. Accordingly, we
analysed fourteen populations along a west-east transect
that represent the diverse environments where this

dryland species occurs. In particular, due to the consid-
erable number of endemic species at the Somuncura
plateau, we will analyse if the isolated populations at
this easternmost site are genetically different from west-
ern and continuous populations. We intend to contribute
to the scarce existing knowledge about the phylogenetic
placement of the species, and to provide information of
relevance for conservation planning of the Somuncura
Protected Area.

Material and methods
Sample sites and plant material

We collected leaf tissue of Festuca pallescens at five
locations situated along a west-east oriented transect of
about 500 km in North Patagonia (Argentina) during
January of 2014 (Fig. 1). The material was identified in
the field using exomorphological characters described
for this species (including leaves with glaucous colour,
sheaths with pulvini, and lemmas ending in an awn, e.g.
Nicora 1978). At each location, between one to four
populations from high steppes and wet-meadows were
sampled, gathering 14 populations (Table 1). The aver-
age annual rainfall (mm/y) and its coefficient of varia-
tion (cv) vary notably between sampling sites being of
831.6 mm/y; cv 0.2 in the west and 170.8 mm/a; c.v. of
0.4 in the east. In addition, we sampled the sympatric
species F. argentina at one location (Pilcaniyeu, coin-
ciding with populations 7 and 8) and two species of
Patagonian grasses (Poa ligularis Nees ex Steud. var.
ligularis, and Pappostipa speciosa var. speciosa Trin. et
Rupr.) as outgroups.

DNA extraction and PCR amplification

Young leaf tissue from tussocks were collected, frozen
in liquid nitrogen and grounded to fine powder using an
automatic mixer mill (Resch, Germany). DNA was ex-
tracted following a modified protocol of Doyle and
Doyle (1987) according to Gonzalo-Turpin and Hazard
(2009). We used three different DNA markers to study
the phylogenetic relationships: the internal transcribed
spacer (ITS), a chloroplast DNA region and eight nu-
clear microsatellites (SSRs). The complete ITS region
(ITS1-5.8S-1TS2) was amplified with primers cyl-cy3
(Wright et al. 2006). Due to the highly conserved DNA
sequences of the ITS nuclear region within species, one
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Fig. 1 Distribution of the nuclear (ITS) and plastid (HP) (#'nL-F)
genetic variants among the sampled populations. Numbers follow
the description in Table 1. Violet (ITS) and green (cpDNA) colour
palettes depict different variants for the two markers. Noteworthy
geomorphological features are also shown in the figure:

individual from each population was sequenced. How-
ever, given the higher heterogeneity and phenotypic
variation observed in the field at the Somuncura plateau,
12 individuals from the three sampled populations were
analysed. For the amplification of the ITS region, we
used 40 ng of DNA as template, 0.6 units of Go-Taq
DNA polymerase (Promega, Madison,WI, USA) with
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Oligocene-Miocene marine transgressions and limits of Pleisto-
cene-Pliocene glaciations were modified from (Premoli et al.
2012) and (Pastorino and Gallo 2002), respectively. The west-east
decreasing rainfall is also shown.

5X Green GoTaq® reaction buffer (Promega), 1.5 mM
MgCl,, 250 uM of dNTPs, and 0.3uM of each primer in
a total volume of 30 pl. PCR reactions were carried out
with the following programme: 5 min at 94°C, 30 cycles
of 30s at 94°C, 1 min at 56°C and 2 min at 72°C and a
final cycle of 10 min at 72°C. The chloroplast #rnL-F
region was amplified using the universal primers ¢ and f
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(Taberlet et al. 1991) with 90 ng of DNA, 1 unit of Go-
Taq DNA polymerase (Promega, Madison,WI, USA)
with 5X Green GoTaq® reaction buffer (Promega),
2 mM MgCl,, 200 uM of dNTPs, and 0.2 uM of each
primer in a total volume of 50 pl. The amplification
programme was: 1 min at 94°C, 30 cycles of 1 min at
94°C, 1 min at 50°C and 1 min at 72°C and a final cycle
of 7 min at 72°C. Finally, a set of eight microsatellite
loci (SSR) developed for Lolium perenne, Festuca-
Lolium complex of grasses and Festuca spp
(Lauvergeat et al. 2005; Fu et al. 2006; Jensen et al.
2007), were successfully transferred being polymorphic
in Patagonian fescues (Lopez et al. 2015). PCR ampli-
fications were carried out according to Lauvergeat et al.
(2005).

PCR products for the three markers were checked for
positive amplification in 1% agarose gels, stained with
Syber Safe (Invitrogen, Eugene, OR, USA), and visual-
ized with a blue light trans illuminator. The amplified
ITS and #7nL-F regions rendered a band of approximate-
ly 700 bp and 1,000 bp, respectively, that was purified
using the Wizard Genomic DNA Purification Kit
(Pomega) and then sequenced in a capillary sequencer
(ABI 3700, Genomics Unit, Biotechnology Institute of
INTA, Hurlingham, Argentina). Microsatellite primers
were labelled with different fluorophores and then
pooled in three groups for analysis in the ABI 3700
sequencer. Fragments visualization and allele scoring
was performed with Genemarker Version 1.97
(SoftGenetics, State College, PA, USA).

Morphoanatomical analyses

Due to the observed phenotypic variation at the
Somuncura plateau, an analysis of the main morpholog-
ical characters characterizing F. pallescens (Catalan and
Miiller 2012) was done. We analysed field samples of
typical F. pallescens and of the sympatric species
F. argentina from Pilcaniyeu, Argentina (i.e., from cen-
tral populations of both these species), and of
F pallescens from the sampled Somuncura marginal
populations. In addition, cross-sections of leaves were
used for morphoanatomical analyses, to determine po-
sition and extension of sclerenchymatic tissue within
leaf blade. This feature has been described as important
for species identification of Patagonian species of
Festuca (e.g. Dubcovsky and Martinez 1988; Catalan
and Miiller 2012). Transverse sections were obtained
from middle portions of mature leaves that were cut
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approximately 12 cm away from the base of the lamina
(i.e. from the distal end of the leaf sheath) with a razor
blade. Sections were observed at 10x with a Leica SGE
microscope.

Phylogenetic analyses

Chromatograms from forward and reverse sequences
were corrected with ‘seqtrace’ 0.9.0 (Stucky 2012) and
consensus were created using BioEdit v7.2.5 (Hall
1999). All the ITS sequences from Somuncura popula-
tions and one sample of F. argentina (F.arg2) presented a
heterozygous indel in a single position. Therefore, we
used the software OLFinder (Dixon 2010) to resolve the
shifts in phase between the forward and reverse strand
sequence. All the species of Festuca distributed in South
America that were available in Genebank (Catalan et al.
2004; Inda et al. 2008) were used for the phylogenetic
analysis (15 species; Table S1). In addition, species of
Festuca from different parts of the world retrieved from
Genebank were also included: 18 species for ITS and 19
species for trnlL-F (Table S1). Pappostipa speciosa var.
speciosa and Poa ligularis are two species of Poaceae
generally found in F pallescens rangelands. These spe-
cies are phylogenetically very distant from F. pallescens
and were used as outgroups. ITS and #nL-F sequences
of F. pallescens, F. argentina, Poa ligularis and
Pappostipa speciosa var. speciosa were deposited in
Genebank (Accession numbers are provided in
Table S1; supplementary materials). Sequences were
aligned using Muscle with manual adjustments when
necessary in AliView 1.18 (Larsson 2014). The bound-
aries of each sequence were established by the align-
ment with the species of Festuca obtained from
Genebank (Torrecilla and Catalan 2002; Torrecilla
et al. 2003; Catalan et al. 2004).The presence of the
heterozygous indel was coded as a binary data and
incorporated in the sequence data matrix. Gaps were
treated as missing data.

To evaluate the phylogenetic relationships be-
tween populations we run Bayesian inferences (BI),
maximum parsimony (MP) and maximum likelihood
(ML) analyses with ITS and #rnL-F data matrices
both separately and combined. The BI, MP and ML
analyses were implemented with Mr. Bayes 3.2
(Ronquist et al. 2012), Paup*4.0 betal0 (Swofford
2003) and on line software PhyML (Guindon et al.
2010), respectively. To run Bl and ML, we estimated
the optimal nucleotide substitution model for the ITS
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dataset (GTR+G with 4 gamma rate categories), the
trnL-F dataset (TPM1uf + G) and the concatenated
dataset (GTR+G with gamma rate categories), after
testing 56 nucleotide substitution models based on
the Akaike information criterion (AIC) implemented
in ‘jmodeltest’ 2.0 (Guindon and Gascuel 2003;
Posada 2008; Darriba et al. 2012). Bayesian analyses
were carried out by running twice the same parame-
ters to both independent datasets (1 million genera-
tions initiated from different random trees, sampling
every 100th generations model parameters such as
nucleotide substitution rates, gamma shape, propor-
tion of invariable sites, nucleotide frequency) esti-
mated by MrBayes. After discarding 0.25 of the total
sampling (‘burn-in’), parameters were sampled when
reaching stationary. The ITS and trnL-F 50% major-
ity rule consensus trees, obtained from 15,000 trees,
were supported by values branches from the posteri-
or probability (PP). Clades with more than 95% PP
values were considered well supported. Parsimony
analysis was carried out on each independent data
matrix. Following Torrecilla and Catalan (2002),
Torrecilla et al. (2003) and Inda et al. (2008), data
matrices were subjected to heuristic analysis to find
all equally parsimonious trees. First, we run 10,000
random-order-entry trees, MULPARS ON, with TBR
branch swapping and saving no more than 10 trees of
length equal or shorter than 10 per replicate to com-
pute a consensus tree that was used afterwards as a
negative constraint for a second search. Then, the
second heuristic search consisted on 5,000 random-
order-entry trees, MULPARS ON, with TBR branch
swapping and saving no more than 5 trees of length
equal or shorter than 5 per replicate. All parsimoni-
ous trees were used to compute their respective strict
and 50% majority rule consensus tree. Bootstrap
support for branches of the parsimonious trees was
calculated through heuristic searches of 1000 repli-
cates. Most clades presented bootstrap values be-
tween 90-100%, so they were considered well
supported.

Pairwise genetic distances both for ITS and cpDNA
(trnL-F) were calculated in R using ‘dist.dna’ (‘ape’
package) (Paradis et al. 2004). This function computes
a matrix of pairwise distances from DNA sequences
using 11 DNA substitution models and the raw distance.
Finally, we used a median-joining network algorithm
(Bandelt et al. 1999) to reconstruct the relationships
between haplotypes using Network 5.0.0.0 (www.

fluxus-engineering.com). A posterior post-processing
option (MP calculation) was used to eliminate unneces-
sary median vectors and links (Polzin and Daneschmand
2003).

Microsatellite loci were analysed in the same set of
individuals as for the phylogenies using Bruvo’s dis-
tance (Bruvo et al. 2004), which is suitable for polyploid
organisms. It is based on a measure of genetic distance
similar to the band-sharing indices used with dominant
data, but taking into account mutational distances be-
tween alleles (Clark and Jasieniuk 2011). The advantage
of this measure is that it dispenses with knowledge of
ploidy and allele dosage, which is difficult to determine
in polyploids. Using the estimated Bruvo’s distance we
calculated a principal coordinate analyses (PCoA) with
the ‘polysat’ package (Clark and Jasieniuk 2011) in R (R
Core Team 2013) and a Neighbour-joining tree estima-
tion with ‘ape’ package (Paradis et al. 2004) in R (R
Core Team 2013). On the other hand, to determine the
number of clusters and evaluate signals of admixture,
we used STRUCTURE ver. 2.3.4. (Pritchard et al.
2000). The different levels of ploidy were coded as
recommended by the documentation of Structure for
loci with copy number ambiguity, i.e. coding the miss-
ing alleles as recessive but not ambiguous and using the
RECESSIVE ALLELES model. The ambiguous loci
(i.e. when there is uncertainty about the number of
copies of each allele) were coded repeating one allele
as described by Pritchard et al. (2000). The iterations
were run using the admixture model with correlated
allele frequencies because it is more conservative and
provides greater power to detect populations that are
closely related (Porras-Hurtado et al. 2013). We run
Structure 16 times for each K, varying the range of K
from 1 to 9, using a length of burn-in period of 200,000
iterations and 10° MCMC replications. The optimal
number of clusters was determined following (Evanno
et al. 2005) in the online platform Harvester (Earl and
vonHoldt 2012). We used Clumpak (Kopelman et al.
2015) to combine files from the16 replicates of the best
K and prepare the graphical representation.

Results

The easternmost populations of F. pallescens at
Somuncura plateau (populations 12 and 13) showed
distinctiveness from the rest of the populations sampled

along the west-east transect (Fig. 1). There was a high
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level of diversity at both nuclear and plastid markers,
with the presence of six different ITS sequences and
four chloroplast haplotypes. In contrast, all the other
populations showed no polymorphism for the ITS re-
gion and only minor variations for the chloroplast
(Fig. 1). Population 14, also at Somuncura plateau,
holds the same genetic constitution than the rest of the
F pallescens populations. Therefore, from now on we
will refer to Somuncura populations as solely referring
to populations 12 and 13.

Morphoanatomical analyses

Differences between typical, central populations of
F. pallescens and the marginal individuals sampled at
Somuncura were also evident for several of the morpho-
logical characters analysed (Table 2). We also compared
the Somuncura populations with the sympatric
F argentina and found some traits similar and others
intermediate between them. For example, leaf colour at
Somuncura populations was glaucous like in
F pallescens. On the contrary, the ligule at the apex of
the leaf-sheath and the presence of adaxial to abaxial
girders of sclerenchyma of the Somuncura populations
resembled those of F. argentina. Finally, some traits
were clearly intermediate between F. pallescens and
F argentina: size of pulvinus at the base of the lamina,
length of the awn at lemma apex, and presence of a
continuous band of sclerenchyma under the abaxial
epidermis in leaf cross-section. In addition, we detected
differences between the two Somuncura populations:

population 13 had a higher proportion of sclerenchyma
than population 12 (Table 2).

ITS region

All the analysed individuals of F. pallescens showed the
same ITS sequence; except for Somuncura populations
where six different ITS sequences were found (Fig. 1).
The individuals from population 14, also at the
Somuncura plateau, were identical in sequence to the
rest of the F. pallescens samples. Festuca argentina also
showed high polymorphism since each individual sam-
pled had a different ITS sequence. All sequences from
populations 12 and 13 presented shifts in phase between
the forward and reverse strand due to the presence of a
heterozygous indel at the same position, whereas in only
one sample of F. argentina a heterozygous indel was
detected, but in a different position. Neither the other
samples of F. pallescens nor the other species showed
heterozygous indels. The ITS dataset included 47 se-
quences belonging to 38 taxa and 621 aligned nucleo-
tide positions, where 107 (17.23%) resulted parsimony
informative.

The three methods showed similar tree topologies;
therefore, we present the Bayesian results (Maximum
Parsimony and Likelihood analyses can be accessed
from supplementary materials, Fig S1). Festuca
pallescens and samples from Somuncura belong to dif-
ferent clades. In fact, Somuncura formed a strongly
supported clade with F. argentina (Fig. 2). Festuca
pallescens is sister to the Patagonian species

Table 2 Morphoanatomical traits comparing Festuca argentina, F. pallescens and Somuncura populations.

Morphoanatomical traits Festuca  Festuca pallescens Somuncura 12 Somuncura 13
argentina
Leaf colour bright glaucous glaucous glaucous
green

Ligule at apex of leaf-sheath clearly hardly visible visible (similar to F. argentina) visible (similar to F. argentina)

interior visible
Pulvinus at base of lamina absent present, relatively present, small and less present, small and less

large and noticeable  distinguishable than in distinguishable than in
F pallescens F pallescens

Awn at lemma apex absent present and >1 mm Present and aprox. 0.2 mm Present and < 0.2 mm
Adaxial to abaxial girders of present  absent present present

sclerenchyma of vascular

bundles in leaf cross-section
Continuous band of sclerenchyma absent

under abaxial epidermis in leaf

cross-section

present (sometimes

interrupted in parts)

absent (but with a higher
proportion of schlerenchyma
than in F argentina)

absent (but with a higher
proportion of schlerenchyma
than in Somuncura 12)
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Fig. 2 Bayesian tree based on nuclear (ITS) marker. Studied taxa
are dyed with violet (F. pallescens), green (Somuncura) and or-
ange (F. argentina). Numbers above the branches indicate

F. purpurascens and then it is sister to F. subantartica,
but the relationships show low support. This clade is
closely related to the South-American species
(F. chimborazensis, F. rigenscens, F.vaginalis, F.
parodiana, F. glumosa, F. andicola, F. cochabambana,
F. nardifolia, F. longivaginata, F. orthophilla and
F. cuzcoensis) and to a North-American species
(F. edlundiae; Fig. 2 and Fig. S1b). Maximum Parsimo-
ny majority rule consensus tree showed a polytomy that
included the three Patagonian species (F. pallescens,
F. subantartica and F. purpurascens) with the South-
American species mentioned before and one North-
American species (Fig. Sla). Samples from Somuncura
and F. argentina were represented as a polytomy closely
related to F. dichoclada, F. subulata, F. kingii and
F altaica in all topologies (Fig. 2 and Fig. S1). Pairwise

Papp.speciosa

posterior probability (PP); posterior probability support values
lower than 50% are not shown. Pappostipa speciosa vat. speciosa
and Poa ligularis were used as outgroups.

genetic distances were small between F. argentina and
Somuncura (ranging from 0 to 0.7%) and considerably
larger between Somuncura and F. pallescens (between
7.3 and 8.1%).

Notably, even though Somuncura showed most
polymorphic sites shared with F. argentina, some
sites were shared with F pallescens, some were
exclusive, and most were heterozygous positions
between the two species suggesting introgression
(Table S3).

Chloroplast DNA (trnL-F) region
Three haplotypes were identified among the

F pallescens populations (HP1, HP2 and HP3), HP1
being the most frequent. Among the Somuncura
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individuals, four variants were detected (HP4, HPS,
HP6 and HP7; Fig. 1), HP5 being shared with
F argentina. The cpDNA (trnL-F) dataset included 43
sequences (39 taxa) with 907 aligned positions; 63
(6.94%) variable sites were parsimony informative.
Organelle trees in all analyses showed in general the
same topology as the ITS trees. The Bayesian tree
showed that haplotypes 5 and 9 of F. pallescens were
linked and haplotype 1 (the most common haplotype
found in F. pallescens) was associated to
F purpurascens (Patagonia). These taxa were closely
related to F. chimborazensis (Ecuador), F. edlundiae
(Canada) and F. glumosa (Colombia). In addition,
F. subantartica presented the same haplotype as the
most common haplotype in F. pallescens (see legend

@.-. U P S PSP S S HPS

HP3

in Fig. 3). The private haplotype of population 13 from
Somuncura and the other two haplotypes found in pop-
ulation 12 also from Somuncura were close to
F. amplisssima (México). This clade was sister to
F. argentina, and then to a clade composed of
F. breviglumis (México) and F. dichoclada (Peru), see
Fig. 3. However, PP support values were very low (less
than 50%). Pairwise genetic distances were low between
F. argentina and Somuncura (between 0 and 0.24%) and
considerably larger between Somuncura and
F. pallescens (between 1.9 and 2.03%). The network
shows that nineteen mutated positions separate
F. pallescens5 (HP2) from Somuncura 12_2 (HP4),
while haplotypes of F. pallescens and Somuncura dif-
fered by only one or two mutations to each other,
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Fig. 3 Bayesian tree based on plastid (#znL-F) marker. The taxa
under study are coloured violet (¥ pallescens), green (Somuncura)
and orange (F. argentina). Support values (posterior probability)
are indicated above branches. Posterior probability support values
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respectively (inset in Fig. 3). The combined data set
(ITS_trnL-F concatenated data) showed a topology sim-
ilar to the organelle tree (Fig. S3).

Microsatellite loci

All the analyses performed with the microsatellite data
set were consistent showing four well-defined groups.
Individuals of Festuca argentina and Festuca
pallescens were very different from each other in agree-
ment with phylogenetic analyses. Interestingly, these
markers allowed, in addition, the separation of the two
populations of Somuncura. Individuals from population

12 were closer to F. argentina while individuals from
population 13 were situated at an intermediate position
between F. argentina and F. pallescens in both the
PCoA and the Neighbour joining tree (Fig. 4).

The clustering performed with Structure detected
the best partition at K = 2 (according to the method
by Evanno et al. 2005) (Fig. S4). However,
meanLnK reaches the plateau at K = 3 and K = 4;
therefore, we show the three clustering results (Fig.
4). Clearly the best partition identifies the two spe-
cies, but also shows admixture in population 13 from
Somuncura while population 12 was genetically
identical to F. argentina. At K = 3, populations 13
of Somuncura formed an independent cluster

12 13
F. argentina F. pallescens Somuncura
b c 03 1
e |
® . I I
Py :8\. evrx 7 02 4 i
% 2@ ;
s % % &
A pdl
oS, oy % s BETS 0.1 - e
Lo %A & ’
& 5 X
F & , i
Pallesconss & & i ", ®
R Lot fgonina , e
o2 ' % 06 02" 4
s o R 2, ¢
e Qa\\s'f’ s°mllncula12‘3 e i @y N e
< Oy
" U,
@9 ay,
b 8 POCTERL
O 03 e, o T2
Soe 82 %, 9 N7
¢ 2 33 GRC)
@o“ o g 3, @
s S8 33 ° N .
§§ 8% o ® F. argentina
o g g
& @ ® F. pallescens
® Somuncurai2
© Somuncurai3
-0,4 -
000 PCoAl

Fig. 4 Analyses with microsatellite loci. a — Assignment of the
individuals to each of the different clusters (k= 2 to k= 4) obtained
with STRUCTURE; b — Radial neighbour-joining tree based in
Bruvo distance calculated with the ‘polysat’ package in R; ¢ —
Principal coordinates analysis based on Bruvo distance for

microsatellite loci. Four groups can be distinguished: Individuals
of F. pallescens are coloured in violet, F. argentina in orange, and
Somuncura in dark green (population 12) and light-green (popu-
lation 13).
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whereas population 12 clustered with F. argentina.
Finally, at K = 4 the same four groups as in the PCoA
are recovered.

The closeness of population 13 to F. pallescens is
ought to the presence of a larger proportion of shared
alleles (Fig. S4). In general, individuals of Somuncura at
some microsatellite loci have at least one allele that was
predominant in £ pallescens and another that was char-
acteristic of F. argentina, indicating possible events of
past hybridization between these species. In addition,
private alleles were found in both populations of
Somuncura.

Discussion
Genetic diversity within peripheral populations

We detected high genetic variation with the three
analysed markers within two of the populations sampled
at the marginal sites in Somuncura plateau. Peripheral
populations usually hold lower levels of genetic diver-
sity (Eckert et al. 2008) because their isolation leads to
increasing possibilities of inbreeding and genetic drift.
In our study, the conserved ITS region and the plastid
marker depicted high levels of variation at these loca-
tions, and private alleles were detected with the SSRs.
Although concerted evolution is believed to reduce
intragenomic variation among copies within the ITS
tandem arrays (Liao 1999), some variation still might
exist. Therefore, the high level of polymorphism detect-
ed among F. pallescens from marginal Somuncura pop-
ulations is outstanding.

Festuca pallescens and F. argentina have distinct
morphological traits that allow their identification
(Catalan and Miiller 2012), but they hold large pheno-
typic variation (Parodi 1953; Nicora 1978; Bertiller et al.
1990; Oliva et al. 1993) that could make them difficult
to distinguish. Besides, distinct ecological features char-
acterize each species. Festuca pallescens forms large
rangelands in Patagonia (e.g. high steppes or grasslands
in meadows), reaching high altitudes (0 to 1,800 m asl;
Catalan and Miiller 2012), while F. argentina is gener-
ally found in patches within several types of steppes
(e.g. shrub-grassy steppes of Mulinum spinosum and
Poa ligularis, or grassy steppes of F. pallescens — Bran
et al. 2000), usually at altitudes between 270 and 700 m
asl (Catalan and Miiller 2012). Therefore, the smaller
population sizes could contribute to a stronger genetic
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drift effect and a higher genetic differentiation in
F argentina. In addition, towards the east of the west-
east oriented transect, F. pallescens populations occur
less frequently due to the decline of meadows, being
found at high altitudes, where moist conditions prevail
(Bertiller et al. 1990; Gaitan et al. 2010). Accordingly,
Somuncura populations formed small grass-steppes in
these drylands, with scattered individuals within the
community that were isolated from other grass steppes.

Phylogenetic relationships and genetic distances in-
dicate that Somuncura populations are closer to the
sympatric species F. argentina than to other Festuca
pallescens populations. However, microsatellites
allowed a clear distinction from each of the two species
as well as between the two populations. Moreover, a
considerable degree of admixture was detected in one of
the populations, suggesting hybridization (Fig. 4). In
addition, morphoanatomical results showed some inter-
mediate traits in the populations of Somuncura together
with characters that resemble one of each of the two
sympatric species. Furthermore, F. pallescens popula-
tions from North Patagonia are genetically uniform
since a single identical ITS sequence was observed in
all samples. On the other hand, Somuncura population
are highly variable, showing six ITS sequences among
10 individuals. We also detected a high level of poly-
morphism in F. argentina: Each of the four sampled
individuals had a different sequence and we did not find
shared chloroplast haplotypes between F. pallescens and
Somuncura.

In view of the level of differentiation detected in the
populations of Somuncura, we might propose three
possible alternatives: (a) Somuncura populations are in
fact F. argentina, (b) they are an ecotype of F. argentina,
or (c) they are hybrids between F. pallescens and
F argentina and might be in the process of speciation.
Supporting our first hypothesis is the close genetic
relationship: all the phylogenetic analyses clustered
Somuncura together with F. argentina or constituting a
polytomy. In addition, the PCoA based on microsatellite
data grouped population 12 very closely to F. argentina
and individuals of Somuncura shared several
morphoanatomical traits with F. argentina. However,
not all the morphoanatomical traits were similar (in fact
some resulted intermediate with F. pallescens), and we
found four haplotypes and a large genetic variation in
the nuclear marker among Somuncura individuals. An
outstanding difference is the morphology of the lemma:
Festuca argentina differs from other species of the
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genus because of its muticous lemmas (Dubcovsky and
Martinez 1988; Catalan and Miiller 2012), and
Somuncura lemmas had a diminutive awn at lemma
apex. This led us to propose our second hypothesis that
Somuncura could actually be an ecotype of F. argentina,
genetically differentiated and morphologically similar to
F. pallescens. Supporting this alternative hypothesis is
the consistent clustering obtained with STRUCTURE,
PCoA and Neighbour Joining using the microsatellite
loci (Fig. 4) that clearly separated Somuncura popula-
tions. Geographically isolated areas lacking competitors
could promote the production of adaptive radiations
(Simpson 1953, Straud and Losos 2016). In fact, the
biogeographic isolation of Somuncura plateau promoted
the evolution of different taxa (Ledn et al. 1998; Chebez
2005; Andrade and Monjeau 2014). Therefore,
Somuncura populations might be a novel ecotype of
F argentina developed in this isolated environment. In
order to radiate, a clade should develop ‘key innova-
tions’ (Straud and Losos 2016) that provide the ability to
adapt taking advantage of the available resources. As an
example, Somuncura populations presented some
morphoanatomical traits, such as pulvinus at the base
of the lamina and a higher proportion of sclerenchyma
under abaxial epidermis than F. argentina. Sclerenchy-
ma is a specialized tissue that provides strength and
support to leaves, especially in arid conditions with
periods of strong water deficit that produce loss of cell
turgence, such as the dry, windy environments of
Somuncura.

Finally, the presence of shared polymorphic sites
between Somuncura and F. pallescens, the heterozygous
positions between F. pallescens and F. argentina, the
shared alleles at microsatellite loci and the intermediated
morphoanatomical traits, suggests a possible hybridiza-
tion process. The closeness of Somuncura populations
to F. argentina could be due to a long-lasting
backcrossing towards this species. Somuncura popula-
tions occur in steppes at 900-1,100 m asl where
F. pallescens is abundant (Andrade and Monjeau
2014). On the contrary, F. argentina is a dominant
species in shallow soil steppes at lower elevations (e.g.
slopes of the plateau; Leon etal. 1998; D. Bran, personal
communication). Therefore, this difference in altitudinal
zonation among the predominant niches of each species
might currently create a barrier to reproduction, but in
the past their distributions could have overlapped, pro-
moting hybridization and backcrosses between the hy-
brid and F. argentina. In spite of being outcrossing

species, the differences in ploidy levels (F. pallescens
6x; F. argentina 4x — Dubcovsky and Martinez 1991,
1992) might limit their successful reproduction. Inter-
specific hybridization between species with different
ploidy levels is uncommon, but possible and it was
reported in this genus. For example, F. arundinacea
(allohexaploid) is the result of the cross between the
diploid F. pratensis and the allotetraploid F. fenas
(Inda et al. 2014). In addition, the Lolium-Festuca com-
plex, obtained from more distantly related ryegrass and
fescue species, proved to be a useful combination of
traits and resulted in stable and successful commercial
varieties (Thomas and Humphreys 1991). Another ex-
ample is the pentaploid Paspalum durifolium, which
shares intermediate morphological and reproductive
characters with its tetraploid and hexaploid progenitors,
but produces a small amount of seeds, mainly due to
genetic instability after irregular meiotic behaviour
(Quarin and Caponio 1995).

Phylogenetic analyses do not fully support that
FE pallescens and F. argentina would be the parental
species of the putative hybrid, and we cannot discard the
existence of other non-sampled potential parental spe-
cies in Somuncura. Besides, even though F. pallescens
and F. argentina coexists at some locations along their
natural distribution ranges, to the best of our knowledge,
natural hybridization has never been reported. Cytoge-
netic studies are necessary to further evaluating the
possible hybridization and introgression between the
two fescues. Therefore, with the evidence of our data,
we suggest that Somuncura populations could be an
ecotype of F. argentina originated by an ancient hybrid-
ization and subsequent introgression, that generally dif-
fers exomorphologically in its glaucous leaves, lemmas
with short awns and presence of pulvinus in leaf base, in
which characters it is similar to £ pallescens.

Festuca pallescens and Somuncura Populations
within the Festuca sp. phylogeny

The genus Festuca has been studied for a long time
(Torrecilla and Catalan 2002; Torrecilla et al. 2003;
Catalan et al. 2004; Inda et al. 2008; Minaya et al.
2017), but knowledge about phylogenetic relationships
of Patagonian fescues is scarce (Oliva et al. 1993), and
particularly F pallescens was never included in the
published phylogenies. Most studies in Patagonian fes-
cues focused on cytogenetics (Dubcovsky and Martinez
1988, 1991, 1992) and physiology (Bertiller et al. 1990;
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Bertiller and Defossé 1990). Therefore, our results pro-
vide novel information about the genetic relationships of
F. pallescens with the rest of the studied South Ameri-
can fescues.

The state-of-the-art phylogeny of Festuca recog-
nizes 23 clades (Inda et al. 2014). The Patagonian
species F. subantartica and F. purpurascens belong
to America I clade (Inda et al. 2008) as part of the
fine leaved clade (Catalan et al. 2004). Our results
showed that F. pallescens is strongly related to these
two species as they formed a sister clade in the
nuclear Bayesian topology and constituted a
polytomy (i.e. high genetic similarity) in MP topol-
ogy. However, these results are not concordant with
phenetic and cytological studies (Dubcovsky and
Martinez 1988, 1991) which do not relate
F pallescens to F. purpurascens. Moreover, the three
species have different but overlapping distribution
areas: F. subantartica was described in Lago
Argentino, Santa Cruz (Inda et al. 2008),
F. purpurascens is found in the Andes, from
Neuquén to Santa Cruz, and F. pallescens occurs
from Neuquén to Coyle River in Santa Cruz
(Nicora 1978). Increasing sampling of Patagonian
fescues could help to resolve the polytomy.

On the other hand, the Somuncura-F. argentina
clade is closely related to the Asian-American clade,
specially to North-American fescues, and very distant
from currently studied Patagonian and Andean fes-
cues (Inda et al. 2008). Also, Somuncura and
F. argentina formed a polytomy, which could be
due to the genetic similarities between the sequences,
the existence of hybridization that triggers adaptive
radiation (Seehausen 2004) or the lack of concerted
evolution (Bailey et al. 2003). Somuncura and
F. argentina are more closely related to some
North-American fescues (F. subulata, F. dichoclada,
F kingii and F. altaica; Fig. 2). They are also asso-
ciated with F. breviglumis and F. amplissima (both
from Mexico) as well as to F. modesta (an Asian
fescue; Fig. 3). Moreover, F. argentina has been
classified as a broad-leaved fescue (see Inda et al.
2008 and references within). However, Somuncura
and F. argentina were also closed to F. subulata and
F. altaica. These fescues were described as broad-to-
fine-leaved fescues representing a transition between
the two main groups. The broad-leaved trait seems to
be a plesiomorphic character (Catalan et al. 2007)
suggesting either an ancient origin of Festuca
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argentina or a recent species with an ancestral char-
acter. Broad-leaved species undergo multiple radia-
tions from the center of origin that involved differen-
tiation from its ancestors due to climatic changes that
occurred 12 My ago (Inda et al. 2008). Arid and
semi-arid regions of Argentina are susceptible to
climatic fluctuation (Zarate and Tripaldi 2012), and
the environmental constrains in Somuncura plateau
could have promoted the high genetic variation de-
tected within those populations and triggered a spe-
ciation process in the Somuncura-F. argentina clade.
On the other hand, hybridization and
polyploidization events allowed the colonization of
newly arid areas during the glacials and interglacials
periods of the Pleistocene in the South American
hemisphere (Dubcovsky and Martinez 1992; Hewitt
1996). Although, sampling of this work is restricted
to North-Patagonia, it could be possible that
F. pallescens had originated during that geological
period in Patagonia, as it has been proposed for the
polyploid American clades I and II (Inda et al. 2008).

Conclusion

The high genetic variability observed in two popula-
tions within the protected area at Somuncura plateau
might be indicating the existence of evolutionary
processes that could trigger events of speciation in
the Patagonian fescues. In spite of having intermedi-
ate morphoanatomical traits and shared alleles with
F. pallescens, most evidences indicate that
Somuncura populations do not correspond to
F. pallescens. Although more studies are needed to
unravel the phylogenetic relationships among the
Patagonian fescues, Somuncura populations might
be an ancient introgression that lead to a morpholog-
ically and genetically differentiated ecotype of
F. argentina (i.e. a narrow endemism; Kruckeberg
and Rabinowitz 1985). Our results also suggest that
an incipient speciation process within the genus
could be occurring in this isolated biogeographical
island. The correct identification of field specimens is
clearly mandatory for conservation and management
purposes, especially for forage species that are an
invaluable resource in natural rangelands of Patago-
nia. Here we provide a tool to help in the molecular
identification of the key species F. pallescens.
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