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AsstracT. Amphitropical species have disjunct distributions south and north of the equator. That is the
case of Leptochloa crinita, a perennial grass found in dry and warm regions of South and North America,
and recommended for rangeland restoration. We analyzed to what degree the distribution of the species in
both subcontinents shaped its genetic differentiation and population variability. We collected seeds from 15
populations from South America and 7 from North America, and grew them in a common garden to evaluate
adaptive variation. Three microsatellite markers and DNA sequences from one nuclear (ITS1-5.8S-ITS2) and
one chloroplast region (rpl32-trnL) were used to analyze recent and historical gene flow, respectively. We used
climatic niche models to infer past suitable habitats. We found significant genetic variability among populations
within each subcontinent, but low genetic differences between populations from South vs. North America;
these were detected only with microsatellites and not with DNA sequences. Results show that the species has
diverged from a common gene pool in the recent past (~500-3300 generations ago [estimate: ~3000-20000 years]).
Populations from South America had plants with more and taller inflorescences, more tillers and heavier seeds
than the North American ones, which could represent adaptations to the less stressful environments that the
species inhabits in South America. Climatic niche models indicate few potential habitats for the species in
North America during the Last Glacial Maximum and Middle Holocene, in contrast to South America, where
potential habitats seemed to be comparable or more extensive than at present. This and previous studies
provide a view of the genetic resources of the species. Results suggest that —if necessary, and taking proper
precautions— the admixture of L. crinita populations or the germplasm translocation between subcontinents
are alternatives to consider in restoration practices.

[Keywords: biogeographic history, common garden, DNA sequences, microsatellites, North America,
populations, South America]

ResuMEN. Estructura y diversidad genética en la graminea disyunta anfitropical Leptochloa crinita (ex
Trichloris crinita) e implicancias para la restauracion. Las especies con distribucion disyunta anfitropical se
encuentran al sur y al norte del ecuador. Este es el caso de Leptochloa crinita, graminea perenne que habita regiones
secas y calidas de Sudameérica y Norteamérica, que es recomendada para la restauracion de pastizales. Se analizd
en qué medida la diferenciacion y la variabilidad genética de las poblaciones de L. crinita estan influenciadas
por su patrén de distribucién en ambos subcontinentes. Se colectaron 15 poblaciones de Sudamérica y 7 de
Norteamérica, cuyo potencial adaptativo fue evaluado en jardin comun. Tres marcadores microsatélites y
secuencias de ADN (ITS1-5.8S-ITS2, region nuclear; rpl32-trnL, region del cloroplasto) se utilizaron para
analizar sefiales contemporaneas e histdricas de flujo génico, respectivamente. Se usaron modelos de nicho
climatico para inferir la distribucién de habitats favorables en el pasado. Solo con microsatélites se encontrd
variabilidad genética significativa entre las poblaciones dentro de cada subcontinente, y escasa diferenciacion
entre poblaciones de Sudamérica y Norteamérica. La especie habria divergido en el pasado reciente a partir
de un acervo genético comtn (hace ~500-3300 generaciones [estimacion: ~3000-20000 afios]). Las poblaciones
sudamericanas presentaron plantas con inflorescencias mas altas y numerosas, mas macollos y semillas mas
pesadas que las norteamericanas; estas podrian representar adaptaciones a los ambientes menos estresantes
que la especie habita en Sudamérica. Los modelos de nicho climatico mostraron escasa disponibilidad de
habitats favorables para la especie en Norteamérica durante el Ultimo Maximo Glacial y el Holoceno Medio. En
cambio, en Sudamérica, la disponibilidad de hébitats parece haber sido similar o mayor a la de la actualidad.
Estos conocimientos sobre L. crinita brindan una visiéon general de los recursos genéticos de la especie. Los
resultados sugieren que, de ser necesario, y con las precauciones del caso, se podrian usan como practicas de
restauracion la mezcla de poblaciones y la traslocacién de germoplasma entre subcontinentes.

[Palabras clave: historia biogeografica, jardin comtn, microsatélites, Norteamérica, poblaciones,
Sudamérica]
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INTRODUCTION

Rangelands cover more than a third of the
continental areas, ranging from arid to sub-
humid climates, and supporthalf of the world’s
livestock and wildlife. A third of the human
population lives in these environments; thus,
their degradation represents a severe problem
with global economic losses estimated at US$
10 trillion per year (Sutton et al. 2016). In recent
decades, efforts to reestablish vegetation
cover, biodiversity and function of degraded
rangelands have increased. The restoration
of these environments implies taking into
account the ecosystem services (e.g., forage
for livestock, habitat for wildlife, erosion
control, etc.) and the biology of the species
to be reestablished. The latter should include
intraspecific genetic structure and diversity in
order to maximize evolutionary potential and
minimize the risk of introducing inappropriate
variants (Sgro et al. 2011).

Widespread species may consist of
populations (sensu Waples and Gaggiotti
[2006]) (i.e., a group of individuals of the
same species that co-occur in space and time
and have an opportunity to interact with each
other) with high phenotypic plasticity and/or
with high genetic variability and differentially
adapted genotypes, both characteristics that
allow themtosurviveindifferentenvironments
(Premoli and Mathiasen 2011; Kelly 2019).
Wide-ranging species with geographical
disjunction (sensu Thorne 1972) may present
limitations to gene flow, which over time may
increase the degree of divergence between
them (Millar and Libby 1991). Geographic
disjunctions may be the result of either
long-distance dispersal or fragmentation
of a previously continuous distribution by
vicariance (Simpson et al. 2017). As in other
parts of the world, a group of plant species in
South and North America have amphitropical
disjunct distribution (i.e., with populations
inhabiting the two hemispheres but absent in
the tropics) (Raven 1963; Simpson et al. 2017).
Several authors pointed out the possibility that
amphitropical distributions of genera and
species in both American subcontinents were
shaped by climatic oscillations at geological
time scales (Garcia et al. 1960; Raven 1963;
Donoghue 2011; Villaverde et al. 2015). In
addition, it has been found that most of the
amphitropical disjunct species between South
and North America show climatic niche shifts
(Villaverde et al. 2017; Quiroga et al. 2021).
This may be the result of natural selection
acting differentially on the populations of
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these species and/or neutral forces such as
genetic drift and isolation.

Here we focus on Leptochloa crinita (Lag.)
P.M. Peterson and N.W. Snow [Poaceae;
homotypic synonym: Trichloris crinita (Lag.)
Parodi], one of the many species with natural
disjunct distribution between hot arid and
semi-arid environments of South and North
America (Peterson et al. 2007). In central-
northwestern Argentina, L. crinitais one of the
main forage species of rangelands (Dalmasso
1994). Like other native grasses, it suffered
the impact of overgrazing due to inadequate
management of livestock herds (Anderson et
al. 1980). Even though L. crinita is promoted
for rangeland restoration (Quiroga et al. 2009;
Kozub et al. 2017; USDA-NRCS 2020) and the
existence of intraspecific variability has been
acknowledged both within South America
(Cavagnaro et al. 2006; Quiroga et al. 2010;
Zabala et al. 2011) and within North America
(Pezzani et al. 2006), the genetic structure and
diversity between both subcontinents has not
yet been explored. Advances in the knowledge
of this ecologically important species could
be relevant for other amphitropical disjunct
species, considering that similar patterns
of niche differentiation between desert
species of South and North America were
described recently: in North America, they
tend to inhabit relatively drier and warmer
environments than in South America (Quiroga
et al. 2018, 2021).

Consideration of intraspecific genetic
structure and diversity is important for
species conservation and management, as is
increasingly recognized in restoration ecology
(Mijangos et al. 2015; Kozub et al. 2017). They
are of particular interest for species under use
in human activities —as L. crinita in ranching
systems — and rangeland restoration (Gonzalez
and Latigo 1981; Passera et al. 1992; Quiroga et
al. 2009; Pawelek et al. 2015). Previous studies
explored the genetic variability in forage
aptitude of Argentinean populations of the
species using AFLP (amplified fragment length
polymorphisms) (Cavagnaro et al. 2006). But
genetic characteristics of populations of both
subcontinents have not been compared so
far. In addition, basic aspects of the species
biogeographic history are not known, such as
the degree of differentiation or the manner and
time of divergence between South and North
American populations.

In ecological restoration practice, it is widely
discussed whether plant materials should be
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from a diverse genetic pool or restricted to a
local origin (e.g., McKay et al. 2005; Bucharova
et al. 2017; Hancock et al. 2023). While
the introduction of non-local germplasm
may increase the genetic variability and
evolutionary potential of recipient populations
that have been ‘genetically eroded” (Mijangos
et al. 2015; Kettenring et al. al. 2014), in some
cases, such genotypes can present poor
adaptation to the local environment or
cause outbreeding depression, resulting in
lower ecological fitness (Johnson et al. 2010).
Furthermore, climate change challenges the
classic rule “local is best’ in seed sourcing
for restoration, as local germplasm may be
maladaptive under future climates (Jones
2013). For L. crinita, Kozub et al. (2017)
suggested that although local adaptation is
relevant, matching the local environmental
factors could be of greater importance than
using locally collected seed sources. They
also pointed out that intraspecific variation
could be exploited by using seeds from
sites with similar environmental conditions
as those in the restoration site. In any case,
intraspecific variability in genetic and adaptive
characteristics of target species is undeniably
essential to defining seed-source populations
and the restoration strategy.

Molecular markers can provide important
information to estimate the genetic structure
and diversity of a species difficult to obtain
using other methods. For example, they
can provide an assessment of the degree
of relatedness between populations or past
demographic events that modelled genetic
patterns of isolation and divergence that
exist today, which are relevant in restoration
actions (Williams et al. 2014). In this work,
we used two types of molecular markers:
microsatellites and DNA sequences.
Microsatellites are standard genetic markers
for population genetic analysis. They consist
of short sequences of nucleotides (typically 1-5
base pairs) that are repeated in tandem and
are randomly or nearly randomly distributed
in the genome (Li et al. 2002). They are
usually considered as selectively neutral due
to isolation and genetic drift, and because
of their relatively high mutation rates can
allow detecting genetic changes in relatively
recent geological times. On the other hand,
DNA sequences of the plastid and nuclear
genomes have lower mutation rates and
are more conserved than microsatellites.
However, although DNA sequences are less
variable than microsatellites, many studies

have found intraspecific variability in the
plastome (Harris and Ingram 1991), which
have been widely used in phylogeographic
analyses (Yang et al. 2021). Together, both
types of molecular markers allow to analyze
historical isolation of populations, which
can be used to perform phylogenetic and
biogeographic reconstructions (Avise 2004).
In addition, the degree of divergence among
populations estimated with neutral molecular
markers can be compared to those estimated
with quantitative traits that may have been
subjected to natural selection, which measured
in a controlled environment (i.e., common
garden) allows the expression of the genetic
background of populations and gives the
possibility of exploring the influence of natural
selection (Merila and Crnokrak 2001; McKay
and Latta 2002).

Our aim in this first exploratory genetic
study including L. crinita populations from
both South and North America was three-fold:
a) to investigate the genetic differentiation
and diversity at distinct hierarchical levels
(i.e., populations and subcontinents); b) to
estimate the influence of natural selection on
populations of both subcontinents, and c) to
infer the biogeographic history of the species.
The hypothesis tested is that the amphitropical
distribution of the speciesinboth subcontinents
shaped the genetic characteristics of L. crinita
populations. Associated predictions were: a)
we expect to find a marked genetic divergence
on neutral markers between populations of
both subcontinents due to current isolation
and the influence of historical factors, and b)
considering the differences found between
the environments currently occupied by the
species in South and North America (Quiroga
etal. 2018), we also expect to find a differential
effect of natural selection on the populations
of each subcontinent.

MATERIALS AND METHODS

Species

Leptochloa crinita is a perennial bunchgrass
of summer growth with a C4 leaf anatomy
(Nicora and Rugolo de Agrasar 1987). Foliage
reaches between 30 and 80 cm in height, with
leaf blades of 15 to 25 cm long and 0.2 to
1.0 cm wide. Their dispersal unit (diaspora;
for simplicity, hereafter: seed) is the fertile
anthecium made up of the fruit (caryopse),
the lemma and the palea. Seeds are arranged
in inflorescences 5 to 18 cm long, with each
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inflorescence located at the end of a 30-100 cm
tall culm (Nicora and Rugolo de Agrasar 1987).
The species is strictly autogamous (Gutiérrez
et al. 2016; Kozub et al. 2017) and tetraploid
(2n=4x=40) (Kozub et al. 2019; Carloni et al.
2021).

Population collection

Populations of L. crinita were collected in
northwestern Argentina (South America,
15 populations) and southwestern USA
(North America, 7 populations) (Table 1;
details of collection sites in Supplementary
Material-Table S1). In both subcontinents,
the minimum and maximum geographical
distances between evaluated populations was
~5 km and ~1000 km, respectively. Sampling
locations covered climatic differences between
populations within each subcontinent. For
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each population, we collected seeds from ~20
mother plants, except for the Knox population
that was too small, and thus seeds from only
5 plants were obtained. In each population,
sampled plants were separated >5 m to
avoid collect seeds from vegetative clones.
Since our lower level of analysis was the
population, seeds from each population were
pooled. Chamical and Kinney populations are
germplasm-registered at the Instituto Nacional
de Tecnologia Agropecuaria of Argentina
(inta.gob.ar/variedades/chamical-inta) and
the United States Department of Agriculture
(USDA-NRCS 2020), respectively.

Common garden and sampling

As populations were collected in different
years (2005, 2010, 2014), seeds that were
collected first were germinated and planted

Table 1. Coordinates of the collection sites of South American (SA) and North American (NA) populations, and mean
values of traits measured at the common garden. Statistical significance of populations comparison (n.s.: P>0.05; *P<0.05;
*P<0.01; ***P<0.0001) and least significant difference (Fisher LSD) are shown below the list of populations. The last
three rows show the mean values per subcontinent and statistical significance (P) of their comparison.

Tabla 1. Cordenadas de los sitios de colecta de las poblaciones sudamericanas (SA) y norteamericanas (NA), y valores
medios de los caracteres evaluados en jardin comun. Debajo de la lista de poblaciones se muestran los niveles de
significancia estadistica (n.s.: P>0.05; *P<0.05; **P<0.01; ***P<0.0001) y las diferencias minimas significativas (LSD de
Fisher). Las tltimas tres filas muestran los valores medios por subcontinente y el nivel de significancia estadistica (P)
de su comparacion.

Sub Population Latitude  Longitude # # Infloresc. ~ Canopy Weight of
continent Inflorescences Tillers height (cm) height (cm) 1000
seeds (g)

NA Bowie 32°17’ N 109°17” W 10.8 324 81 37 0.17
NA Kinney 29°19' N 100°26' W 12.6 39.0 82 47 0.19
NA Knox 32°17" N 106°46" W 10.6 24.8 66 39 0.15
NA Lucero 33°06" N 106°32" W 10.3 30.3 60 35 0.08
NA San Simon 32°17’ N 109°16’° W 9.4 254 65 33 0.19
NA Tornillo 31°24' N 106°01" W 9.2 29.0 63 37 0.15
NA White Sands 32°28' N 106°25" W 10.0 26.4 77 41 0.13
SA Amblayo 25°28'S 65°50" W 16.6 37.4 83 40 0.18
SA Chamical 30°31"S 66°08" W 16.2 32.2 82 41 0.20
SA Colpes 28°03’ S 66°13’ W 11.8 32.8 82 39 0.19
SA HC 29°58’ S 63°29' W 16.8 35.4 87 38 0.26
SA HL 29°53’ S 64°28" W 11.8 27.8 75 38 0.18
SA RCH Ancha 34°16’ S 67°54 W 13.0 35.6 84 40 0.25
SA RCH Fina 34°16’ S 67°54' W 12.8 29.8 82 39 0.20
SA Recreo 29°19’' S 65°08" W 27.5 49.3 89 45 0.20
SA Recreo Salinas 29°31'S 64°58' W 21.8 45.8 89 43 0.25
SA Salinas Grandes 30°36" S 65°36' W 13.2 30.8 74 39 0.21
SA San Martin 29°13’ S 65°46" W 27.2 37.6 87 41 0.18
SA SC 3124’ S 66°46' W 17.4 35.0 80 38 0.15
SA SL 31°31'S 66°49’ W 8.0 26.5 82 35 0.22
SA Tilimuqui 29°08’ S 67°26' W 25.6 324 78 37 0.17
SA El Tipan 28°59’ S 65°46" W 19.0 38.8 89 46 0.19
LSD and P value between populations 7.5%4% n.s. 14* 6*** 0.06***
NA (mean) 10.4 29.6 71 39 0.15
SA (mean) 17.3 35.2 83 40 0.20

P value between subcontinents ** * oeE n.s. **
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in 2006 in a first common garden located at
INTA La Rioja (lat. 30°30°31"” S - long 66°07"12”
W; 409 m a.s. l.) arranged in 3 blocks, 8 plants
per population per block, 0.5 m distance
between plants. Then, seed samples from all
the plants of each population were collected
from this first trial, seeds were germinated and
planted in 2011 in a second common garden
at INTA Catamarca (lat. 28°28’27” S - long.
65°43'54”” W; 513 m a. s. |.; same experimental
design) into which the populations collected
in 2010 were planted, and then in 2014
the last collected populations were added
(same planting method). From this second
common garden we collected leaf samples for
molecular analyses (see below). Itis important
to note that the use of seeds harvested from
a common garden is not a problem for this
strictly autogamous species (Gutiérrez et
al. 2016; Kozub et al. 2017; Marinoni et al.
2018). Finally, in order to measure size and
productivity traits of plants of the same age, in
2018 a third common garden was established
at INTA Catamarca (5 randomly distributed
plants per population, 0.5 m distance between
plants) using seeds harvested in the previous
(second) common garden. At the end of the
first growing season (one year old plants)
we measured the following traits: number of
inflorescences, number of tillers, inflorescence
height, canopy height, and seed weight.

Molecular analyses

Leaf samples consisting of fresh tissue
collected from plants of all provenances (from
the second common garden, mentioned above)
were subjected to a DNA extraction protocol
adapted from Doyle (1990). Extracts were
amplified by PCR for the analyses of DNA
sequences and microsatellite (Supplementary
Material-Appendix S1). The number of
individuals that could be analyzed per
population for each molecular marker is
presented in Supplementary Material-
Table S2 (one individual per population for
DNA sequences, and 2 to 5 individuals per
population for microsatellites). Nuclear and
plastid DNA sequences were analyzed using
universal primers of the regions ITS1-5.85-1TS2
(internal transcribed spacer of the eukaryotic
rRNA operon; primers ITS1 and ITS4; Wright
et al. 2006) and rpl32-trnL (intergenic spacer
between the rpl32 and trnl genes; primers
trnL[UAG] and rpL32-F; Shaw et al. 2007),
respectively. The amplified DNA fragments
were sequenced directly. For microsatellites,
a total of six microsatellites developed

specifically for L. crinita by Kozub et al. (2018)
were used but, only three of them amplified
successfully; these were Mss8, Mss11 and
Mss93 (Supplementary Material-AppendixS1).
Amplified PCR products of DNA sequences
and microsatellites were sent to Macrogen
(Korea) for sequencing and genotyping,
respectively. We aligned using MEGA11
software (Tamura et al. 2021) (alignments are
available in Supplementary Material-Figure
S1 and Supplementary Material-Figure S2).
Thorough DNA sequence visual controls
were performed to detect possible anomalies,
as double picks, and corroboration of variable
sites. Microsatellite genotypes were identified
using the PEAK SCANNER v1.0 program
(Applied Biosystems), assigning to each allele
the size of the amplified fragment compared
with a marker of standard molecular size
(GS500 LIZ, Applied Biosystems). The
patterns found reflected a diploid dose, and
in no case more than two peaks were detected
per microsatellite.

Statistical analyses

Plant traits. Data of common-garden grown
plants (number of inflorescences, number of
tillers, inflorescence height, canopy height,
and seed weight) were subjected to analysis of
variance, considering both the subcontinent of
origin and the populations nested within each
subcontinent as fixed-effect factors (0=0.05;
Fisher test for means comparison; INFOSTAT
software) (Di Rienzo et al. 2020).

Population genetic diversity. Indicators of
genetic diversity were obtained from 1) DNA

sequences by calculating for each subcontinent
the nucleotide diversity (polymorphism)
(ARLEQUIN 3.5.2.2 software; Excoffier
and Lischer 2010), and 2) microsatellite
data by calculating for each population:
number of different alleles (Na), number
of effective alleles (Ne), Shannon index (I),
number of unique or private alleles (Nap),
expected heterozygosity (He) and observed
heterozygosity (Ho) (GENALEX 6.503
software) (Peakall and Smouse 2012). Using
the last two indices, the inbreeding coefficient
was calculated for each population as:

Fis=(He - Ho) / He Equation 1

For microsatellite data, values of each
indicator were compared between populations
from South and North America using the
non-parametric Kruskal Wallis test (a=0.05;
INFOSTAT).
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Population genetic structure. We used
analysis of molecular variance (AMOVA)
to evaluate genetic diversity at different
hierarchical levels, i.e., within and among
populations at each subcontinent, and between
South and North America subcontinents. Data
from DNA sequences and microsatellites were
analyzed separately. For sequences, where one
individual per population was analyzed, we
assessed the variation between subcontinents
(South America, North America) and within
subcontinents (0=0.05; ARLEQUIN 3.5.2.2).
For microsatellites, where 2 to 5 individuals
per population were analyzed, we assessed
the variation at each of the hierarchical levels
explained above (¢=0.05; GENALEX 6.503).

Heterogeneity in allele frequencies between
groups for microsatellites was assessed with
the Chi-square test (BIOSYS-1 software;
Swofford and Selander 1981) under four
different criteria: 1) the two subcontinents
as populations (in a broad sense, South and
North America); 2) all the populations of
both subcontinents, pooled; 3) the South
America populations, and 4) North America
populations.

The isolation by distance model that
correlates genetic and geographic distances
was investigated with a Mantel test for
populations within each subcontinent
using microsatellite data (GENALEX 6.503).
In addition, phylogenetic relationships
among populations were estimated with
the neighbour-joining method (NJ) for
microsatellites (using the genetic chord
distance) (Cavalli-Sforza and Edwards
1967) (POPULATIONS 1.2.32 software), and
each of the two DNA sequences separately,
ITS1-5.85-1TS2 and rpl32-trnL (using Tamura
3-parameter genetic distance [Tamura 1992];
MEGAT11 software).

Genetic groupings of individuals were
obtained by the Bayesian algorithm model-
based clustering method using microsatellite
data with STRUCTURE 2.3.4 software
(Pritchard et al. 2000; Hubisz et al. 2009). This
software infers population structure using
genotype data consisting of unlinked markers
by identifying distinct genetic clusters,
assigning individuals to such clusters, and
identifying migrants and admixed individuals.
For this analysis, we tested for the existence of
several K groups (1 to 10). For each K, 10 runs
of 300000 iterations were performed (burn-in
length 50000; ‘admixture model’) (Pritchard
et al. 2000; Hubisz et al. 2009). A summary
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graph of the 10 runs for each K value was made
using CLUMPAK software (Kopelman et al.
2015). To select the most appropriate number
of genetic groups, the method of Evanno et al.
(2005) was implemented with STRUCTURE
HARVESTER (Earl and VonHoldt 2012).

Molecular markers vs. quantitative traits
divergence. Genetic differentiation in neutral

markers using microsatellite data was
calculated among the groups defined with
the four criteria listed above by Fst and Rst
statistics (Goodman 1997) using GENALEX
6.503. In turn, the Qst measure of genetic
differentiation in quantitative traits (non-
neutral, influenced by natural selection;
Spitze 1993) was calculated among the same
hierarchical groups using phenotypic data
measured under common gardens (Pstat
package in R) (Da Silva and Da Silva 2018). A
comparison of Fst and Rst values with those of
Qst was made considering the 95% confidence
interval of the latter. When the measure of
genetic differentiation in a neutral marker
(Fst, Rst) is equal to the measure of genetic
differentiation in a quantitative trait (Qst),
there is no evidence that selection is acting
on that trait. On the other hand, when Qst is
greater than Fst or Rst, it means that selection
favours the divergence of the traits between
populations; finally, when the Fst or Rst are
greater than Qst, it means that selection acts to
stabilize the trait (Merild and Crnokrak 2001;
McKay and Latta 2002).

Population history. Using DNA sequence
data, Tajima’s D (Tajima 1989) was estimated
by considering individuals from South and
North America as two groups, in order to
make inferences about their demography
(ARLEQUIN 3.5.2.2). This parameter compares
the total number of polymorphic sites in the
sample and the proportion of nucleotidic
differences between DNA sequences (Perfectti
etal. 2009). Both values must be equal, resulting
in a value close to zero, under a situation of
neutral evolution (in the absence of selection,
recombination, population subdivision, or
change in population size). On the other
hand, values significantly larger than zero
indicate stabilizing selection and/or sudden
demographic contraction (i.e., ‘bottleneck’),
while values significantly smaller than zero
indicate selection in favour of new mutations
and/or recent demographic expansion.

We used coalescence-based Bayesian analysis
to reconstruct how and when the separation
between L. crinita populations from South
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Scenario 1 Scenario 2
e SA e SA
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t1=462
= 0 Y
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Figure 1. The six scenarios evaluated by Bayesian analysis. For selected scenarios (1 for ITS1-5.85-ITS2, 4 for rpl32-trnL,
6 for microsatellites) we present probability values and medians of the parameters: current effective population size
in South (SA) and North America (NA), effective population size of the ancestral population (PA), divergence time
between the populations of South and North America, in number of generations (t1). The vertical axis represents the
time in number of generations (O=time of populations sampling). Other parameters considered in non-selected scenarios
were: effective population size of the South (SAb) and North American (NAb) population after a bottleneck, and time
until which the bottleneck lasted, in number of generations (tb).

Figura 1. Seis escenarios evaluados mediante analisis bayesiano. Para los escenarios seleccionados (1 para ITS1-5.85-
ITS2, 4 para rpl32-trnL, 6 para microsatélites) se presenta los valores de probabilidad y las medianas de los parametros:
tamario efectivo de la poblacién en Sud (SA) y Norteamérica (NA) en la actualidad, y de la poblacion ancestral (PA),
tiempo de la divergencia entre las poblaciones de Sud y Norteamérica, en niimero de generaciones (t1). El eje vertical
representa el tiempo en ntumero de generaciones (O=momento de colecta de las poblaciones). Otros pardmetros
incluidos en escenarios no seleccionados fueron: tamano efectivo poblacional luego de un cuello de botella genético
en Sud (SAb) y Norteamérica (NAb), y tiempo de duracion del cuello de botella, en niimero de generaciones (tb).
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and North America occurred (DIYABC
software; Cornuet et al. 2014). The analysis
was carried out employing DNA sequences
and microsatellite data separately. Given that
the number of scenarios grows exponentially
with the number of populations, two
broad-sense populations were considered,
separately grouping all the individuals from
South America and all the individuals from
North America. Six scenarios were compared
(Figure 1), which evaluated different modes
of separation between populations: vicariance
from a common ancestral population (of a
size similar to the sum of the populations
of South and North America, Scenario 1; or
from an ancestral population of unknown size,
Scenario 6), dispersal from South to North
America (with and without a bottleneck in
the initiation of the population in North
America, Scenarios 2 and 4, respectively),
dispersal from North to South America (with
and without a bottleneck in the initiation of
the population in South America, Scenarios
3 and 5, respectively). The minimum value of
the initial parameters in the different scenarios
was set at 10; the maximum was set at 100000,
except for the ITS1-5.85-1TS2 marker for which
it was set at 10000. Such large intervals for
initial parameters were used due to the lack
of ancestral information for the species (Bobo-
Pinilla et al. 2016; Lopez-Gonzalez et al. 2021).
For each scenario and parameter, we obtained
the relative median of the absolute error
(RMAE; values >0.3 indicate low precision of
the estimate). The posterior probability of each
scenario was calculated using a discriminant
analysis with a logistic approach (Cornuet et
al. 2014).

Past suitable habitats. We estimated the
distribution of past suitable habitats for the
species using MAXENT (Phillips 2005) and
BIOCLIM (Booth 2018). In both cases, we first
modelled the current potential distribution of
the species for each subcontinent separately,
using the same coordinates of species presence
(177 for South America, 104 for North
America) (gbif.org) and climatic data layers
for the present (annual mean temperature,
temperature annual range, mean temperature
of the warmest quarter, annual precipitation
and precipitation of the warmest quarter) as
used in Quiroga et al. (2018; further details
there). Then, we estimated suitable habitats
for the species in the past by projecting the
models calibrated for the present back to the
climates of the Middle Holocene (~6000 years
ago) and Last Glacial Maximum (~21000
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years ago); all climate layers were obtained
from the open access database Worldclim 1.4
(worldclim.org). We used the default settings
of BIOCLIM (implemented in the DIVA-GIS
software; Hijmans et al. 2001) and MAXENT,
except thatin MAXENT the fade-by-clamping
option was used to limit extrapolation to areas
with climates outside the range of those used
in the calibration. Analyses were carried
out for the American continent and nearby
islands, including all South America and
the portion of North America south of 49°
N latitude (we excluded Alaska, Greenland
and almost all of Canada, which have and
had too cold climates for the species). The
boundary between Colombia and Panama was
considered the limit between subcontinents,
and the Caribbean islands were considered
part of North America (Quiroga et al. 2018).

ResuLTs

Plants from South American populations
presented on average 66% more inflorescences,
19% more tillers, 17% taller inflorescences
and 33% heavier seeds than the North
American ones. Canopy height did not
differ between plants of each subcontinent.
Within each subcontinent, inflorescence
and canopy height, as well as seed weight,
differed significantly among populations.
Also, inflorescence production varied among
South American populations, but not among
North American ones. The number of tillers
per plant did not differ among populations
of either subcontinent (Table 1).

Nucleotide diversity for DNA sequences
was low in South (mean=0.00151 [standard
deviation=0.00124] for ITS1-5.85-1TS2; 0.00104
[0.00095] for rpl32-trnL) and North America
(0.00000 [0.00000] for ITS1-5.8S-ITS2, 0.00089
[0.00093] for rpl32-trnL). South and North
American populations showed similar levels
of microsatellite genetic diversity (Na, Ne, I,
Nap, He and Ho) (Table 2). In addition, no
differences were found between subcontinents
in the inbreeding coefficient (Fis), which
showed negative values —indicating an
excess of heterozygosity — for most of the
populations of South (91%) and North
America (86%) (Table 2).

The analysis of molecular variance did
not show genetic structuring between
subcontinents for the DNA sequences
(P>0.05); most of the genetic variability in
such sequences was within subcontinents
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Table 2. Genetic diversity parameters estimated with microsatellite data for the populations of South America (SA) and
North America (NA). Na: number of different alleles. Ne: number of effective alleles. I: Shannon index. Nap: number
of private alleles; He: expected heterozygosity. Ho: observed heterozygosity. Fis: inbreeding coefficient. The last three
rows show the mean values per subcontinent and statistical significance (P>0.05, n.s.) of their comparison.

Tabla 2. ndices de diversidad genética estimados con datos de microsatélites de las poblaciones sudamericanas (SA)
y norteaméricanas (NA). Na: numero de alelos diferentes. Ne: nimero efectivo de alelos. I: indice de Shannon. Nap:
numero de alelos privados. He: heterocigosis esperada. Ho: heterocigosis observada. Fis: coeficiente de endogamia.
Las tres ultimas filas muestran los valores medios por subcontinente y la significancia estadistica de su comparacion

(P>0.05, n.s.).
Subcontinent ~ Population Na Ne I Nap He Ho Fis
NA Bowie 1.67 1.49 0.40 0.00 0.27 0.33 -0.22
NA Kinney 1.33 1.22 0.35 0.67* 0.21 0.00 1.00
NA Knox 1.00 0.76 0.13 0.00 0.07 0.08 -0.14
NA Lucero 1.33 1.33 0.23 0.00 0.17 0.33 -1.00
NA San Simon 1.33 1.33 0.23 0.00 0.17 0.33 -1.00
NA Tornillo 1.33 1.33 0.23 0.00 0.17 0.33 -1.00
NA White Sands 1.67 1.49 0.40 0.00 0.27 0.33 -0.22
SA Amblayo 1.67 1.56 0.35 0.33* 0.21 0.33 -0.60
SA Chamical 1.33 1.33 0.23 0.00 0.17 0.33 -1.00
SA Colpes 1.33 1.31 0.22 0.00 0.16 0.27 -0.67
SA El Tipan 1.67 1.36 0.35 0.00 0.23 0.13 0.42
SA HC 1.00 1.00 0.00 0.00 0.00 0.00 —
SA RCH Fina 1.33 1.33 0.23 0.33* 0.17 0.33 -1.00
SA Recreo 1.00 0.76 0.13 0.00 0.07 0.08 -0.14
SA Recreo Salinas 1.67 1.37 0.33 0.00 0.22 0.32 -0.46
SA Salinas Grandes 1.33 1.33 0.23 0.00 0.17 0.33 -1.00
SA San Martin 1.33 1.33 0.23 0.33* 0.17 0.33 -1.00
SA SL 1.33 1.24 0.20 0.00 0.14 0.20 -0.43
SA Tilimuqui 1.67 1.49 0.40 0.00 0.27 0.33 -0.22
NA (mean) 1.38 1.28 0.28 0.095 0.19 0.25 -0.35
SA (mean) 1.39 1.28 0.24 0.083 0.16 0.25 -0.57
P value between subcontinents n.s. n.s. n.s. n.s. n.s. n.s. n.s.

*Private alleles were: 135, 153 y 149 in Mss11 for Amblayo, RCH Fina and San Martin, respectively in South America
(SA); 170 and 176 in Mss93 for Kinney in North America (NA).

(94% and 100% for South and North America,
respectively). For microsatellites, we found
significant —but low — genetic variability
between subcontinents (2%), and high
variability among populations (55%) within
each subcontinent (P<0.05).

We found relatively less differentiation of
allele frequencies between subcontinents
(only significant for Mss93, P<0.05) than
among populations within both subcontinents
(significant for Mss8 and Mss11 in South
America, P<0.001; and for Mss93 and Mss11
in North America, P<0.01). Differentiation
between populations was even more evident
when all populations of both subcontinents
were considered together (significant for all
microsatellites, ’<0.001).

Genetic distance between populations
increased significantly with geographic
distance in North America (R*=0.22, P=0.01)
but not in South America (R>=0.004, P=0.16)
(Supplementary Material-Figure S3). The
phylogenetic trees obtained with microsatellite
and sequence data did not show a separation

of populations according to the subcontinent
of origin (Supplementary Material-Figure
54). Similarly, the analyses of genetic affinity
of individuals to distinct genetic clusters
yielded a high degree of admixture (2 and
4 clusters selected; all clusters are shown
in Supplementary Material-Figure S5). Yet,
for microsatellite data, some populations
formed defined clusters under both methods
as Recreo-El Tipan-Kinney-Knox, Salinas
Grandes-Tilimuqui and Bowie-White Sands
(North American populations underlined
here and in Supplementary Material-Figure
5S4 and Supplementary Material-Figure S5).
In the same line, pairwise population Fst and
Rst values did not show a distinctive pattern
according to the subcontinent of origin
(Supplementary Material-Table S3).

Among-population genetic divergence was
high (Fst and Rst values between 0.49-0.60)
regardless of the subcontinent of origin.
However, genetic differentiation was low
when comparing South America vs. North
America as broad sense groups (Fst=0.02,
Rst=0.07) (Table 3). Some Qst values obtained
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Table 3. Fst and Rst values estimated from the microsatellite data and Qst values obtained for quantitative traits (with
95% confidence interval) measured in plants at the common garden. Qst values with asterisk (*) indicate significant
differences with respect to the genetic divergence measured by microsatellites (Fst and Rst) and, therefore, show the
effect of natural selection in the traits.

Tabla 3. Valores de Fst y Rst estimados de los datos de microsatélites y valores de Qst obtenidos de caracteres
cuantitativos (intervalo de confianza del 95%) medidos en plantas del jardin comun. Los valores de Qst con asterisco
(*) senalan diferencias significativas respecto de la divergencia genética estimada mediante microsatélites (Fst y Rst)

y, por lo tanto, el efecto de la seleccién natural.

Groups Fst Rst Qst Qst Qst Qst
(#inflorescences)  (#tillers) (inflorescences heigth) (canopy height)
Two broad-sense 0.02 0.07 0.92% 0.72 0.93* 0.45
populations (NA vs. SA) (0.82-0.96) (0.04-0.91) (0.81-0.97) (0.01-0.86)
All populations 050 0.56 0.71* 0.41 0.61* 0.60*
(NA and SA) (0.68-0.85) (0.40-0.72) (0.58-0.81) (0.57-0.81)
SA populations 0.51 0.54 0.71* 0.47 0.37 0.55
(0.67-0.86) (0.41-0.77) (0.34-0.75) (0.51-0.81)
NA populations 049 0.60 0.11 0.23 0.56 0.66
(0.08-0.67) (0.18-0.71) (0.42-0.83) (0.55-0.86)

from the quantitative traits exceeded Fst
and Rst values (outside the 95% confidence
interval; 6 out of 16 comparisons) (Table 3),
which suggests that the variation between
populations in these traits was larger than
that found in the neutral markers. On the
other hand, for most of the comparisons (10
out of 16), the confidence intervals of Qst
included the Fst and Rst values, suggesting
absence of selection influence upon these traits
(Table 3).

Tajima’s D showed values that did not
significantly differed from 0 (P>0.05) for the
sequence rpl32-rtnL in both subcontinents and
for ITS1-5-ITS2 in North America, indicating
stability of population size in recent times.
However, for ITS1-5.85-1TS2 in South America
a marginally significant negative value was
obtained (D=-1.53, P=0.056), which would
suggest some recent population expansion.

Of the six studied scenarios (vicariance
—Scenarios 1 and 6— or dispersal with —
Scenarios 2 and 3— and without a bottleneck
onarrival to the other subcontinent —Scenarios
4 and 5—) (Figure 1), those more likely were
Scenario 4 (for rpl32-trnL), Scenario 1 (ITS1-
5.85-ITS2) and Scenario 6 (microsatellites).
For such alternative scenarios, estimated
divergence times between South and North
American populations were ca. 3300, 2000
and 500 generations, respectively (Figure 1;
Supplementary Material-Table S4). Most of
the estimated parameters (14 out of 16) for
such scenarios presented acceptable error
levels (RMAE<0.3) (Supplementary Material-
Table S4).

Present distributions estimated for L. crinita
with MAXENT and BIOCLIM showed
extensive suitable areas in South and North
America (Figure 2). In contrast, they led to
modelled small (BIOCLIM) or null (MAXENT)
suitable area for the species in North America
during the Middle Holocene, and especially
for the Last Glacial Maximum. This was not
the case for South America, where they also
modelled extensive suitable areas for such
periods (Figure 2).

DiscussioN

Despite the extant geographical distance
between the populations of South and North
America, we found low genetic differentiation
for our focus species between subcontinents,
which were detected only with microsatellites
(more recent signal), but not with DNA
sequences (conserved, historical signal).
This suggests that a common gene pool has
probably diverged in the recent past. Although
our study is not conclusive, since it was not
possible to use more markers, we propose that
it provides important insights into the genetic
structure and diversity of L. crinita through its
distribution range.

Geneticdifferentiationbetweensubcontinents
was lower than the differentiation of
populations within each subcontinent. Higher
genetic differentiation between populations
was found as geographic distance increases
in North America, but not in South America.
The wide differentiation between populations
within each subcontinent could have been
favored for various factors which may include
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Figure 2. Potential habitats for L. crinita in the present and in the past (Middle Holocene —6000 years ago— and Last
Glacial Maximum —21000 years ago— ) modeled separately in South and North America, using MAXENT and BIOCLIM.
Red: high suitability. Pink: medium suitability. Light pink: low suitability. Gray: unsuitable.

Figura 2. Habitats potenciales para L. crinita en el presente y en el pasado (Holoceno Medio —hace 6000 afios— y Ultimo
Maéximo Glacial —hace 21000 afios—) modelados de forma separada en Sudamérica y en Norteamérica, utilizando
MAXENT y BIOCLIM. Rojo=altamente adecuado. Rosa: moderadamente adecuado. Rosa claro: poco adecuado. Gris:

no adecuado.

their reproduction mode (autogamy), broad
distribution (Loveless and Hamrick 1984),
herbaceous life form and climatic variability
(Gamba and Muchhala 2020). Such genetic
differentiation can explain, at least partially,
the broad distribution of the species in each
subcontinent; another explanation could
be the phenotypic plasticity (Premoli and
Mathiasen 2011; Kelly 2019) that was reported
in previous studies for the species (Greco and
Cavagnaro 2003; Quiroga et al. 2013; Marinoni
etal. 2022), although this was not investigated
in the present work. Regarding the low genetic
differentiation between subcontinents,
Loveless and Hamrick (1984) suggested that
the geographic range of a species is generally a
poor predictor of its genetic structure, and that

other historical or ecological factors —such as
those already mentioned in this paragraph—
can interact in complex ways shaping genetic
patterns. In this sense, our finding of a
possible recent divergence between L. crinita
populations from South and North America
could be one of the main causes of the shallow
genetic structure between subcontinents.

We found that natural selection differentially
influenced populations in the two
subcontinents. South American populations
manifested evidence of natural selection
on inflorescence number, while for North
American populations, no such evidence
was detected on any of the studied traits
(Table 3). These results suggest that traits of
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L. crinita have been differentially shaped in
each subcontinent, which is likely a result
of adaptive and genetically based responses
to different environmental conditions and
biogeographical histories. Populations from
South America had plants with more and taller
inflorescences, more tillers, and heavier seeds
than North American ones (Table 1). These
characteristics could represent adaptations
to the less stressful environments on which
the species thrives in South America (Quiroga
et al. 2018). In addition, another difference
between subcontinents observed in situ
by the first author during field collections
revealed that populations in North America
were smaller and more isolated than those
in South America. Such characteristics of the
North American populations are consistent
with the observed pattern of genetic isolation-
by-distance, which indicates lower gene flow
as populations are more distant. Also, while
neutrality tests reflected a certain stability of
population sizes in recent geological times,
some degree of expansion was measured for
South American populations.

Longer and relatively more stable
biogeographic history for L. crinita in South
America (Figure 2) (i.e., a more continuous
local presence) could have possibly caused
a significant adaptive among-population
divergence in such continent than in North
America. Whereas many plant taxa exhibit
amphitropical disjunct distributions between
South and North America (Raven 1963; Wen
and Ickert-Bond 2009), the biogeographic
history of these species do not fit a single
pattern of origin. South-to-north dispersal
patterns predominate for amphitropical
disjunct species of desert areas (Frost et al.
2017), contrary to north-to-south ones for
disjuncts from temperate or polar regions
(Raven 1963; Simpson et al. 2017).

Modelling potential habitats for the species
in North America during the Last Glacial
Maximum suggested the absence (MAXENT)
or alower availability (BIOCLIM) of favorable
sites with respect to those in South America,
which, in turn, were more extensive than
present ones (Figure 2). Various authors
showed that during the Last Glacial
Maximum temperatures decreased more in
North America than in South America (Otto-
Bliesner et al. 2006; Schneider von Deimling et
al. 2006; Ehlers and Gibbard 2007). This could
help explain a recent disjunction (i.e., after the
Last Glacial Maximum, as suggested by our

Bayesian analyses [Figure 1] and the low
divergence yielded by molecular markers). In
this sense, climatic data used in the modelling
showed that sites with current presence of L.
crinita in both subcontinents differed in their
past mean annual temperatures. In North
America, they were, on average, 6 °Cand 1 °C
colder during the Last Glacial Maximum and
Middle Holocene than at present, whereas in
South America they were only 3 °C and 0.5 °C
colder than today, respectively. On the other
hand, precipitation in each subcontinent did
not show a marked variation during these
periods, even though rainfall was more
restrictive at all times in North America than in
South America (Supplementary Material-Table
S5). It is known that some species adapted to
hot arid and semi-arid environments in North
America migrated towards the south during
such cold periods, while others favored by the
orography of the region were able to persist
in refuges with relatively favorable climates
(Brown and Makings 2014; Sanchez-del Pino et
al. 2020). This is consistent with the modelled
low availability of favorable habitats for L.
crinita in North America in the past (Figure
2).

Among the scenarios selected by Bayesian
analysis, Scenario 4 (for rpl32-trnL) suggests
that North American populations arrived
by dispersal from South America ca. 3300
generations ago, whilst Scenarios 1 (ITS1-
5.85-ITS2) and 6 (microsatellites) suggest
that current disjunct populations diverged
by vicariance from an ancestral population
between ca. 2000 and ca. 500 generations ago,
respectively (Figure 1). Previous work on other
genera and species of American amphitropical
disjunct plants indicates that most of these
disjunctions would have occurred by long-
distance dispersal during the last 8 million
years (since the Late Miocene, and more
frequently in the Quaternary) (Raven 1963;
Peterson and Columbus 1997; Peterson and
Morrone 1997; Wen and Ickert-Bond 2009;
Amarilla et al. 2015). The main dispersal
mode suggested for such disjunctions is the
attachment of diaspores to migrant birds
(Raven 1963; Schenk and Saunders 2017). In
this sense, although we did not find studies
that have evaluated the dispersal mode of
L. crinita, the characteristics of its diaspores
suggest the action of wind (anemochory) and
attachment to animals (e.g., birds, mammals
and epizoochory, sensu Sadlo et al. [2018])
as the main dispersal modes. We hereby
present partial support for the dispersal from
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South to North America (Scenario 4) and
also for a process of vicariance (Scenarios
1 and 6); therefore, our results based on a
limited number of genetic markers are not
conclusive regarding the mode and origin
of the divergence of L. crinita populations.
However, we did find some consistency in
the timing of divergence between South and
North American populations, which would
have occurred between ca. 3000 and ca. 20000
years ago -after the Last Glacial Maximum
using a mean generation time of 6 years
(Supplementary Material-Appendix S2). A
recent divergence, in geological-evolutionary
times, is suggested by the relatively low
differentiation at molecular markers between
South and North America, as well as the
modelling of the past suitable habitats (Figure
2). These results are consistent with the recent
disjunction (<1-2 million years) estimated for
most of the American amphitropical species
(Wen and Ickert-Bond 2009; Simpson et al.
2017).

Climatic oscillations since the Pliocene (last
~5 million years) in North and South America
could have forced distributional changes of
genera, species and populations. In fact,
Amarilla et al. (2015) demonstrated that the
currently disjunct genus Munroa (Poaceae)
with distinct species in arid and semi-arid
regions of both subcontinents, underwent
distributional and evolutionary changes
(speciation) through that period. Furthermore,
Peterson et al. (2012, 2022) pointed out that L.
crinita is related to other grasses of the genera
Leptochloa and Afrothichloris, both originated
mostly in the Southern Hemisphere. In this
sense, our results are not conclusive, although
they are more suggestive for the origin of
L. crinita in South America than in North
America. Adding a layer of complexity, it
is not possible to discard that other events
of disjunction and conjunction may have
occurred during previous climatic cycles
(i-e., glacial and interglacial); for example,
by long-distance dispersal or latitudinal and
altitudinal population movements in both
subcontinents (Jackson and Overpeck 2000;
Hewitt 2011). The genetic clusters we obtained
are consistent with this idea, since they
presented a considerable degree of admixture
(i.e., each cluster has representatives of both
subcontinents) (Supplementary Material-
Figure S5). Our work suggests that L. crinita
consists of a common gene pool with low
divergence between South and North
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America, which since the time of disjunction
only allowed the accumulation of a reduced
number of mutations and private alleles
within each subcontinent.

Unlike what was found by Kozub et al.
(2017) and what could be expected from an
autogamous species, we found heterozygosity
excess in almost all the studied populations
(10 out of 11 from South America, 6 out of
7 from North America; Table 2). A possible
explanation for our result could be the
incidence of evolutionary bottlenecks, which
occur mainly because random genetic drift
that eliminates many low-frequency alleles
and reduce the mean number of alleles per
locus, causing allelic diversity to decrease
faster than observed heterozygosity.
However, our results are not consistent with
this explanation since we did not detect
sudden demographic contractions in the
past (see Results, Population history). On
the other hand, the high values of observed
heterozygosity could be due to the effects of
natural selection. Although microsatellites
are neutral markers, the action of selection
on nearby loci on chromosomes could result
in a selective sweep, increasing the frequency
of certain genotypes (Nielsen et al. 2006).
Another explanation could be based on what
was described by Loveless and Hamrick (1984),
by pointing out that autogamous species
(such as L. crinita) generally present reduced
observed heterozygosity and low intra-familial
diversity, but a high diversity between families
within populations. Therefore, it is possible
that excess heterozygosity in our study may
reflect the sampling scheme at the time of
seed collection from populations, leading us
to study plants corresponding to genetically
distinct families.

The low genetic differentiation, short
estimated divergence time and the slight to
moderate traits differences between L. crinita
populations from South and North America
suggest that germplasm translocation between
subcontinents could be an alternative to
consider in restoration practices if necessary
(taking proper precautions). Following the
scheme of Weeks et al. (2011) for decision
making, according to the objective and species
to be used in restoration, the admixture of L.
crinita populations could be a viable option for
seed sourcing, as well as the translocation of
genotypes/populations (Bucharova et al. 2019;
Hofner et al. 2021; Quiroga 2022).
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