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Abstract

Geographic patterns of within-species genomic diversity are shaped by evolutionary processes, life history and historical 
and contemporary factors. New genomic approaches can be used to infer the influence of such factors on the current 
distribution of infraspecific lineages. In this study, we evaluated the genomic and morphological diversity as well as the 
genetic structure of the C4 grass Panicum hallii across its complex natural distribution in North America. We sampled 
extensively across the natural range of P. hallii in Mexico and the USA to generate double-digestion restriction-associated 
DNA (ddRAD) sequence data for 423 individuals from 118 localities. We used these individuals to study the divergence 
between the two varieties of P. hallii, P. hallii var. filipes and P. hallii var. hallii as well as the genetic diversity and structure 
within these groups. We also examined the possibility of admixture in the geographically sympatric zone shared by both 
varieties, and assessed distribution shifts related with past climatic fluctuations. There is strong genetic and morphological 
divergence between the varieties and consistent genetic structure defining seven genetic clusters that follow major 
ecoregions across the range. South Texas constitutes a hotspot of genetic diversity with the co-occurrence of all genetic 
clusters and admixture between the two varieties. It is likely a recolonization and convergence point of populations that 
previously diverged in isolation during fragmentation events following glaciation periods.

Keywords:   ddRAD-seq; ecological genomics; evolution; genetic admixture; habitat suitability modelling; Panicum; 
phylogeographic structure.
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Introduction
Genetic variation is the raw material necessary to understand 
evolution and adaptation to diverse environmental conditions 
(Conner and Hartl 2004; Randall et  al. 2008; Jump et  al. 2009). 
Evolutionary processes generate new diversity through random 
mutations which are under the influence of microevolutionary 
forces such as genetic drift, migration and selection (Vellend 
and Geber 2005). A plant species’ life history, including breeding 
system and dispersal mechanisms, has an influence on the 
genetic diversity and distribution of species (Hamrick and 
Godt 1996; Ellegren and Galtier 2016). Current plant species 
distributions are the result of geological events that have had 
influence on soil patterns and changes in climate. For example, 
the soil composition of the Atlantic coastal plains in North 
America has been influenced by sediment deposits from the Late 
Cretaceous to recent deposits from the Pleistocene (Noss et al. 
2015). Also, climatic fluctuations during the Quaternary have 
caused the contraction and expansion of species distribution, 
with remarkable genetic consequences (Hewitt 2000). Shifts 
in range distributions can result in the loss of alleles because 
of bottlenecks during range expansion or the introgression of 
novel allele by gene flow from secondary contacts of genetic 
lineages differentiated in allopatry during the contractions 
(Hewitt 2001, 2004). Finally, the current ecological conditions 
covering a species’ distribution can affect genetic structure as a 
result of local adaptation to these environments. Linking these 
processes across spatial and temporal scales can help identify 
the drivers of the current genetic structure of plant populations.

Here, we explored the genetic effect of different environmental 
factors on the genetic variation of the Hall’s panicgrass, Panicum 
hallii at the population level. This species is a perennial C4 grass 
native to North America with a distribution that spans from 
the south-eastern part of Mexico through the South-Central 
and South-western regions of the USA (Fig. 1A). In its natural 
range, P. hallii is found across several environmental gradients 
such as mesic to xeric (east to west), semi-tropical to temperate 
hardiness zones (south to north) and altitudinal (from sea level 
along the coastal shore of the Gulf of Mexico to over 2200 metres 
above sea level in the Guadalupe Mountains, Texas). This species 
is also found in a variety of soil and ecological conditions, 
including nine ecoregions as defined by Olson et al. (2001) (Fig. 
1B). The species has two varieties that are morphologically 
well-differentiated: the widespread P. hallii var. hallii (hereafter 
var. hallii) and the more restricted P. hallii var. filipes (hereafter 
var. filipes). Both varieties occur sympatrically in a small part of 
their ranges. Variety hallii has a native distribution that extends 
from southern Colorado south into Mexico and from western 
Arizona to eastern Texas, and typically occurs on a variety of soil 
substrates, including sandy to shallow, dry, rocky and calcareous 
soils. In contrast, variety filipes is typically found in areas of 
transition between clay soils and mesic depressions along the 
Western Gulf Coastal Grassland ecoregion and the Pine Oak 
Forest ecoregion at the Rio Grande Valley (Waller 1976; Lowry 
et al. 2013). In these two ecoregions of south-central Texas, both 
varieties can be found in sympatry. Although P. hallii is a highly 
inbred species (Lowry et al. 2012), hybrids of both varieties can be 
obtained under controlled conditions in the greenhouse (Lowry 
et al. 2015). Nevertheless, the existence of hybridization between 
varieties in natural populations is unknown.

The two varieties of P.  halli were described at the end of 
the 19th century as two different species, P. hallii and P. filipes. 
A  century later, in a taxonomic treatment of the species of 
Panicum section Diffusa, the taxonomic status of these two species 

changed to varieties of P.  hallii based on panicle morphology 
(Waller 1974) with clear morphological separation between the 
varieties. The filipes variety is generally larger than var. hallii with 
the exception of seed size (Waller 1976). More recently, a set of 
18 specific microsatellite markers was developed and validated 
for P.  hallii (Lowry et  al. 2012), revealing a low heterozygosity 
in the species, which suggests a self-fertilization pollination 
system (Lowry et al. 2013). Morphological and genetic analyses 
of 39 populations collected along a longitudinal transect from 
the deserts of Arizona and New Mexico through the savannas 
of Central Texas showed strong geographic population structure 
for var. hallii (mean FST = 0.6) with a split that occurs in western 
Texas (Lowry et  al. 2013). Beyond these two studies, little is 
known about the drivers of genomic diversity of P. hallii across 
its native geographical range.

Here we combine genomics, environmental niche models 
and common garden experiments using more than 400 samples 
to characterize the patterns and distribution of diversity in 
P. hallii across its natural range. This includes 351 newly collected 
samples, incorporating novel material from Mexico, West and 
Central Texas, and natural collections from four close relative 
species. We used both double-digestion restriction-associated 
DNA (ddRAD), a reduced representative genotyping method, 
and seven discriminant morphological markers to address 
three major questions: (i) What is the degree of divergence 
between the two varieties of P. hallii? (ii) How is the genomic and 
morphological diversity distributed within each variety? (iii) Is 
there evidence of admixture between individuals from these two 
varieties, especially when they occur in sympatry? Answering 
these evolutionary questions will help us to understand how 
evolutionary and ecological processes have shaped species 
diversity.

Materials and Methods

Plant material collection

The plant material used in this study comes from two sources. 
First, we used P.  hallii seed collections derived from previous 
studies (Lowry et al. 2012, 2013), which provides a representative 
sampling of the species distribution from the South-western 
USA. Second, we conducted new field collections between 2012 
and 2015 in Mexico and several Texas ecoregions (Western Gulf 
Coastal Grasslands, Pine Oak Forest, East Central Texas forest, 
Texas Blackland Prairies, Chihuahuan Desert and Edwards 
Plateau Savanna), adding 351 new collections to the 298 
previously collected plants. These new collections complement 
the previous collection effort and provide an exhaustive 
sampling across the natural distribution of this species.

Newly collected seeds and whole plants were transported 
to The University of Texas at Austin greenhouse facilities for 
propagation. Herbarium vouchers were collected and deposited 
in the Billie L. Turner Plant Resources Center at The University of 
Texas at Austin, and leaf tissue was collected from these plants 
and stored in a −80 °C freezer for DNA extraction. Seeds from the 
collected plants were harvested and stored in a seed collection. 
Overall, we include 649 samples from these collections in this 
study (Table 1; Fig. 1B; see Supporting Information—Fig. S1).

Habitat suitability modelling

We implemented an ensemble modelling approach using the 
biomod2 package in R (Araújo and New 2007; Thuiller et al. 2009) 

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/article/13/2/plab002/6066584 by M

IT Libraries user on 06 O
ctober 2021

http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plab002#supplementary-data


Copyedited by: AS

Palacio-Mejía et al. – Genomic diversity and structure in Panicum hallii  |  3

to explore habitat suitability based on occurrence and climate 
data. Our approach included the model obtained with five cross-
validation replicates of seven presence–absence algorithms 
and five pseudo-absence sampling (a total of 175 models). 
We implemented independent habitat suitability modelling 
(HSM) runs for var. hallii and var. filipes using presence records, 
in situ confirmed (real) absence locations, as well as pseudo-
absence points sampled in the whole species distribution 
area [see Supporting Information—Fig. S2]. Considering the 

wide geographic distribution of var. hallii covering extensive 
environmental heterogeneity, we also performed additional 
HSMs for the two largest infraspecific genetic clusters (West and 
Tex-Mex; see Results). As explanatory variables, we included 
eight (largely independent) bioclimatic variables from the 
WorldClim v.1.4 (Hijmans et  al. 2005). To evaluate the possible 
influence of historical and climate change processes on the 
observed patterns of genetic diversity and differentiation 
in P.  hallii, we projected the HSMs onto three past climate 

Figure 1.  Natural distribution of Panicum hallii. (A) Map of P. hallii distribution inferred from ensemble HSM and occurrence points from personal field collections and 

observations and secondary records from the Global Biodiversity Information Facility (GBIF.org (24 April 2014) GBIF Occurrence Download https://doi.org/10.15468/

dl.bqb4uz) and herbarium visits. The map also shows confirmed absence locations of P. hallii. Detailed maps of the projections of the ensemble habitat suitability 

models can be found in the Supporting Information—Figs S8 and S12. (B) Map of collections of P. hallii used for genetic and morphological analyses. The map includes 

the ecoregions showing the ecological preferences for P. hallii and the shaded area of the habitat suitability models. The East boundary of the distribution of P. hallii 

matches with the East Central Texas forest, where several failed collection trips were made. The South distribution was limited to the Meseta Central Matorral in 

Mexico (Olson et al. 2001). Red dots represent var. hallii, blue dots var. filipes, green dots localities where both varieties were collected and black dots correspond to true 

absences. (C) Panicum hallii varieties grew under greenhouse conditions, to the left variety filipes and to the right variety hallii.
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scenarios including the mid-Holocene (~6 Kya), Last Glacial 
Maximum (LGM, ~22 Kya) and Last Inter-Glacial (LIG, 120–140 
Kya) available in the WorldClim v.1.4 climatic database. For our 
distribution hindcast distribution analyses, we assessed the 
intrinsic uncertainty of the simulation of past climatic scenarios 
by projecting the HSMs using climatic data derived from 
three different global circulation models (GCMs). A  complete 
description of the data and modelling methods can be found in 
the Supporting Information 2.

Genotyping

High-quality DNA was extracted from the leaf tissue of each 
individual plant using a modified CTAB protocol (Allen et  al. 
2006). DNA concentration was quantified using a Qubit® 
2.0 fluorometer and dsDNA BR Assay Kit (Life Technologies, 
Carlsbad, CA, USA). The quality and purity of the genomic DNA 
was evaluated by running the samples on a 1 % agarose gel for 
comparison to a low molecular weight ladder (New England 
BioLabs). All samples were normalized at 1 μg of DNA and stored 
at −20 °C until used.

In order to obtain a genome-wide representation of genetic 
diversity at low cost, we used ddRAD sequencing (Peterson et al. 
2012). Based on in silico digestions (Lepais and Weir 2014; Mora-
Márquez et al. 2017) of the P. hallii var. filipes reference genome 
v.  2.0 (DOE-JGI, https://phytozome.jgi.doe.gov), we chose the 
combination of NspI and Mlucl restriction enzymes for the 
ddRAD method.

DNA samples were submitted in three sets to the Genomics 
and Bioinformatics Service at Texas A&M University (College 
Station, TX, USA). Library preparation followed an in-house 
protocol. Briefly, for each sample, around 1 μg of genomic DNA 
was digested with the restriction enzymes NspI and Mlucl and 
then adaptor ligation fragments were selected in a range of 375–
650  bp using Pippin Prep technology (Sage, Beverly, MA, USA). 
Finally, the library samples were sequenced using the Illumina 
HiSeq 2500 and 4000 (San Diego, CA, USA), producing around 2.6 
billion of 2 × 100 or 2 × 125 pair-end raw reads.

Filtering sequencing data for nucleotide 
polymorphism calling and quality control

We obtained a total of ~2.6 billion raw reads for the 649 samples 
submitted, with a mean of ~4 million pair-end raw reads per 
sample (mean = 3.961.472 ± 3.265.748). Raw fastq read quality 
was evaluated with FastQC v. 0.11.3 (Andrews 2018). Sequencing 
reads were pre-processed using BBTools v.  37.50 in five steps: 
(i) Trimming of adaptor sequence. (ii) Removal of reads 
corresponding to the phiX viral genome and other common 
contaminants. (iii) Trimming of the cutsite ‘AATT’. (iv) Merging 
of overlapping paired reads. (v) Trimming of low-quality bases, 
retaining reads of at least 35 bp after processing.

The filtered reads were mapped to the P. hallii var. hallii v. 2.0 
reference genome (DOE-JGI, https://phytozome.jgi.doe.gov), 
using bbmap v.  37.50 (Bushnell 2014). We used the maximum 
likelihood statistical model in Stacks v. 1.47 (Catchen et al. 2011, 
2013) to call SNPs, following the pipeline designed for ecology 
and population genomics (Rochette and Catchen 2017). The 
populations program in Stacks was used to divide the samples 
into three biological groups: one set for all P. hallii samples, one 
set for var. hallii and one set for var. filipes. We used a minimum 
minor allele frequency of 0.05 to process a nucleotide at a locus. 
We were concerned about poor mapping of short RAD reads 
given the repetitive aspects of many plant genomes. As such, 
we filtered for paralog loci by removing markers with an excess 
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of heterozygosity and excluding heterozygous loci with strong 
allele ratio deviations using the HDplot method (McKinney et al. 
2017). We removed markers with heterozygosity >6  %, which 
was the maximum heterozygosity obtained using microsatellite 
markers in this species (Lowry et  al. 2013) and the read ratio 
deviation (1:4, D > 4)  to minimize the presence of loci that 
consist of repetitive regions that have been co-assembled (da 
Fonseca et  al. 2016). We used paralog-finder v.  1.0 (Ortiz 2018) 
to identify loci that likely contain co-assembled paralogs [see 
Supporting Information—Fig. S3]. In addition, we removed 
markers with more than 50 % missing data and, subsequently, 
individuals with more than 80 % missing data [see Supporting 
Information—Table S1]. Final VCF files were modified for 
different downstream population genomics analysis using vcfR 
v. 1.0.5 (Knaus and Grünwald 2017).

To test for reference genome bias against var. filipes samples, 
we mapped reads from var. filipes to the var. filipes reference 
genome (P. hallii var. filipes v3.1 v. at DOE-JGI, http://phytozome.
jgi.doe.gov/) and found that the number of SNPs is very similar 
[see Supporting Information—Table S2] and phylogenetic trees 
are concordant when mapping to either genome [see Supporting 
Information—Fig. S4].

Species assignment via Sanger sequencing

As the taxonomic identification of species from Panicum section 
Diffusa is notoriously difficult (Waller 1976), we sequenced 
two chloroplast and one nuclear region to aid in taxonomic 
confirmation. Samples of Panicum section Diffusa species 
determined by taxonomic specialists at the Billie L. Turner Plant 
Resources Center (TEX) at The University of Texas at Austin were 
used as a control for species identification. A total of 31 samples 
were sequenced for the nuclear Internal Transcribed Spacer (ITS1) 
along with two new developed suitable chloroplast regions. The 
first marker, cp45676, spans the 3′ end of the intergenic region 
between ycf3 and trnS and includes the 5′ portion of trnS. The 
second marker, cp1204, spans the 3′ end of the intergenic region 
between psbA and trnK and includes the 5′ portion of trnK. These 
markers were specially designed to differentiate species from 
the section Diffusa of the genus Panicum. The ingroup contained 
17 control samples belonging to 11 species of the genus Panicum, 
section Diffusa. Also, six samples acted as known controls for 
both varieties of P. hallii. A sample of Setaria viridis was used as 
an outgroup for phylogenetic inference.

Approximately 570 bp of ITS1, 650 bp of cp1274 and 550 bp 
of cp45676 were amplified by polymerase chain reaction (PCR) 
using the same DNA samples that were sent for ddRAD. For ITS1, 
we used newly designed primers ddITS1F (5′-CCG TGA ACG TGT 
CAT CCA TG-3′) and ddITS1R (5′-GGT CCG AGC ACC AAG GCG-
3′). For cp1204: 1204F (5′-GGC TTG TAC TTT CGC GTC TC-3′) and 
1204R (5′-CGG TAC GAA CTT TTA TGC AAC G-3′). For cp45676: 
45676F (5′-TAG GCA TAA TTC CCA ACC CA-3′) and 45676R (5′-
CGA ACC CTC GGT AAA CAA AA-3′). Polymerase chain reaction 
mixtures were in 15  µL and were run on the MJR PTC-200 
thermocycler. For ITS, we used the following conditions: 35 
cycles of 95  °C denaturation for 60 s, 56  °C annealing for 45 s 
and 72  °C extension for 60  s. For the cp1204 and cp45676, we 
used a two-step PCR with 20 cycles of 95 °C for 60 s, 54 °C for 
30 s, reduced by 0.1 °C every cycle, and 72 °C for 60 s, followed by 
20 cycles of the same conditions but with a constant annealing 
temperature of 52 °C. Polymerase chain reaction amplicons were 
visualized with SYBRSafe (Invitrogen, Eugene, OR, USA) on 1 % 
agarose gels and prepared for cycle sequencing by treatment 
with a 10:1 mixture of Shrimp Alkaline Phosphatase and 
Exonuclease I (both from USB; Cleveland, OH, USA). Cleaned PCR 

products were submitted to The University of Texas at Austin 
ICMB Core Facility for cycle sequencing and visualization. The 
chromatograms were inspected by eye, manually trimmed 
for quality and aligned, then, the sequences were manually 
assembled, using Geneious v. 7.1.9 (Kearse et al. 2012). A resulting 
alignment of 1982 nucleotides was analysed, using Bayesian 
phylogenetic inference as implemented in MrBayes v.  3.2.2. 
The resultant trees were compared, exported and edited, using 
FigTree v.  1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/). In 
addition, because the species in the Diffusa section also differ 
in ploidy, the ploidy level was estimated in these samples using 
flow cytometry analysis (BD LSRFostesca SORP).

Population genomic structure

We calculated expected heterozygosity for all samples using 
VCFtools (--het) (Danecek et al. 2011). As a result of preliminary 
analyses, we selected San Antonio, TX as a landmark geographic 
location as it exhibited the maximum diversity of P.  hallii in 
our sample. We calculated the distance of all samples to this 
landmark using the R package ‘geosphere’ v1.5-10 (Hijmans et al. 
2019). We used the R function cor.test (R Core Team 2018) to test 
for correlation between expected heterozygosity and distance to 
San Antonio, TX for the var. hallii gene pools; the var. filipes gene 
pools lacked adequate sample sizes for the test.

Analyses of phylogeographic structure

Phylogenetic estimation.  Relationships between Panicum species 
and the P. hallii varieties were assessed by performing maximum 
likelihood analyses implemented in IQ-TREE v.  1.5.5 (Nguyen 
et al. 2015). Because only variable sites were analysed, we used 
the model GTR+R+ASC to compensate for ascertainment bias; 
to provide nodal support we used the ultrafast bootstrap (Minh 
et  al. 2013) implemented in IQ-TREE (Option –bb) with 10  000 
pseudo-replicates.

Principal component analysis.  The high-quality SNP data set 
was used to identify de novo the optimal number of clusters 
and their relationship using discriminant analysis of principal 
component (DAPC) implemented in the Adegenet v.  2.1.1 
package (Jombart 2008) for the R software (R Core Team 2018). 
Discriminant analysis of principal component centres on a 
discriminant function to maximize the differences between 
groups and minimizing variation within clusters (Jombart 2008). 
We ran the k-means clustering (find.clusters) to assess groups 
using the Bayesian information criterion (BIC); we used the 
cross-validation test (xvalDapc) to retain the number of PCs 
with the lowest mean squared error using 100 replicates. We 
used three different SNP data matrices for several independent 
analyses including the full set of 16 397 SNPs for all 423 samples 
of P. hallii species, one set of 16 595 SNPs for var. hallii and one set 
of 13 167 for var. filipes.

Phenotypic divergence between Panicum hallii 
varieties

To explore the phenotypic divergence between var. hallii 
and var. filipes, a common garden was established on 15 May 
2014. Four hundred and eighty individuals from 76 different 
localities (ranging from 1 to 22 individuals per locality) were 
planted at Pickle Research Campus, The University of Texas 
at Austin, TX, USA (latitude 30.3838 N, longitude −97.9296 W), 
following the seedling method described at Lowry et al. (2012). 
The experimental planting design followed a honeycomb 
layout with an interplant distance of 0.85 m.  In total, seven 
phenotypic traits were chosen to evaluate divergence between 
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the P.  hallii varieties. During the months of July and August 
of 2014, one plant for each sampled locality was chosen to 
measure seed mass and panicle structure. For seed mass, 20 
seeds per individual were weighed. Two representative mature 
panicles were collected and photographed to measure primary 
and secondary branch number and panicle length, using the 
Panicle Phenotyping tool P-trap (AL-Tam et  al. 2013). On 29 
August 2014, all samples were tested for cold tolerance using 
the electrolyte leakage method (Campitelli et  al. 2013; Pérez-
Harguindeguy et al. 2013) in leaves after a −3 °C frozen treatment. 
Early in Fall 2014, we harvested all plants and obtained above-
ground biomass after drying samples for 1 week in a 65  °C 
oven. Finally, for 368 days after planting (between 15 May 2014 
and 18 May 2015), we measured leaf senescence every 2 weeks 
for each plant, using a qualitative scale from 1 to 4 (1 > 50 % of 
leaf canopy green, 2 > 50 % of leaf canopy senesced, 3 > 90 % of 
leaf canopy senesced and 4 complete canopy senescence). The 
average quality state was taken as the output for each plant 
across the year.

Correlation between genetic and phenotypic 
distances

A principal component analysis (PCA) was performed on 
the seven phenotypic traits using R v3.6.3 (R Core Team 
2018) to identify the major axes of variation. We used the 
first two components from this analysis to build a matrix 
of pairwise phenotypic distances between populations. 
Similarly, we built a matrix of pairwise genetic differentiation 
between populations using the two first linear discriminants 
components (LD1 and LD2) from the DAPC analyses. Finally, a 
matrix of pairwise geographic distances between populations 
was constructed using the R package ‘geosphere’ v1.5-10 
(Hijmans et al. 2019).

To test correlations between any two of these matrices, we 
performed a Mantel tests using the R package ‘vegan’ v2.5-6 
(Oksanen et al. 2019) as well as a Partial Mantel test to evaluate 
associations between genomic and phenotypic distances while 
controlling by geographic distance. Mantel tests were performed 
using the Spearman correlation method and 9999 permutations.

Admixture evaluation between Panicum hallii 
varieties

Genotypic and phenotypic analyses were conducted to explore 
the relationship between var. filipes and var. hallii in their region 
of sympatry. At the genotypic level, a new matrix of SNP was 
made including all var. filipes samples (27 individuals from 14 
localities), samples from var. hallii in sympatry with var. filipes (24 
individuals from 14 localities) and a sample of var. hallii samples 
allopatric to var. filipes (26 individuals from 12 localities). We 
assigned the allopatric var. hallii samples to one population, 
HAL, and a random subset of var. filipes samples to another 
population, FIL. We then ran STRUCTURE (Pritchard et al. 2000) 
using the USEPOPINFO model parameter and the ‘HAL’ and ‘FIL’ 
population assignments for 12 runs. The USEPOINFO model 
parameter included in the program STRUCTURE (Pritchard et al. 
2000) was used to detect putative admixture individuals. In this 
approach, samples from known varieties are defined as ‘learning 
samples’ (PopFlag=1), and STRUCTURE attempts to group 
the unknown samples (PopFlag=0) to assign the membership 
probability associated with each variety (Porras-Hurtado et  al. 
2013). For the phenotypic analysis, a PCA was conducted with 
the ‘stats’ package in R v3.6.3 (R Core Team 2018), using the 
phenotypic data set obtained for the common gardens, but 

samples of var. hallii were divided into allopatric and sympatric 
samples.

Results
Sampling

This study included a total of 649 individuals primarily 
representing P. hallii. The sampling covered the entire geographic 
range of P.  hallii, including collections from previously 
unsampled Mexican states and Texas counties (Fig. 1; Table 1). 
From these field collections, 28 localities were represented by a 
single individual, but most localities were represented by 2–22 
individuals (4.5 individuals in average). Species identification 
for undetermined samples was completed using nuclear and 
plastid markers. Bayesian phylogenetic trees constructed with 
nuclear and plastid sequences clearly grouped with strong 
support our new collections against the control samples, 
confirming that the vast majority of our collected samples 
included three species belonging to the Diffusa section (Fig. 2).  
While the presence of P.  hallii in Louisiana was recently 
reported (Reid and Urbatsch 2012), our sample from this state 
corresponds to P. diffusum not P. hallii. One collection in Central 
Texas was also assigned to P.  diffusum, despite resembling 
P. hallii in the field. All samples collected in the central part of 
Mexico in the states of Mexico and Michoacan formed a clade 
with the P. lepidulum control sample, which had been collected 
in the same area. All samples from northern Mexico, from the 
states of Durango and Coahuila, clustered with P. hallii. Lastly, 
one sample in the eastern edge of the P. hallii was P.  capillare. 
In addition, to the phylogenic analysis, the ploidy level 
measured with flow cytometry showed the polyploid status 
of the undetermined samples (P.  lepidulum and P. diffusum are 
putatively 4x tetraploids), in contrast with the diploid condition 
of P. hallii [see Supporting Information—Table S3]. We limited 
our subsequent analyses to 600 samples which had a strong 
phylogenetic assignment to P. hallii.

ddRAD sequencing

We used the ddRAD approach to genotype the P. hallii samples. 
Almost all (99 %) of the raw reads passed our quality-filtering 
criteria. These high-quality reads were mapped against the 
P.  hallii v.  2.1 reference genome assembly (DOE-JGI, http://
phytozome.jgi.doe.gov/; Lovell et al. 2018). After genotyping, SNPs 
were filtered to cope with presumed paralogs and missing data at 
the markers and individual levels [see Supporting Information—
Fig. S3]. Finally, after quality control steps, a matrix with 16 397 
SNPs from 423 individuals of P. hallii belonging to 127 localities 
was obtained. In addition, individual SNP matrices were made 
for each variety with 16  595 SNPs for var. hallii (396 samples 
from 104 localities) and 13  167 for var. filipes (27 individuals 
from 14 localities). The high-confidence SNPs were fairly evenly 
distributed across the nine nuclear chromosomes of P. hallii [see 
Supporting Information—Fig. S3C].

Natural distribution of Panicum hallii and HSM

Our sampling included regions where P. hallii has been described 
but for which contemporary samples are lacking. Several 
collection records show the presence of P.  hallii samples in 
eastern Texas and Louisiana (Fig. 1A). However, after extensive 
field collection trips (16 localities), the only samples we 
collected were either P.  diffusum or P.  capillare. The absence of 
P. hallii from the East Central Texas forest, Western Gulf Coastal 
Grasslands and Pine Wood forest could indicate ecological 
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constraints for establishment and persistence at the eastern 
edge of its distribution (Fig. 1B). A similar situation was found 
at the southern part of the natural distribution, where extensive 
sampling was conducted in the central states of Mexico, 
including the states of Mexico and Michoacan. However, both 
morphology and molecular markers indicate that collections 
made in 11 localities are P. lepidulum (Fig. 2). With these findings, 
the southern distribution of P. hallii seems to be restricted to the 
north of Mexico in the Meseta Central Matorral ecoregion.

Projections of the HSMs to the current climatic conditions 
encompass most of the known localities with high suitability 
scores. As expected, the areas with highest suitability match 
with the region of highest occurrence density located in South 
Texas. The consensus HSM for var. filipes includes the predictions 
of 134 (out of 175)  independent models that showed true skill 
statistic (TSS) values above 0.75. The mean TSS over the full set 
of models was 0.83 and the area under the curve (AUC) score of 
0.92 [see Supporting Information—Fig. S5]. Among the selected 
climate predictors, the mean temperature of warmest quarter 
was estimated as the most important variable to predict the 
presence of var. filipes [see Supporting Information—Figs S6 and 
S7]. The ensemble model for var. filipes shows high suitable areas 
from South Texas in the USA to the Nuevo Leon and Tamaulipas 

states in Mexico with decreasing suitability towards the south 
(Fig. 1; see Supporting Information—Fig. S8). Also, distribution 
models show a clear limit to the west in the foothills of the 
Sierra Madre Oriental.

The consensus HSM for var. hallii includes the predictions 
of 134 (out of 175) independent models that showed TSS values 
above 0.75. The mean TSS over the full set of models was 0.78 
and the AUC 0.94 [see Supporting Information—Fig. S9]. Among 
the selected climate predictors, temperature seasonality was 
estimated as the most important variable to predict the presence 
of P. hallii [see Supporting Information—Figs S10 and S11]. The 
projected suitable distribution for var. hallii shows a bigger 
continuous area with high suitability values encompassing 
the region of Texas and the states of Coahuila and Nuevo Leon 
in Mexico (Fig. 1; see Supporting Information—Fig. S12). The 
projection for var. hallii also shows a nearly isolated suitable 
area in the far south-west between Arizona and New Mexico 
states in the USA.

The projections to past climatic scenarios of the HSMs for 
both varieties show similar distribution patterns for the mid-
Holocene period compared to current climate and high agreement 
between the results from the three GCMs [see Supporting 
Information—Figs S8 and S12]. Conversely, the projection to 

Figure 2.  Species validation using nuclear and chloroplastics markers. (A) Bayesian phylogenetic analyses of the ITS nuclear marker and two chloroplast regions 

distinguish the different species from within the Panicum section diffusa (branch support values are a consensus from 1000 bootstrap replicates). Green lines indicate 

P.  diffusum samples. Red lines indicate P.  lepidulum samples. Blue lines indicate P. hallii collections. Orange clade indicates P.  capillare collections. (B) Geographical 

distribution of the species collected.
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LGM and LIG periods shows a consistent southward shift and 
fragmentation in the distribution of suitable areas. Specifically, 
the predicted past distribution of var. filipes shows a strong 
reduction to scattered areas in the coast of the east of the Gulf 
of Mexico [see Supporting Information—Fig. S8]. Interestingly, 
there was almost no agreement among the projections obtained 
from the three GCMs for the LGM suggesting that this result 
should be interpreted with caution. For var. hallii, we found a 
well-supported suitable region that remains constant along all 
projected climatic scenarios in the northeast of Mexico [see 
Supporting Information—Fig. S12].

Divergence between Panicum hallii var. hallii and 
Panicum hallii var. filipes

Together, DAPC and phylogenetic analyses revealed substantial 
divergence between the P. hallii varieties as well as population 
structure within the varieties (Fig. 3). Phylogenetic analyses 
confirmed that each variety of P.  hallii forms a monophyletic 
group (Fig. 3A). Summary statistics show that var. filipes has 
greater diversity (He) than var. hallii, despite its narrow natural 
distribution (Table 1). Additionally, a Mantel test between 
DAPC genetic differentiation among populations and their 

corresponding geographic distances was highly significant 
(P-value < 0.0001) and had a positive Mantel statistic (r = 0.36) 
(Table 5; see Supporting Information—Fig. S13A), supporting an 
isolation-by-distance pattern for both varieties.

Population structure in Panicum hallii var. hallii

To examine the population structure of var. hallii, we investigated 
a set of 16 595 SNPs in 396 individuals from 104 localities. Using 
clustering methods, four groups were revealed by both the 
maximum likelihood tree and DAPC. The four genetic clusters 
present a clear geographic pattern. There is a large cluster in 
the South-western USA (Arizona, New Mexico and West Texas), 
hereafter called the ‘West’ cluster. In addition, there is a cluster 
including the Mexican samples and some Texas samples 
collected close to the Mexican border, identified as the ‘Tex-
Mex’ cluster. In Central Texas, samples collected in the Edwards 
plateau and the Central Forest Grassland transition ecoregions 
form a group that we call the ‘Central Texas’ cluster. Finally, we 
identify a cluster occurring in South Texas where both varieties 
coexist under sympatric conditions that we name the ‘sympatric’ 
cluster. One hypothesis is that this population structure is the 
result of a northward and westward expansion of the species 

Figure 3.  Geographic and genetic structure of 423 samples of Panicum hallii. (A) Maximum likelihood phylogenetic tree, with the blue cluster representing P. hallii var. 

filipes and the red, magenta, orange and yellow clusters representing P. hallii var. hallii. Panicum virgatum was used as an outgroup (size of black dots on the nodes is 

proportional to the node support derived from 10 000 ultrafast bootstrap). (B) Discriminant analysis of principal components (DAPC). (C) Geographical representation 

of the phylogenetic tree and DAPC analysis using an ecoregion map. The green circle represents the P. hallii diversity hotspot 200 km around San Antonio, TX. Maps 

produced using SimpleMappr (Shorthouse 2018).
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range following the LGM. To examine this hypothesis in var. hallii, 
we examined the correlation between expected heterozygosity 
and geographic distance to San Antonio. We expect a decreased 
genetic diversity as the distance from modern San Antonio 
(i.e. genetic diversity hotspot) increases. The West cluster 
shows a significant negative correlation between expected 
heterozygosity and distance from the hotspot. The other three 
clusters also show a negative, albeit non-significant, correlation 
between expected heterozygosity and distance to San Antonio 
(Table 2).

In addition to the broad geographic structure of the 
genetic diversity in var. hallii, individuals collected in each 
locality usually group together as a monophyletic group in the 
phylogenetic tree (Fig. 4A).

Population structure in Panicum hallii var. filipes

Despite the narrow distribution of var. filipes in South Texas, this 
variety shows strong population structure divided into three 
clusters (Fig. 5): one genetic cluster has a coastal distribution, 
another group has an inland distribution and a third widespread 
group with individuals collected in both inland (Pine Oak Forest 
ecoregion) and coastal areas (Western Gulf Coastal Grasslands 
ecoregion) (Fig. 5).

Phenotypic divergence between Panicum hallii var. 
filipes and Panicum hallii var. hallii

Principal component analysis using seven phenotypic 
characters showed a high divergence between var. filipes 
and var. hallii (Fig. 6). In general, var. filipes had larger 
morphological features (excepting seeds) than var. hallii (Table 
3). Also, var. filipes was more tolerant to cold stress (measured 
as a percentage of electrolyte leakage). Lastly, the lifespan 
(measured as senescence score across time) was longer for 
var. filipes than var. hallii.

The seven phenotypic characters also illustrate phenotypic 
divergence between genetically distinct geographic clusters 
(Fig. 6). With PCA, we see clustering differences between 
geographic regions, especially in var. filipes, where the 
samples collected in the coastal and inland form two different 
clusters. Interestingly, the var. hallii samples belonging 
to the sympatric group form a morphology-based cluster 
that is intermediate between the var. filipes and the rest of 
the var. hallii samples. Our Mantel test revealed a positive 
correlation between phenotypic distance of populations and 
their geographic distance (rs  =  0.23, P  <  0.001; Table 5; see 
Supporting Information—Fig. S13B). Thus, confirming our 
field observations of increased morphological differentiation 
as a function of geographic distance. Similarly, we also 
found support for the correlation between the DAPC genetic 
distances and the PCA phenotypic distances supported by a 

Mantel test (r = 0.24, P-value = 0.0005; Table 5; see Supporting 
Information—Fig. S13C). This correlation held even after 
controlling by geographic distance in a Partial Mantel test 
(r = 0.17, P-value = 0.0094) (Table 5).

Genotypic and phenotypic analyses in the 
sympatric area

In South-west Texas, where var. filipes and var. hallii coexist in 
sympatry, some samples appear intermediate between the two 
varieties when genotypes and phenotypes are clustered (Fig. 6). 
Though P.  hallii is a highly self-fertilizing species (Lowry et  al. 
2012, 2013), the two varieties can be crossed in the greenhouse 
(Lowry et al. 2015), and outcrossing in greenhouse conditions has 
been observed (X. Weng, pers. comm. Department of Integrative 
Biology, The University of Texas at Austin). To determine if 
intermediate samples resulted from gene flow between the 
two varieties, we generated a new matrix of 12 463 SNP from all 
samples collected in the sympatric region (27 var. filipes from 14 
localities and 24 var. hallii from 14 localities) plus some var. hallii 
samples (26 individuals from 12 localities) collected in allopatric 
regions to serve as non-admixed controls.

After running the program STRUCTURE (Pritchard et al. 2000) 
to evaluate admixture between varieties, six individuals labelled 
as var. hallii collected from four localities in the sympatric zone 
were assigned membership to both var. filipes and var. hallii 
groups under four different arrangements of var. filipes learning 
samples (Table 4), suggesting that these samples are admixed 
and there is at least periodic gene flow between var. hallii and 
var. filipes in sympatry.

Morphological analysis of the samples of var. hallii collected 
in the sympatry area showed intermediate phenotypic 
characteristics between samples of var. filipes and samples 
of var. hallii growing in allopatry. Phenotypic traits such as 
secondary branch number, biomass, tiller number, seed mass 
and senescence presented intermediate values between these 
two varieties. In addition, the PCA of the phenotypic data 
showed that the sympatric localities of var. hallii formed a group 
between the samples of var. filipes and var. hallii in allopatry. This 
intermediate behaviour is especially true for two (BEE.1A and 
UVL.1A) of the six samples with admixed compositions in the 
genotypic analysis [see Supporting Information—Fig. S14].

Discussion

Genetic and morphological divergence between 
Panicum hallii varieties

We used ddRAD to genotype more than 400 P. hallii individuals 
across the natural range of the species. We detected strong 
genomic differentiation between the two varieties of P. hallii, as 
indicated by the phylogenetic tree (Fig. 3A) and the discriminant 
analysis (Fig. 3B). More generally, we found a strong signal of 
genetic divergence as a function of geographic distance as 
shown by a Mantel test (Table 5; see Supporting Information—
Fig. S13A). This was consistent with the genetic architecture 
of differentiation detected with QTL (Lowry et  al. 2015) and 
morphology (Waller 1976; Lowry et  al. 2013). The two varieties 
are typically found in contrasting habitats, with var. hallii 
growing in xeric habitats and var. filipes found in more mesic 
habitats. This habitat preference was observed in the field 
and confirmed with our collections. Indeed, Gould et al. (2018) 
found that climatic variables related with extreme conditions 
such as minimum temperature and temperature daily range 

Table 2.  Correlation between geographical distance and genetic 
diversity (He, heterozygosity) in Panicum hallii variety hallii genetic 
clusters from the diversity hotspot.

Genetic 
cluster

Number of 
samples Correlation P-value

Central Texas 90 −0.1377 0.1954
West of the 

distribution
187 −0.3568 0.00000055

Sympatry 
area

32 −0.2335 0.1982

Texas-Mexico 87 −0.0722 0.5060
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are key variables correlated with individual genetic distances 
in P.  hallii as a whole. The most important climatic predictors 
estimated for the HSM corroborate that variables representing 
temperature variation through the year (e.g. temp. annual range 
for var. filipes and temp. seasonality for var. hallii), extreme 
temperature conditions (e.g. mean temp. of warmest quarter for 
var. filipes and mean temp. of wettest quarter for var. hallii) are 
the better predictors of the P. hallii varieties distribution. We also 
corroborate annual precipitation as important predictor for var. 
hallii which almost occupies the geographic range of the entire 
species, but not for var. filipes that is more restricted to coastal 
and foothill environments and should be less tolerant to low 
precipitation conditions [see Supporting Information—Figs S7 
and S11].

We also detected morphological differentiation between 
the varieties, particularly in traits that may confer ecological 
adaptation. For instance, var. hallii has heavier seeds than var. 
filipes [Supporting Information—Fig. S14], which is a common 
pattern for plants that are typically exposed to drought conditions 
after germination in their natural habitat (Baker 1972). We also 
detected differences in cold tolerance between the varieties [see 
Supporting Information—Fig. S14], with the var. hallii showing 

greater cold sensitivity than the var. filipes. This was surprising, 
given that var. hallii inhabits colder regions and higher altitudes 
than var. filipes. In addition, although P. hallii has been described 
as a perennial grass, lifespan evaluations show that var. filipes 
has longer lifespan than var. hallii under controlled common 
garden conditions (see Supporting Information—Fig. S14, 
senescence). Short lifespan in var. hallii might be associated with 
other life history characters important for plant survival in dry 
environments, such as early flowering time, summer dormancy 
and bigger seed mass (Lowry et al. 2012, 2013). In combination, 
these traits may allow var. hallii to rapidly complete its life cycle 
during the short-wet seasons and avoid the stresses of the dry 
seasons and winters.

Interestingly, the morphological differentiation pattern was 
found between and within varieties as indicated by the Partial 
Mantel tests (Table 5; see Supporting Information—Fig. S13B 
and C) which show a significant positive correlation between 
phenotypic distance and geographic distance as well as between 
phenotypic and genetic distance (which remains highly 
significant and positive even after controlling by geographic 
distance in a Partial Mantel test; Table 5). An isolation-by-
distance pattern can be deduced from these correlations, where 

Figure 4.  Geographic and genetic structure of 396 samples of Panicum hallii var. hallii from 104 localities. (A) Maximum likelihood phylogenetic tree rooted according to 

Fig. 3, including inset clades depicting the close relationship between individuals from single collection locations (size of black dots on the nodes is proportional to the 

node support derived from 10 000 ultrafast bootstrap). (B) Geographical and ecological representation of the clustering analysis. (C) Discriminant analysis of principal 

components.
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we can observe that as the geographic distance increases 
between populations, so does genetic divergence and the 
concomitant phenotypic separation.

Across much of the range of P. hallii, there are strong geographic 
and ecological barriers to gene flow which likely promote and/
or reinforce differentiation between the varieties. However, 
in southeast Texas, var. filipes and var. hallii grow in sympatry 
and are subject to similar climate conditions. Climate-related 
selection pressures promoting phenotypic differentiation may 
be relaxed, because var. hallii samples from this sympatric region 
are less morphologically differentiated from var. filipes than 
they are from var. filipes from allopatric regions [see Supporting 
Information—Fig. S14]. In this sympatric area, where geographic 
and ecological barriers to gene flow are weakened, we detect 
evidence of admixture between the varieties in at least six 
samples from four localities. Our results suggest the existence 
of inter-mating between P. hallii varieties despite an estimated 
divergence of ~1 M years (Lovell et al. 2018). For instance, in the 
eastern locality close to Gonzales, TX, genetic analysis of nine 
samples showed that individuals from both varieties are present 
at the same location (one for var. filipes and six var. hallii). Two 
samples from that site appear to be admixed, suggesting 
natural crosses of these two varieties. The Gonzales locality is 
particularly notable because the morphological and ecological 

characteristics are not typical for P.  hallii. Morphologically, we 
were not able to definitively differentiate the two varieties in 
the field at this locality. Ecologically, this is the only locality in 
the Texas Blackland Prairie ecoregion where we collected both 
varieties of P. hallii, despite extensive collecting effort at other 
localities in the ecoregion. However, while there is detectable 
hybridization in the Gonzales locality, samples of both varieties 
with no evidence of admixture are also found in this locality, 
indicating that hybridization is not ubiquitous. Potential 
reproductive barriers between the two varieties have yet to be 
quantified, as they have been for other plant species (Lowry 
et al. 2008; Sobel and Chen 2014). However, Lowry et al. (2015) did 
identify a two-locus Dobzhansky–Muller hybrid incompatibility 
causing sterility in a cross between var. hallii and var. filipes, 
which suggests that there is intrinsic postzygotic isolation 
between the two varieties.

Population structure within varieties

The two varieties of P. hallii are adapted to different environments, 
but we observe evidence of considerable differentiation 
within each variety as well. In a broad sense, var. hallii has a 
geographical break at the genetic structure level in West Texas, 
coinciding with the Upper Cretaceous sediment to the West and 
most recently Paleogene, Neogene and Quaternary deposits 

Figure 5.  Geographic and genetic structure of 27 samples of Panicum hallii var. filipes from 14 localities. (A) Maximum likelihood phylogenetic tree rooted according to 

Fig. 3 (size of black dots on the nodes is proportional to the node support derived from 10 000 ultrafast bootstrap). (B) Geographical and ecological representation of the 

clustering analysis. (C) Discriminant analysis of principal components.
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to the East around the 100° W meridian. This break isolates 
the West and Tex-Mex groups from the other genetic clusters. 
This geological boundary suggests that the type of soil can also 
explain the genetic pattern found in var. hallii. To the east of this 
geological boundary is the Central Texas group, which is almost 
exclusively restricted to the Edwards Plateau and Central forest–
grassland transition ecoregions, suggesting that there are either 
physical or ecological barriers constraining this group to these 
ecoregions. Within var. filipes, the coastal and inland genetic 
groups are found only in the Western Gulf Coastal Grasslands 
and Pine Oak Forest ecoregions, respectively, suggesting that 
their differentiation is related to ecological differences between 
those regions. Interestingly, the third var. filipes group, which is 
found in both Western Gulf Coastal Grasslands and Pine Oak 
Forest ecoregions, has the most divergent morphological traits 
of any group and has a clear perennial lifespan, suggesting that 
the differentiation of this group is related to life history strategy. 
This relationship between population structure and ecoregions 
suggests that adaptive differences play a major role in shaping 
genetic diversity not only between varieties but also within 
varieties of P. hallii.

New insights of the species historical demography

There is strong population genetic structure within P.  hallii, 
with two divergent intraspecific lineages already classified as 
varieties, and a total of seven genetic clusters. A diversity hotspot 
was found in southern Texas, where at least one representative 
of each genetic cluster occurs within a radius of 200 km from 
San Antonio, TX (Fig. 3). There are at least three non-exclusive 
reasons why this region is the centre of genetic diversity for 

P.  hallii: diverse ecological conditions, complex demographic 
processes in response to the Quaternary climatic fluctuations 
and potential admixture between the varieties. Given that 
the projections of the HSMs to past climate scenarios do not 
support San Antonio area as a climatic stable region, we propose 
a scenario of strong distribution shifts and fragmentation but 
with mild bottlenecks and that the high diversity in the San 
Antonio region is a joint product of post-glacial recolonization, 
high recent ecological diversification and hybridization. Below, 
we discuss the evidence supporting this plausible scenario.

From the ecological perspective, the ecological heterogeneity 
of Central Texas can be a key promoter of diversification. 
This region belongs to the recently proposed North American 
Coastal Plain (NACP) global biodiversity hotspot (Noss et  al. 
2015), characterized by its high endemism of vascular plants, 
especially in its grassland coastal biomes (MacRoberts et  al. 
2002; Noss 2014). Moreover, this area contains seven ecoregions, 
defined as a land area containing a particular assembly of 
natural communities and species (Olson et al. 2001) (Fig. 1). In 
addition, at the plant diversity level, a mix of three floristic 
provinces coincides in Central and South Texas, where around 
20  % of the endemic plants are grasses (Sorrie and Weakley 
2001). Specifically, the area around San Antonio, TX, contains 
five grassland community types (Fayette, Upper Coastal, Coastal, 
Blackland and San Antonio Prairie) characterized by seven major 
soil associations (Diamond and Smeins 1985). Taken together, 
these ecological factors likely contribute to the high diversity of 
P. hallii by promoting multiple local adaptation processes over 
short time scales in this narrow area in Central Texas and the 
Rio Grande Valley.

It is well known that the Quaternary climatic fluctuations 
in the form of multiple contraction–expansion cycles of species 
distribution shaped the contemporary genetic composition of 
the biodiversity (Hewitt 2000, 2004; Razgour et al. 2013). Strong 
distribution shifts during the LGM as well as disagreement 
between the predicted distribution areas resulted from the 
projections using different GCMs were already reported in plants 
from South Texas (Rebernig et al. 2010). During the glacial cycles 
of the Pleistocene, South Texas was a glacial refugium belt for 
boreal displaced vegetation from the northern boreal latitudes 
(Holmgren et al. 2007) and for lowland taxa during the flooding 
due to sea level fluctuations (Noss et  al. 2015). It served as a 
refugium for a variety of plants and animals promoting species 
richness and genetic diversity (Elias 1992; Swenson and Howard 

Figure 6.  Principal component analysis of seven phenotypic characters in Panicum hallii var. filipes (blue) and var. hallii (red labels represent the genetic cluster).

Table 3.  Morphological traits mean (standard error) for Panicum hallii 
var. filipes and Panicum hallii var. hallii measured in two different 
seasons and three localities.

Trait var. filipes var. hallii

Panicle length (cm) 24.75 (2.44) 26.38 (5.22)
Primary branch number 13.83 (4.05) 9.72 (1.5)
Secondary branch number 45.25 (28.39) 17.31 (9.10)
Biomass (g) 247.76 (82.28) 151.92 (52.83)
Senescence score 1.81 (0.16) 2.43 (0.27)
% electrolyte leakage 15.67 (9.67) 33.89 (12.39)
Seed mass (mg) 0.77 (0.18) 1.41 (0.65)
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2005; Majure et al. 2012; Bryson et al. 2014; Seal et al. 2015). A large-
scale aridification of the south-western parts of North America 
started during the Holocene at the end of the LGM (~21 000 ybp), 
allowing the range expansion of drought-adapted genotypes 
from the refuge areas to the new arid regions (Rebernig et  al. 
2010) following the Northwest outward-direction, post-glacial 
expansion route proposed by Swenson and Howard (2005) for 
Central Texas refugia. An expansion of the var. hallii during 
Holocene might explain the lack of diversity in the recently 
colonized regions (i.e. West and Tex-Mex genetic clusters). In 
fact, there is a significant negative correlation between diversity 
(heterozygosity) and distance from southern Texas (San 
Antonio) for the var. hallii West cluster, consistent with a post-
glacial expansion (Table 2). A similar pattern has been found in 
blackfoot daisy (Melampodium leucanthum, Asteraceae) (Stuessy 
et al. 2004; Rebernig et al. 2010) and members of the Humifusa 
clade of Opuntia genus (Majure et al. 2012).

Finally, diversity may be high in Central Texas due to 
hybridization between the varieties. During the Pleistocene, 
there were recurrent glacial cycles and the species range likely 
contracted and expanded multiple times. These successive 
contraction–expansion events led to the formation of contact 
zones, hybrid zones, and phylogeographic break areas in North 
America (Suture zones) (Remington 1968; Hewitt 2001), one of 
them in Central Texas (Swenson and Howard 2005, 2004), which 
correspond to the genetic diversity hotspot found for P. hallii in 
this study. Thus, the observed high diversity may be due to a 
history of secondary contact at this location between groups 
that diverged in allopatry during previous glacial cycles. More 
extensive sampling in the sympatric zone for both varieties and 
the use of plastid genomic information can be used to address 
this question.

Panicum hallii distribution

The results from our field sampling suggested that the natural 
distribution of P.  hallii is narrower than previously considered 
at the southern and eastern edges of the species distribution. 
Previous literature and collection records indicate that the 

natural distribution of P. hallii spans from the South-west USA 
(Oklahoma, Colorado, Texas, New Mexico and Arizona) through 
Mexico to the southern Mexican state of Oaxaca (Gould 1975; 
Waller 1976; Herrera and Pámanes 2006; Estrada and Villareal 
2010; Herrera-Arrieta and Cortés-Ortiz 2010; Sánchez-Ken 2011; 
Valdés-Reyna et al. 2015). However, our collection efforts in the 
southern portion of this reported range, in the Mexican states of 
Mexico and Michoacán, failed to find P. hallii. The plants we found 
that most resemble P. hallii have morphological characteristics 
not found in P. hallii samples collected in the USA, and molecular 
markers indicate that these plants correspond to P.  lepidulum 
(Fig. 2). We focused our Southern Mexican collection efforts in 
areas where herbarium samples were previously collected, and 
the absence of P. hallii in these Mexican states suggests that the 
southern boundary of the distribution of P. hallii is currently the 
Meseta Central Matorral and Chihuahua Desert ecoregions in 
the Northern Mexican states (Fig. 1B).

At the eastern part of the distribution, several collection 
records indicate that P.  hallii grows in eastern Texas close to 
the Louisiana border and even in northwest Louisiana (Reid 
and Urbatsch 2012). However, our results showed that these 
individuals genetically grouped with two different Panicum 
species (P.  diffusum and P.  capillare). We also made at least 14 
collection trips east of the Edwards Plateau ecoregion in Central 
Texas without finding P.  hallii, suggesting that the eastern 
distribution of P. hallii is restricted to the Texas Blackland Prairies 
and East Central Texas forest ecoregions (Fig. 1B).

The projections of the HSMs for current conditions also 
support these proposed eastern and southern distribution limits 
(Fig. 1). Despite the fact that we trained our species distribution 
models including putative occurrences located beyond these 
limits (based on secondary reports), the distribution limits 
suggested by the HSM agree with the limits of the mentioned 
ecoregions and exclude doubtful records beyond these limits.

Overall, var. hallii is associated primarily with six ecoregions: 
the Meseta Central Matorral in the South, the Chihuahuan 
Desert and the Arizona Mountain Forest ecoregion to the West, 
the Western Short Grasslands and Central Forest Grasslands 
Transition to the North, and finally, the Central and Southern 
Mixed Grasslands and Edwards Plateau Savanna to the East (Fig. 
1B). The distribution of var. filipes is restricted to the Western 
Gulf Coastal Grasslands and Pine Oak Forest ecoregions. The 
var. hallii was also collected in these ecoregions, but it was by 
far less abundant. According to the projections of the HSMs, the 
distribution of var. filipes encompasses a subset of the var. hallii 
distribution in its eastern range. Moreover, the habitat suitability 
model supports a conspicuous western limit near to the foothills 
of the Sierra Madre Oriental for the var. filipes (Fig. 1).

Table 4.  Membership probability of inferred ancestry component for individuals of Panicum hallii var. hallii collected in the sympatric zone using 
four sets of Panicum hallii var. filipes learning samples.

Individual

var. filipes learning  
samples set 1

var. filipes learning  
samples set 2

Removing var. filipes 
misclassified samples

All var. filipes as a 
learning samples

FIL HAL FIL HAL FIL HAL FIL HAL

BEE_1AG 0.55 0.45 0.49 0.51 0.35 0.65 0.57 0.43
BEE_3F 0.13 0.87 0.12 0.88 0.04 0.97 0.14 0.86
GNZ_22F 0.42 0.58 0.38 0.63 0.48 0.52 0.43 0.57
GNZ_24F 0.58 0.42 0.52 0.48 0.22 0.78 0.60 0.40
RAR_8F 0.33 0.67 0.28 0.72 0.03 0.97 0.33 0.67
UVL_1AG 0.27 0.73 0.24 0.76 0.57 0.43 0.28 0.72

Table 5.  Mantel test statistics. *Partial Mantel test using geographic 
distance as a controlling variable.

Test Mantel’s r P-value

Genotypic DAPC ~ geographic 0.3595504 0.0001
Phenotypic PCA ~ geographic 0.2339050 0.0002
Phenotypic PCA ~ genotypic DAPC 0.2363396 0.0005
Phenotypic PCA ~ genotypic DAPC | geographic* 0.1678044 0.0094
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Lessons for diversity studies in morphologically and 
ecologically diverse systems

One challenge we encountered while trying to sample diversity 
across the range of P. hallii was to correctly distinguish P. hallii 
from closely related species. Panicum hallii grows in a variety 
of habitats, and its morphology in natural and controlled 
settings can differ substantially. We collected 45 samples from 
the originally reported range of P. hallii that were members of 
other species in Panicum section Diffusum. There are many 
research systems that share this characteristic: ecologically and 
morphologically diverse taxa that are difficult to distinguish 
from closely related taxa in natural setting (Rebernig et  al. 
2010; Tyler et  al. 2016). Sampling the breadth of genetic, 
morphological and ecological diversity is important, but can 
lead to the collection of non-target taxa. While including all 
collected samples in sequencing-based genotyping methods 
(e.g. ddRAD, GBS) can resolve the relationships among target 
and non-target taxa, that may not be the most efficient use 
of sequencing, computing or analysis resources. For instance, 
sequencing effort of the target taxa is decreased when non-
target taxa are included. In addition, in our experience, methods 
for identifying SNPs and calling genotypes in non-model species 
can be sensitive to phylogenetic diversity (Mastretta-Yanes et al. 
2015; Shafer et al. 2017), and starting strictly with the target taxa 
reduces the filtering steps necessary to produce a useful set of 
SNPs for subsequent analyses.

Therefore, we recommend that, if possible, samples be 
checked in a controlled environment in order to identify samples 
that do not match the standard description of the taxon, though 
we recognize this is not possible for many systems. Then a quick 
method should be used to verify that suspicious samples are 
within the intended taxonomic level for the study. For this study, 
Sanger sequencing of nuclear and chloroplast loci was fast and 
provided the resolution required to differentiate species. Finally, 
the next-generation sequencing (NGS) efforts should focus 
on the verified samples. While the initial steps take time and 
may delay NGS efforts, they are a valuable investment as they 
improve the sequencing results and can save substantial time 
during bioinformatic analysis.

In conclusion, the genetic and morphological evaluation in 
this study represents the most extensive sampling of the P. hallii 
varieties. This evaluation made it possible to distinguish genetic 
structure at different biological levels. At the species level, 
divergence was found between both varieties using molecular 
and morphological data. Within varieties, it was possible to 
characterize population structure across the diverse geological 
and ecological native range of P.  hallii. Within the sympatric 
zone, this set of data allowed us to identify putative admixed 
individuals between var. filipes and var. hallii. Taken together, 
these data illustrate the geographical distribution of genetic 
diversity in P. hallii. A practical application of these results could 
be the creation of a core collection of these samples to streamline 
screening for particular traits of interest. Future work could 
include increased sampling efforts for var. filipes, especially in the 
Rio Grande Valley and Mexico to explore the genetic diversity in 
the Western and South boundary of the distribution. In addition, 
to confirm admixture between the varieties, the plastome from 
samples in the sympatric area can be examined to confirm 
admixture between the varieties. Furthermore, studies of local 
adaptation could be conducted by crossing members of different 
populations (Lowry et al. 2015; Milano et al. 2016), or by reciprocal 
transplants across ecoregions to identify the traits that underlie 
ecotype formation (Hereford 2009). Together, our data and analyses 
provide a foundation for understanding the natural history and 

evolution of P. hallii and highlight some of the important factors 
leading the observed structure and genetic diversity in the group.

Supporting Information
The following additional information is available in the online 
version of this article—

Table S1. Sequence of matrix data-filtering process.
Table S2. Differences in SNP calling in Panicum hallii var. 

filipes when is using both available genomes, var. hallii v. 2.1 and 
var. filipes v. 3.1 before and after filtering processes.

Table S3. Ploidy level measure by flow cytometry profile 
from some Panicum section Diffusum species collected.

Figure S1. Whole plant morphology of Panicum hallii 
varieties.

Figure S2. Sampling points for presence, absence and 
pseudo-absence locations for Panicum hallii var. filipes and 
P. hallii var. hallii.

Figure S3. Paralogs filtering Panicum hallii var. hallii and 
Panicum hallii var. filipes data set.

Figure S4. Maximum likelihood phylogenic tree in Panicum 
hallii var. filipes using markers mapped against different 
genome references.

Figure S5. Boxplots for the individual model evaluation 
statistics area under the receiver operating characteristic curve 
(AUC) and the true skill statistic (TSS) for the habitat suitability 
modelling for Panicum hallii var. filipes.

Figure S6. Correlation matrix of bioclimatic selected 
variables for the habitat suitability modelling for Panicum hallii 
var. filipes.

Figure S7. Variable importance for the habitat suitability 
modelling for Panicum hallii var. filipes.

Figure S8. Projections of the ensemble habitat suitability 
model of Panicum hallii var. filipes to Last Inter-Glacial, Last 
Glacial Maximum, mid-Holocene and current climatic 
conditions.

Figure S9. Boxplots for the individual model evaluation 
statistics area under the receiver operating characteristic curve 
(AUC) and the true skill statistic (TSS) for the habitat suitability 
modelling for Panicum hallii var. hallii.

Figure S10. Correlation matrix of bioclimatic selected 
variables for the habitat suitability modelling for Panicum hallii 
var. hallii.

Figure S11. Variable importance for the habitat suitability 
modelling for Panicum hallii var. hallii.

Figure S12. Projections of the ensemble habitat suitability 
model of Panicum hallii var. hallii to Last Inter-Glacial, Last 
Glacial Maximum, mid-Holocene and current climatic 
conditions.

Figure S13. Mantel tests results.
Figure S14. Phenotypic divergence between and within 

varieties Panicum hallii var. filipes and Panicum hallii var. hallii and 
between Panicum hallii var. hallii regions.
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