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Abstract
Habitat fragmentation due to anthropogenic activities is the major cause of biodiversity loss. Endemic and narrowly dis-
tributed species are the most susceptible to habitat degradation. Penstemon scariosus is one of many species whose natural 
habitat is vulnerable to industrialization. All varieties of P. scariosus (P. scariosus var. albifluvis, P. scariosus var. cyano-
montanus, P. scariosus var. garrettii, P. scariosus var. scariosus) have small distribution ranges, but only P. scariosus var. 
albifluvis is being considered for listing under the Endangered Species Act. We used eight microsatellites or simple sequence 
repeats (SSRs) loci and two amplified fragment length polymorphism (AFLP) primer combinations to investigate the popula-
tion genetic structure and diversity of P. scariosus varieties. Moreover, we compared the utility of the two marker systems in 
conservation genetics and estimated an appropriate sample size in population genetic studies. Genetic differentiation among 
populations based on Fst ranged from low to moderate (Fst = 0.056–0.157) and from moderate to high when estimated with 
Des (Des = 0.15–0.32). Also, AMOVA analysis shows that most of the genetic variation is within populations. Inbreeding 
coefficients (Fis) were high in all varieties (0.20–0.56). The Bayesian analysis, STRU​CTU​RE, identified three clusters from 
SSR data and four clusters from AFLPs. Clusters were not consistent between marker systems and did not represent the cur-
rent taxonomy. MEMGENE revealed that a high proportion of the genetic variation is due to geographic distance (R2 = 0.38, 
P = 0.001). Comparing the genetic measurements from AFLPs and SSRs, we found that AFLP results were more accurate 
than SSR results across sample size when populations were larger than 25 individuals. As sample size decreases, the estimates 
become less stable in both AFLP and SSR datasets. Finally, this study provides insight into the population genetic structure 
of these varieties, which could be used in conservation efforts.
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Introduction

Anthropogenic activities are the main cause of biodiversity 
loss today (Pimm and Raven 2000; Ceballos et al. 2015). In 
the United States, most endangered plants (81%) are threat-
ened by habitat loss and degradation. The expansion of 
agricultural boundaries (excluding pasturing) is the leading 
cause of habitat destruction in the United States (Wilcove 
et al. 1998). As a consequence, 33% of endangered plants are 
affected by livestock grazing. Likewise, 133 species in the 
United States are threatened due to activities linked to min-
ing for oil and gas (Wilcove et al. 1998). The state of Utah 
has the largest mining excavation in the world with the sec-
ond largest copper producer in the United States (Lee 2016). 
Also, there are 42 Utah species listed under the Endangered 
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Species Act (ESA), and 60% of them are plants (U.S. Fish 
and Wildlife 2017).

Penstemon, with ca. 275 species, is the largest genus of 
plants endemic to North America (Wolfe et al. 2006). Utah 
harbors the largest number of native and endemic species in 
the genus (Holmgren 1984; Nold 1999; Wolfe et al. 2006). 
There are three species of Penstemon listed under the ESA 
[P. debilis, P. haydenii, and P. penlandii (U.S. Fish and 
Wildlife 2017)]. In 2013, the U.S. Fish and Wildlife Services 
(USFWS) introduced a regulation designating critical habitat 
for P. grahamii and P. scariosus var. albifluvis to prevent 
environmental destruction in the areas where these two taxa 
occur (USFWS 2013). However, in 2014, the proposed rule 
was withdrawn and as a consequence, habitat conservation 
for these two taxa was returned to private organizations and 
landowners. Currently, the USFWS reinstated the 2013 pro-
posed rule for both species following a court order (Rocky 
Mtn. Wild, et al. v. Walsh 2016). In order to develop conser-
vation strategies for these species, an understanding of the 
genetic diversity and geographical distribution is needed.

Population genetic studies can provide an important per-
spective for conservation. According to several authors, 
many threatened species have low genetic diversity and high 
inbreeding coefficients (Saccheri et al. 1998; Spielman et al. 
2004; Frankham et al. 2010; Rodríguez-Peña et al. 2014a). 
These consequences are more acute in small populations 
found in fragmented habitats. Fragmentation of populations, 
regardless of their sizes, will reduce gene flow (Aguilar et al. 
2008), decrease genetic diversity (Lowe et al. 2005), and 
magnify the impact of genetic drift (Young et al. 1996). 
Even though population genetic studies are recognized to 
be relevant in addressing conservation strategies (Ouborg 
et al. 2006; Frankham et al. 2010), few conservation initia-
tives consider genetics as part of the resource management 
process (Mijangos et al. 2015). Additionally, budgetary con-
straints can limit not only the number of samples that can 
be included in a study, but also the feasibility of a genetic 
survey. Conservationists need affordable tools that allow for 
fast and easy implementation of population genetics in con-
servation strategies.

The ideal sample size for population genetic studies is 
controversial (discussed in Hale et al. 2012; Kalinowski 
2005). Intrinsic aspects of populations, such as inbreeding 
and genetic diversity, can influence how many samples are 
required to define a representative estimator of population 
genetic parameters (Bashalkhanov et al. 2009). For exam-
ple, when inbreeding is high and populations are small, few 
individuals will be sufficient to capture most alleles in the 
population. In contrast, when genetic diversity is large and 
inbreeding coefficients are low, a much larger sample size 
is needed. However, many authors argue that 20–30 indi-
viduals are sufficient to determine population diversity and 

differentiation (Hale et al. 2012; Kalinowski 2005; Sinclair 
and Hobbs 2009).

Genetic parameters are affected by several life history 
traits. In particular, breeding system is the factor that influ-
ences the most demographic estimates (Duminil et al. 2007; 
Hamrick and Godt 1996). In a meta-analysis of random 
amplified polymorphic DNA (RAPD) in plants, Nybom and 
Bartish (2000) found that outcrossing species have higher 
within-population genetic diversity, and lower between-
population genetic diversity than selfing taxa.

Extrinsic factors such as the number of loci and type 
of marker used could also affect estimates of population 
genetic parameters. Cavers et al. (2005) determined the 
optimal sampling strategy in order to obtain reliable spatial 
genetic structure (SGS) estimates in tree populations. The 
authors reported that a much larger number of amplified 
fragment length polymorphism (AFLP) loci and individuals 
are needed to achieve the same results in comparison with 
microsatellites. That study, however, only included sample 
sizes that ranged from 50 to 200 and loci numbers rang-
ing from 1 to 100. Cavers et al. (2005) also found that a 
dataset of 150 individuals and 100 loci (two primers) for 
AFLP and 100 individuals and 10 loci for simple sequence 
repeats (SSRs) are sufficient to obtain reliable estimates of 
SGS parameters. The authors did not evaluate the effect of 
more than 100 loci and less than 50 individuals. In contrast 
to Cavers et al. (2005), Jump and Peñuelas (2007) found that 
150–200 individuals and 100–150 AFLP loci were sufficient 
to accurately determine SGS in the tree Fagus sylvatica, 
while 150–200 individuals and six SSR loci were not.

The nature of the marker (AFLP or SSR) could have 
an effect on population genetic estimates. Lower levels of 
genetic differentiation (Fst) are expected with SSRs due to 
the higher mutation rates of those markers (Gaudeul et al. 
2004; Maguire et al. 2002) while higher degrees of genetic 
differentiation are expected with AFLP, because they are 
more likely to be linked with loci under selection (Jump and 
Penuelas 2007). Additionally, calculations of some estimates 
are also limited by the type of marker. Expected heterozy-
gosity can only range from 0 to 0.50 when calculated with 
AFLP data (Gaudeul et al. 2004) because AFLP loci can be 
either absent or present.

The choice of genetic marker can also affect inferences 
of genetic diversity in some plant species. Recent studies 
have applied SSRs (Rodríguez-Peña et al. 2014b; Wolfe 
et al. 2016), ALFPs (Waycott and Barnes 2001; El-Esawi 
et al. 2016), SNPs (Cahill and Levinton 2016; Kaiser et al. 
2017), and other genetic markers. Variability in the marker 
loci is important, but the cost of conducting a genetic survey 
is often a limiting factor.

Microsatellites, or simple sequence repeats (SSRs), 
are thought to be neutral and highly variable molecular 
markers (Ellegren 2004) widely used to assess population 
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genetic structure and diversity (Sunnucks 2000; Jarne and 
Lagoda 1996; Allendorf et al. 2010; Rodríguez-Peña et al. 
2014a). They are also widely used to investigate demo-
graphic history (Pritchard et al. 1999; Castellanos-Morales 
et al. 2016) and delimit species boundaries (Caddah et al. 
2013; Rodríguez-Peña et al. 2014b). Microsatellites allow 
for the calculation of expected and observed heterozygo-
sity, and the inbreeding coefficient (Fis) (Morgante and 
Olivieri 1993; Putman and Carbone 2014). The microsat-
ellite technique has a disadvantage in that prior informa-
tion of DNA sequence flanking repeat motifs is required 
(Sønstebø et al. 2007). Also, SSRs can be relatively expen-
sive to design, may have low transferability across species 
(Garcia et al. 2004), and often involve multiple steps to 
identify reliable markers (Kalia et al. 2011; Kaiser et al. 
2017). However, microsatellite primers designed for Pen-
stemon have high transferability across species (Dock-
ter et al. 2013; Wolfe et al. 2016). Additionally, a new 
high-throughput sequencing genotype pipeline has been 
developed to reduce labor and cost of SSRs analysis in 
comparison with capillary electrophoresis (De Barba et al. 
2017). SSRs are highly polymorphic (Powell et al. 1996), 
are fairly abundant in the genome (Agarwal et al. 2008), 
and allow the differentiation between heterozygous and 
homozygous individuals (Garcia et al. 2004).

AFLP markers are often used in plant genetic studies to 
investigate population structure and diversity (Waycott and 
Barnes 2001; Campbell et al. 2003), to elucidate complex 
taxonomic relationships (Riek et al. 2013), and in DNA 
fingerprinting studies (Vos et al. 1995; Miggiano et al. 
2005; Fajardo et al. 2013). The biggest benefit of using 
AFLPs is that no previous knowledge of DNA sequences 
is required (Sønstebø et al. 2007). Additionally, AFLPs are 
highly polymorphic and replicable, and they yield many 
loci with few primer combinations. The AFLP technique 
is fast, robust, and reliable (Meudt and Clarke 2007; Costa 
et al. 2016). The biggest disadvantage of AFLPs is that 
they are dominant markers, which does not allow the exact 
calculation of observed heterozygosity and the inbreeding 
coefficient (Garcia et al. 2004). However, calculation of 
expected heterozygosity (Peakall and Smouse 2012) and 
estimates of the inbreeding coefficient (Chybicki et al. 
2011) are available.

In this study, we investigate the genetic diversity and 
differentiation of the P. scariosus species complex. The 
overarching goal of this research is to provide conserva-
tion agencies with tools to create comprehensive conser-
vation strategies for P. scariosus varieties. We first aim to 
evaluate the minimum number of individuals required to 
accurately calculate basic genetic statistics. Second, we 
compare the fidelity of each marker system (AFLP and 
microsatellite) across sampling subsets.

Methods

Study species and sample collection

Penstemon scariosus (Plantaginaceae) is a complex of taxa 
comprised of four varieties, P. sc. var. albifluvis (England) 
N. Holmgren, P. sc. var. cyanomontanus Neese, P. sc. var. 
garrettii (Pennell) N. Holmgren, and P. sc. var. scario-
sus Pennell. All varieties are perennial herbs/subshrubs 
with purple-lavender flowers, mostly pollinated by insects 
(Online Resource 1, Figure S1). They are distributed in 
the northeastern region of Utah, the northwest border area 
of Colorado, and the southwest border area of Wyoming 
(Fig. 1). Morphologically, these four varieties are very 
similar, and are mostly differentiated by their geographic 
and edaphic distribution. Penstemon scariosus var. albiflu-
vis is endemic to oil shale (England 1982) found in Uintah 
Co., Utah and adjacent Rio Blanco Co., Colorado (Hol-
mgren 1984). Penstemon scariosus var. cyanomontanus 
occurs in sandstone (Neese 1986) and quartzite substrate 
on the Diamond Mt., Mosby Mt., summit of Blue Mt., and 
adjacent Colorado (Goodrich and Neese 1986). Penste-
mon scariosus var. garrettii grows in travertine (Pennell 
1920) and calcareous rocks (Goodrich and Neese 1986) 
from the eastern side of the Wasatch Range to Uinta Mts., 
Blue Mts., and Tavaputs plateaus. Finally, P. scariosus 
var. scariosus inhabits the Wasatch, Fish Lake, and the 
northern Aquarius plateaus (Holmgren 1984).

We sampled from 59 sites, 1–23 individuals per site, 
across the entire known range of the P. scariosus com-
plex, and 561 individuals across varieties (Table 1; Fig. 1). 
All individuals were included in the AFLP survey. How-
ever, only 421 individuals were sampled for SSRs due 
to budgetary constraints. Our initial sampling included 
sites geographically close to each other. We trimmed the 
original dataset from 561 to 421 individuals by excluding 
geographically close samples. Two to three young healthy 
leaves were collected from independent samples at each 
collection site (Online Resource 1, Table S1) and placed 
in individually labeled “extra slim” tea filter bags (Finum.
com, Riensch & Held GmbH & Co. KG, Hamburg, Ger-
many). We immediately placed eight plant samples in an 
airtight plastic bag, with no less than 100 g of dry silica 
gel. Once returned to the laboratory, the samples were 
immediately stored at − 80 °C until the samples could be 
completely lyophilized. After lyophilized, all samples were 
stored in sealed plastic bags with silica gel at − 20 °C until 
DNA extraction. DNA was extracted from dried leaf tissue 
using the method detailed by Todd and Vodkin (1996).
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SSR and AFLP genotyping

Eight previously designed microsatellite nuclear loci 
(Kramer and Fant 2007; Dockter et al. 2013; Anderson 
et al. 2016) were used to assess population genetic estimates 
for the P. scariosus species complex (Online Resource 1, 
Table S3). Microsatellites were amplified following the 
specification in Anderson et al. (2016). Samples were run on 
an ABI 3730xl Genetic Analyzer (Applied Biosystems, Fos-
ter City, CA, USA) with Gene Scan 500 ROX Size Stand-
ard (Applied Biosystems) at the Brigham Young University 
DNA Sequencing Center (Provo, Utah).

AFLP markers were designed using the AFLP Plant 
Mapping Kit from Applied Biosystems (Online Resource 
1, Table S2). Out of the 66 resulting primer combinations, 
we chose the two most diverse. The AFLP protocol fol-
lowed Vos et al. (1995), with modifications. In particular, 

the first step included restriction with MseI and EcoRI 
and subsequent ligation with T4 DNA ligase (New Eng-
land BioLabs, Ipswich, MA, USA), made in the lab Eco-
Adaptor, Mse-Adaptor (Online Resource 1, Table S2), and 
Purified BSA from BioLabs (2 h at 37 °C in a thermocy-
cler and then overnight at room temperature). In the sec-
ond step, pre-selective amplification, we used the digested 
and ligated product from the previous step and added 
DreamTaq Green polymerase (Thermo Fisher Scientific, 
Waltham, MA, USA), dNTPs (Applied Biosystems), Eco-
primer, and Mse-primer (Online Resource 1, Table S2). 
The final step, selective amplification, was carried out with 
DreamTaq Green polymerase, dNTPs, and selected prim-
ers (each primer pair had one fluorescent-labeled primer, 
Online Resource 1, Table S2). AFLP samples were run 
on an ABI Genetic Analyzer 3100 after denaturation with 
HiDi formamide (Applied Biosystems).

Fig. 1   Distribution map of P. scariosus varieties. Samples used in 
this study represent the complete distribution of the varieties. The 
color scheme indicates the four varieties as follows: black P. sc. var. 

albifluvis, blue P. sc. var. cyanomontanus, pink P. sc. var. garrettii, 
and green P. sc. var. scariosus. (Color figure online)

Table 1   The number of 
individual samples from 
Penstemon scariosus varieties 
analyzed with AFLPs or 
microsatellites

Variety Total number of indi-
viduals

Number of individuals used 
for AFLPs

Number of individuals 
used for microsatellites

albifluvis 228 228 172
cyanomontanus 56 56 32
garretii 188 188 152
scariosus 89 89 65
Total 561 561 421
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Data analyses

Peak Scanner v.1.0 (Applied Biosystems) was used to visu-
alize and score the SSR fragments, while GeneMapper 
3.1 (Life Technologies) was used to score AFLP alleles. 
MICRO-CHECKER 2.2.3 (Van Oosterhout et al. 2004) was 
used to test the presence of null alleles, large allele drop-
out, genotyping errors, and stuttering for SSRs. We used 
GenAlEx v. 6.501 (Peakall and Smouse 2012) to record 
genotypes for both SSRs and AFLPs, and calculated basic 
genetic statistics, including number of private alleles (np), 
average number of alleles per locus (A), percentage of poly-
morphic loci (P), number of identical genotype pairs (nig), 
unbiased expected heterozygosity (uHe), expected heterozy-
gosity (He), and observed heterozygosity (Ho), for SSRs 
only.

For microsatellite data, we used Arlequin v. 3.5 (Excoffier 
and Lischer 2010) to produce basic genetic statistics, such 
as the inbreeding coefficient (Fis), genetic differentiation 
among pairs of populations [Fst as formulated by Wright 
(1951), and modified by Weir and Cockerham (1984)], per-
centage of paired loci showing significant linkage disequi-
librium (LDL), number of loci that deviate significantly from 
Hardy–Weinberg equilibrium (nds), the number of migrants 
per generation (Nm), and an AMOVA analysis. We used the 
program SMOGD (Crawford et al. 2010) to obtain the differ-
entiation estimate (Dest) for microsatellite data as formulated 
by Jost (2008). This estimator is thought to yield a more 
reliable measure of genetic differentiation when the popula-
tions are small. The program GenePop v. 007 (Rousset 2008) 
was used to perform the U-test for heterozygosity deficiency 
for microsatellite data using 10,000 Markov Chain Monte 
Carlo iterations for each population (Guo and Thompson 
1992). The Nei’s genetic distances and genetic differentia-
tion (PhiPT) were calculated in GenAlEx v. 6.501 (Peakall 
and Smouse 2012) for both AFLP and SSR datasets. The 
program I4A, inbreeding for AFLPs, (Chybicki et al. 2011) 
was used to estimate the inbreeding coefficient (Fis) for each 
variety. Estimates were calculated at three different values 
(0.1, 1, and 5) for each parameter, alpha and beta (Oleksa 
et al. 2013), using 10,000 rejected steps and 50,000 sampling 
steps. By computing different values of alpha and beta, we 
assess how much the inbreeding coefficients change when 
the shape parameters change. The accuracy of this estimate 
is determined by comparing the similarities between the log-
likelihood values among the different B-distribution param-
eters. High similarity implies high accuracy.

STRU​CTU​RE V2.3.4 (Pritchard et al. 2000) was used to 
infer the number of clusters. This method assigns individu-
als to groups based on the allele frequency, using the Monte 
Carlo Markov Chain (MCMC) approach. The admixture 
model and correlated allele frequencies were used, as recom-
mended by Falush et al. (2003), with 10,000 burn-in periods 

and 50,000 MCMC repetitions after burn-in (Evanno et al. 
2005). Values of K ranged from 1 to 10, with 20 independ-
ent replications. To obtain the “true” value of K, the delta 
method of Evanno et al. (2005), as implemented in STRU​
CTU​RE HARVESTER (Earl and vonHoldt 2012), was used. 
The replicates from the best K-value were aligned with the 
software CLUMPP (Jakobsson and Rosenberg 2007), and a 
Q-matrix was created. The results from CLUMPP 1.1.2 were 
visualized with the program DISTRUCT 1.1 (Rosenberg 
2004). The R package MEMGENE (Galpern et al. 2014) was 
used to detect spatial patterns of genetic structure among 
all individuals. MEMGENE is used to detect cryptic spatial 
genetic patterns that other approaches, such as the Mantel 
test, are unable to detect. A genetic distance matrix based on 
Cavalli-Sforza and Edwards (1967) was constructed in the 
program POPULATIONS (Langella 2007) for SSRs, and a 
matrix based on Nei’s genetic distance was constructed in 
AFLP-SURV 1.0 (Vekemans et al. 2002) for AFLP. From 
these matrices, we inferred similarities across varieties using 
the program NEIGHBOR from PHYLIP 3.6 (Felsenstein 
2005). The resulting tree was visualized in TREEVIEW 
1.6.6 (Page 1996).

Comparison

For the comparison within AFLP, we created a master data-
set that had the same individuals as in the SSR dataset (421). 
We were interested in studying the relative performance 
of different sample sizes in comparison to the full dataset 
within the same marker system (AFLP and SSR). Subsets 
of the full dataset were constructed as follows: we randomly 
resampled from the full AFLP dataset multiple times, using 
both a fixed proportion and a fixed number of individuals. 
Specifically, we resampled using nine different fixed propor-
tions of individuals (10%, 20%, 30%, 40%, 50%, 60%, 70%, 
80%, 90%) and six different fixed numbers of individuals 
(5, 10, 15, 20, 25, 30), creating 15 subsets. We repeated this 
process for the SSR dataset. For each subset, we replicated 
the resampling five times. Every subset contained a propor-
tional representation of individuals from the four varieties 
(Table 1). For example, the subset “10%” had 23, 6, 19, and 
9 individuals from varieties P. sc. var. albifluvis, P. sc. var. 
cyanomontanus, P. sc. var. garrettii, and P. sc. var. scar-
iosus, respectively, for a total of 57 individuals. For every 
subset, we obtained basic genetic statistics (He, uHe, A, P, 
np, nig), AMOVA, Fst, adjusted R-squared (from MEM-
GENE results), and paired population-wise genetic distance 
and differentiation. We compared the values obtained from 
each subset to the full dataset values to determine signifi-
cant differences at P < 0.05 with individual paired t-tests. 
The relative accuracy of each subset depended on the dif-
ferences between the values obtained from the subset and 
those from the full dataset. Therefore, a smaller difference 
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between the subset and the full dataset implies high accuracy 
of the value estimated from the subset. For example, the 
mean R-squared value obtained from the iterations of the 
10% and 90% subsets was 0.27 and 0.36, respectively, while 
the value obtained from the full dataset was 0.38. After per-
forming a t-test, we determined that the R-squared values 
from the 10% subset were significantly different from those 
obtained when using the full dataset. However, the 90% sub-
set was not statistically different from the full dataset. This 
comparison also allowed us to determine the consistency of 
each marker. The marker is consistent when the sample size 
and the accuracy of the estimates are positively correlated.

To make results comparable between markers, we divided 
the standard deviation by the mean value to adjust the esti-
mates. The standard deviation and the mean of every genetic 
result (AMOVA, genetic distance, etc.) were calculated from 
each subset. The standard deviation measures the spread of 
the genetic results in every subset individually. A larger 
standard deviation implies a larger spread of the results in 
that particular subset. A paired t-test was performed on the 
adjusted standard deviation of every subset between AFLPs 
and microsatellites. The objective of this comparison was to 
determine whether the results from each marker type were 
significantly different at a p-value less than 0.05.

Results

Genetic diversity and differentiation: microsatellite

The microsatellite dataset, obtained from eight SSR prim-
ers (Online Resource 1, Table  S3), included 421 indi-
viduals from the four varieties of P. scariosus (Table 1) 
and had 0.4% missing data. All missing data were from 
two of the loci, PEN04 and PEN23. The complete SSRs 
dataset included 142 alleles from eight loci (PS084 (13), 
PS082 (15), Pen04 (18), PS080 (23), Pen23 (25), PS014 
(15), PS016 (20), PS048 (13)). Genetic statistics for all 
SSR markers are summarized in Table 2. Analyses with 

MICRO-CHECKER indicated homozygote excess in all 
loci, but no evidence for large allele dropout. There was an 
average of 11 alleles per locus, where P. sc. var. garrettii had 
the largest number of alleles per locus (15). Observed het-
erozygosity (Table 2), on average, was moderate (0.560). In 
this respect, P. sc. var. scariosus had the least genetic diver-
sity (0.460), while P. sc. var. cyanomontanus had the largest 
(0.633). The inbreeding coefficient (Fis) ranged from 0.200 
to 0.370. Contrary to the expectation that smaller popula-
tions have less genetic diversity, P. sc. var. scariosus had the 
largest inbreeding coefficient and the least genetic diversity, 
while P. sc. var. cyanomontanus, with the smallest number 
of individuals sampled, had the largest amount of genetic 
diversity and the smallest inbreeding coefficient. There were 
no identical genotype pairs in any of the varieties. The mean 
number of migrants per generation was high (Table 3). In 
particular, the highest number of migrants was between P. 
sc. var. garrettii and P. sc. var. scariosus, and the small-
est was between P. sc. var. albifluvis and P. sc. var. scario-
sus (8.916 and 3.179, respectively). Genetic differentiation 
between pairs of varieties was low to moderate (Table 3). 
The largest genetic differentiation (Fst) was between P. 
sc. var. scariosus and P. sc. var. albifluvis (0.157), and the 

Table 2   Penstemon scariosus 
genetic statistics based on eight 
microsatellite loci

Population genetic statistics are coded as follows: A average number of alleles per locus, Ho observed 
heterozygosity, He expected heterozygosity, uHe unbiased expected heterozygosity, np number of private 
alleles, nds number of loci that deviate significantly from HWE (P < 0.05), P percentage of polymorphic 
loci, Fis inbreeding coefficient, nig number of identical genotype pairs, LDL percentage of paired loci 
showing significant linkage disequilibrium (P < 0.05)
*Significant value at P < 0.01

Variety A Ho He uHe np nds P Fis nig LDL

albifluvis 12 0.572 0.740 0.741 13 8 100 0.230* 0 44
cyanomontanus 9 0.633 0.790 0.791 4 4 100 0.200* 0 21
garrettii 15 0.569 0.800 0.798 24 8 100 0.290* 0 84
scariosus 10 0.465 0.740 0.740 7 7 100 0.370* 0 74
Mean 11 0.560 0.770 0.767 12 7 100 0.270 0 56

Table 3   Genetic differentiation and the number of migrants per gen-
eration based on eight microsatellite loci

Lower diagonal, number of migrants per generation, and upper diago-
nal, Fst values with Dest genetic differentiation in parenthesis

albifluvis cyanomon-
tanus

garrettii scariosus

albifluvis 0 0.110 (0.290) 0.102 
(0.210)

0.157 
(0.320)

cyanomonta-
nus

4.539 0 0.063 
(0.170)

0.141 
(0.320)

garrettii 4.909 7.928 0 0.056 
(0.150)

scariosus 3.179 3.552 8.916 0
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lowest genetic differentiation was between P. sc. var. gar-
rettii and var. scariosus (0.056). As expected, Des genetic 
differentiation was larger than Fst (Table 3, Online Resource 
1, Table S4), but the Des values were proportional to Fst. 
Penstemon scariosus var. scariosus P. sc. var. albifluvis had 
the largest genetic differentiation (0.320), and P. sc. var. gar-
rettii and P. sc. var. scariosus had the lowest (0.150). The 
Nei’s genetic distance (Online Resource 1, Table S5) was 
consistent with the number of migrants per generation, and 
varieties with the largest genetic distances had the small-
est number of migrants per generation, and vice versa. The 
AMOVA analysis indicated that 67% of the genetic variation 
is within individuals, whereas only 9% is among varieties 
and 24% among individuals.

Genetic diversity and differentiation: AFLP

The two primers selected yielded 490 loci across 561 indi-
viduals and 0% missing data. AFLP polymorphism was dif-
ferent between the varieties and ranged from 39% (P. sc. var. 
cyanomontanus) to 74% (P. sc. var. garrettii). Genetic statis-
tics are summarized in Table 4. The mean number of alleles 
per locus was 0.510. The lowest number of alleles per locus 
was in P. sc. var. scariosus (0.044), while the largest was in 
P. sc. var. albifluvis (1.155). The expected heterozygosity 
varied from 0.080 to 0.650. The inbreeding coefficient was 
high in all varieties (Table 4). The largest inbreeding coef-
ficient was in P. sc. var. scariosus (0.560), while the lowest 
was in P. sc. var. garrettii (0.300). The log-likelihood values 
were highly similar within varieties, which means that the 
estimates of the inbreeding coefficient are stable regardless 
of the values used for the shape parameters (Table 5). The 
variety P. sc. var. garrettii had the highest number of private 
alleles (89), and P. sc. var. cyanomontanus had the lowest 
(14), which is not proportional to the average number of 
alleles in each variety (Table 4). The Nei’s genetic distance 
(Online Resource 1, Table S6) was in accordance with the 
genetic differentiation. The smallest genetic distance and 
genetic differentiation were between P. sc. var. albifluvis 
and P. sc. var. cyanomontanus (0.005 and 0.100, respec-
tively). The largest genetic distance (0.015) and genetic 

differentiation (0.230) were between P. sc. var. cyanomon-
tanus and P. sc. var. garrettii. The AMOVA analysis showed 
that 81% of the variation is within varieties and 19% among 
varieties.

Genetic structure: microsatellite

MEMGENE results (Fig. 2) showed that a moderate pro-
portion of the genetic variation is explained by the spatial 
pattern of distribution (R2 = 0.28, P = 0.001). The spatial 
pattern detected in genetic distance data indicated that P. 
sc. var. cyanomontanus, P. sc. var. garrettii, and P. sc. var. 
scariosus are the most genetically similar. Consequently, P. 
sc. var. albifluvis formed an isolated group. Graphical rep-
resentations of these results are shown in Fig. 2, where the 
size and the color of the circles represent genetic similarity, 
and the x-axis and y-axis represent longitude and latitude, 
respectively. Using the Delta-K method, as implemented in 
STRU​CTU​RE HARVESTER, we found that K = 2 (Online 
Resource 1, Figure S2) was the most likely value followed 
by K = 3 (Online Resource 1, Figure S3). When K = 2, P. 
sc. var. albifluvis formed an isolated group with almost no 
admixture, leaving P. sc. var. cyanomontanus, P. sc. var. gar-
rettii, and P. sc. var. scariosus to form the second cluster. 
When K = 3, P. sc. var. albifluvis still forms a distinct group, 
but in this case, P. sc. var. cyanomontanus and P. sc. var. 
scariosus also form distinct groups. Finally, P. sc. var. gar-
rettii is highly admixed with the other three varieties. The 
neighbor-joining tree (Fig. 3) shows two separate clusters. 
The first cluster includes varieties P. sc. var. albifluvis and P. 
sc. var. cyanomontanus, while the second is formed by varie-
ties P. sc. var. garrettii and P. sc. var. scariosus. Penstemon 
scariosus var. scariosus was the most genetically distant, as 
indicated by the long branch length.

Genetic structure: AFLP

The neighbor-joining tree (Fig. 3) yielded two clusters: one 
with P. sc. var. albifluvis and P. sc. var. cyanomontanus, and 
the other with P. sc. var. scariosus and P. sc. var. garrettii. 
Penstemon scariosus var. cyanomontanus had the longest 

Table 4   Population genetic 
statistics based on 490 AFLP 
loci

Population genetic statistics are coded as follows: A average number of alleles per locus, He expected het-
erozygosity, uHe unbiased expected heterozygosity, P the percentage of polymorphic loci, np number of 
private alleles, Fis inbreeding coefficient, nig number of identical genotype pairs

Variety A He uHe P np Fis nig

albifluvis 1.155 0.064 0.064 57.760 55 0.480 0
cyanomontanus 0.045 0.065 0.065 38.980 14 0.440 0
garrettii 0.780 0.082 0.082 73.880 89 0.300 0
scariosus 0.044 0.064 0.064 55.710 33 0.560 4
Mean 0.506 0.069 0.069 56.580 48 0.445 1
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branch length, which means this variety is genetically more 
distant from the other varieties. We visualized the result of 
STRU​CTU​RE after running STRU​CTU​RE HARVESTER, 
CLUMPP, and DISTRUCT. Even though the “best” value 
of K was 4 (Online Resource 1, Figure S4), there is not 
a clear separation of the varieties; hence, all varieties are 
highly admixed. The results from MEMGENE (Fig. 2), 
which estimates what proportion of genetic variation is due 
to geographic distance, were consistent with our structure 
analyses, where P. sc. var. albifluvis and P. sc. var. cyano-
montanus form a group. Specifically, MEMGENE results 
indicated that there is a strong spatial correlation between 
individuals (R2 = 0.38, P = 0.001). Penstemon scariosus var. 
garrettii and P. sc. var. scariosus were clustered together, 
while P. sc. var. albifluvis and P. sc. var. cyanomontanus 
formed another group.

Comparisons between different sample sizes 
and between AFLPs and SSRs

The first level of comparison was among subsets of marker 
types, to assess how much the sample size can decrease 
before the population genetic estimators are significantly 

different from those of the largest sample size. Since it is 
not realistic to compare subsets that exceed the budget of 
most projects, we focused the comparisons of the subsets of 
5–30 individuals, and 10–30% of the total sample size (see 
details in “Methods”).

Thirty ANOVA tests (1050 pairwise comparisons) were 
performed independently to compare subsets from each 
AFLPs and SSRs, individually. For the AFLP data subsets, 
we found that the larger the sample size, the closest the esti-
mates were to those calculated from the full dataset (Online 
Resource 1, Figures S5 and S6). As a general trend, larger 
subsets yielded more accurate estimates. The paired t-tests 
revealed that the subset of 30 individuals was more accurate 
than that of 25 individuals twice, and the subset of 25 indi-
viduals was more precise than the subset of 20 individuals 
six times. The comparison made within the SSRs subsets 
yielded similar results. Twice was the subset of 30 individu-
als more accurate than that of 25 individuals. Also, the sub-
set of 25 individuals was more accurate than the subset of 
20 individuals three times. The subsets 10% and 15, 10, and 
5 individuals were less accurate compared to larger ones in 
both datasets (AFLP and SSR).

The second level of comparison was between markers 
(AFLP and SSR). We compared 30 measurements, including 

Fig. 2   MEMGENE plots for the first axis based on pairwise genetic 
and geographic distance. The size and the color of the circle repre-
sent genetic similarity between individuals, and the x-axis and y-axis 

represent longitude and latitude, respectively. The plot on the left is 
based on eight microsatellite loci, and the plot on the right is based 
on 490 AFLP loci
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paired population genetic distance using a paired t-test each 
time. Less than half (13) of the t-tests were statistically sig-
nificant (P < 0.05) when all 15 subsets were in the analysis. 
It is important to highlight that there were no significant 
differences between AMOVA statistics (Online Resource 1, 
Figures S7 and S8) and adjusted R-squared (MEMGENE 
analysis, Online Resource 1, Figures S9 and S10) calculated 
from different markers. In contrast, when the subsets 5–25 
individuals were excluded from the analysis, in only two 
comparisons was the difference between AFLPs and SSRs 
significant. In these two cases, each marker type performed 
the best once.

Discussion

Genetic diversity and differentiation

Genetic diversity, as measured by observed heterozygosity 
and the average number of alleles per locus, was higher than 
expected despite the varieties having a small number of indi-
viduals throughout their distribution range. Currently, the 
only variety with an estimate of population size is P. sc. var. 
albifluvis. In its most recent survey, the U.S. Dept. of Interior 
- Fish and Wildlife Service (USFWS 2014) estimated the 

total population size of this variety to be 12,215 individuals. 
Genetic diversity within the P. scariosus species complex 
(Table 2) is similar to that in other species of Penstemon 
with conservation concerns (Wolfe et al. 2014, 2016). For 
example, the estimated number of individuals of P. albomar-
ginatus ranges from 100,000 to 200,000, and this species has 
fewer alleles per locus, slightly higher observed heterozygo-
sity, and lower inbreeding (A = 7.89, Ho = 0.62, Fis = 0.16; 
Wolfe et al. 2016). Penstemon debilis, on the other hand, has 
a smaller estimated number of individuals (4100) than the 
P. scariosus species complex, with fewer alleles per locus, 
lower observed heterozygosity, and a very similar inbreed-
ing coefficient [A = 4.16, Ho = 0.43, Fis = 0.23; (Wolfe et al. 
2014)]. Despite this apparent high level of genetic diversity, 
the inbreeding coefficients we report are high, even in P. 
sc. var. garrettii, which has the lowest Fis (Table 4) and the 
second largest number of individuals (Table 1). Penstemon 
scariosus var. scariosus, with the second smallest number 
of individuals, has the highest inbreeding coefficient, lower 
than average alleles per locus, and the lowest observed het-
erozygosity. Additionally, it is located at the southernmost 
point of the P. scariosus species complex distribution range 
(Fig. 2) and is isolated from the rest of the varieties. In 
contrast, P. sc. var. cyanomontanus, has one of the lowest 
inbreeding values, the lowest average alleles per locus, but 

Fig. 3   Neighbor-Joining tree based on Nei’s genetic distances 
between populations. The tree on the left is based on eight microsat-
ellite loci, and the tree on the right is based on 490 AFLP loci. Both 

trees depict the same relationship between the varieties. Penstemon 
scariosus var. albifluvis and P. sc. var. cyanomontanus form one clus-
ter, and P. sc. var. garrettii and P. sc. var. scariosus form another
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the highest observed heterozygosity, and the smallest num-
ber of individuals. Furthermore, P. sc. var. cyanomontanus 
occurs in close proximity to P. sc. var. albifluvis and P. sc. 
var. garrettii. Thus, isolated groups of individuals are more 
inbred than small, marginally sympatric ones.

Patterns of genetic differentiation (Table  3, Online 
Resource 1, Tables S4 and S6) are consistent with results 
from the program STRU​CTU​RE. However, the STRU​CTU​
RE results from SSRs (Online Resource 1, Figures S2 and 
S3) indicated that P. sc. var. albifluvis formed an isolated 
group, while STRU​CTU​RE results from ALFPs (Online 
Resource 1, Figure S4) showed that all varieties have some 
level of admixture. Recently, Puechmaille (2016) demon-
strated that, when sample sizes are unequal, the program 
STRU​CTU​RE tends to group populations/sites that have 
a small number of individuals into larger groups (Puech-
maille 2016). This bias affects both AFLP and SSR datasets. 
Moreover, STRU​CTU​RE is sensitive to high levels of link-
age disequilibrium among pairs of loci (Falush et al. 2003). 
Arlequin results from SSRs (Table 2) show that an average 
of 56% of paired loci are in linkage disequilibrium, with 
the highest values for P. sc. var. garrettii (84%), and the 
lowest for P. sc. var. cyanomontanus (21%). STRU​CTU​RE 
results from SSRs could be less reliable than those from 
AFLPs in this study. The mismatch between results from 
different markers could also indicate taxonomic discrep-
ancy. We used the traditional taxonomical delimitation of 
the varieties, which is mostly based on geographic distribu-
tion. The results from this paper suggest that there might be 
some taxonomic incongruence in the current delimitation 
of the varieties. Future work will focus on the phylogenetic 
reconstruction of P. scariosus species complex and closely 
related species.

We can infer from our results that geographic distance 
plays an important role in limiting gene flow in the P. scar-
iosus species complex. This has enormous implications for 
conservation. For example, in the only breeding system study 
for P. scariosus, Lewinsohn and Tepedino (2007) found that 
P. sc. var. albifluvis has a mixed mating system, where fruits 
are produced by outcrossing and by selfing when pollinators 
are absent. The same study showed that currently, pollina-
tor frequency maximizes seed production. This means that 
in the absence of pollen from other relatively close indi-
viduals, plants will self-pollinate and, as a consequence, 
genetic variation could decrease, genetic differentiation is 
likely to increase, and populations will become more sensi-
tive to drift-based threats (Ellstrand 1992). Experimental 
evidence showed that loss of genetic variation is associ-
ated with inbreeding depression and an increased risk of 
extinction in Clarkia pulchella (Newman and Pilson 1997). 
More generally, Brook et al. (2002) compared the median 
time to extinction of 20 threatened species using computer 

simulation, and found that inbreeding depression reduces the 
time to extinction by 25–30%.

According to our survey, Penstemon scariosus varieties 
have small areas of distribution (Fig. 1). Our results show 
that most of the varieties have high inbreeding coefficients 
and low genetic diversity. These estimates are consistent 
with those in similar studies of Penstemon species with 
small population sizes, and are proportional to those of spe-
cies with larger populations (Wolfe et al. 2014). Population 
size is one of the most important factors influencing extinc-
tion risk. Small populations are more susceptible to inbreed-
ing depression, genetic drift, and loss of genetic diversity, 
relative to large ones (Hilfiker et al. 2004; Frankham et al. 
2010). Genetic diversity is reduced in all populations of P. 
scariosus in comparison to other species of Penstemon with 
populations of similar sizes and natural history (Wolfe et al. 
2014, 2016). The loss of genetic diversity can potentially 
reduce a species’ ability to adapt to new environmental con-
ditions, and, as a consequence, it could increase the risk 
of extinction (Helm et al. 2009). According to Lynch et al. 
(1995), who developed theoretical models to assess extinc-
tion risk, populations progressively accumulate deleterious 
mutations as the number of individuals is reduced. They 

Table 5   Average inbreeding coefficient estimates for P. scariosus 
varieties using AFLP

α and  β are parameters of the prior beta distribution used to infer 
about F, 95% CI; Log L is the average log-likelihood of data across 
the Markov Chain; in parenthesis is the standard deviation of the log-
likelihood

α, β Fis 95% CI Log L

albifluvis
 0.1 0.4820 [0.4162, 0.5479] − 15708.801 (13.003)
 1 0.4832 [0.4189, 0.5480] − 15706.845 (12.576)
 5 0.4854 [0.4186, 0.5512] − 15707.169 (12.466)
 Mean 0.4835

cyanomontanus
 0.1 0.4363 [0.3093, 0.5654] − 3588.232 (9.699)
 1 0.4371 [0.3127, 0.5670] − 3587.871 (9.651)
 5 0.4380 [0.3111, 0.5682] − 3588.362 (9.757)
 Mean 0.4371

garrettii
 0.1 0.2974 [0.2303, 0.3699] − 17725.964 (14.443)
 1 0.3015 [0.2338, 0.3720] − 17726.103 (14.260)
 5 0.2980 [0.2334, 0.3659] − 17725.273 (14.475)
 Mean 0.2990

scariosus
 0.1 0.5647 [0.4612, 0.6642] − 6513.917 (11.959)
 1 0.5602 [0.4553, 0.6617] − 6514.243 (11.862)
 5 0.5647 [0.4599, 0.6674] − 6514.854 (11.916)
 Mean 0.5632
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emphasize that just 12 generations are required to drive a 
population of fewer than 100 individuals to extinction.

In other plant species, similar patterns of genetic differ-
entiation have been observed. For example, in an AFLP-
based study of Geranium pratenses, which is a perennial 
outcrossing species with an estimated number of individuals 
per population ranging from eight to 42,000, Michalski and 
Durka (2012) found lower genetic diversity (He = 0.15) but 
a lower inbreeding coefficient (Fis = 0.21) than in P. scar-
iosus on average. The authors also indicated that isolation 
by distance due to gene flow is responsible for the genetic 
differentiation observed between populations within 10 km, 
but at larger distances, genetic drift influences the observed 
pattern the most. Moderate to high levels of genetic differen-
tiation (0.059–0.572) was found in Magnolia ashei, a species 
with a mixed mating system. The authors attribute the high 
levels of genetic differentiation to low gene flow induced by 
anthropization (Von Kohn et al. 2018).

AFLPs versus SSRs

It is difficult to determine the best sample size for all popula-
tion genetic studies. Some authors have argued that 25–30 
individuals per population are sufficient to accurately deter-
mine allele frequencies (Hale et al. 2012), while others argue 
that 20–100 individuals are required to assess genetic struc-
ture depending on Fst values (Kalinowski 2005; Sinclair and 
Hobbs 2009). However, assessing 30 individuals per popula-
tion is challenging when many populations must be included 
in the analysis and the budget is limited. Our results suggest 
that 25 individuals per population is an adequate sample size 
if using AFLP loci (Online Resource 1, Figures S5, S7, and 
S9). When SSRs are implemented, 20 individuals is a more 
appropriate sample size (Online Resource 1, Figures S6, 
S8, and S10). Other authors have indicated that 20–30 is 
an adequate sample size in a population genetic study (Hale 
et al. 2012; Kalinowski 2005; Sinclair and Hobbs 2009), 
which is similar to what we found. Additionally, certain 
measurements are more sensitive to sample size variation 
than others. The average number of alleles per locus (Online 
Resource 1, Figures S5 and S6), and the number of private 
alleles (data not shown) changed dramatically from one sam-
ple size to another. However, AMOVA results were consist-
ent across sample sizes (Online Resource 1, Figures S7 and 
S8).

For the second level of comparison between AFLPs and 
microsatellites, the adjusted R-squared values (from MEM-
GENE) for microsatellites were highly variable (Online 
Resource 1, Figure S10). In particular, results were incon-
sistent across the subsets. In most cases, when the sample 
size increases, the accuracy of the estimates also increases. 
However, in the case of adjusted R-squared analysis from 
the microsatellite dataset, values fluctuated inconsistently, 

as the number of individuals in the subsets increases. On the 
other hand, adjusted R-squared values exhibit the opposite 
pattern when calculated from AFLP data (Online Resource 
1, Figure S9). In most cases, as the number of individuals 
in the subset dataset increases, the accuracy of the measure 
also increases, reaching stability at 20%. This was a major 
difference between AFLPs and microsatellites. However, if 
more SSR markers had been utilized, these differences may 
have been reduced. Some authors suggest that 5–10 SSR 
loci and 150–100 individuals, respectively, are sufficient to 
estimate spatial genetic structure (Cavers et al. 2005). In 
two cases, our SSRs dataset did not satisfy the minimum, as 
P. sc. var. cyanomontanus has 32 individuals and P. sc. var. 
scariosus has 65.

Increasing the sample size in a study of endangered spe-
cies could be difficult, and sometimes impossible. Collecting 
20–30 individuals of a rare species can be challenging, espe-
cially when populations are small. To increase sample size 
and maximize sampling efforts, some researchers use land-
scape similarities analysis and environmental niche mode-
ling (de Siqueira et al. 2009; Guisan et al. 2006; Lomba et al. 
2010). In addition to augmenting the number of samples, 
scientists can also increase the number of loci (De Barba 
et al. 2017; Vos et al. 1995).

Based on the life history traits of P. scariosus and its cur-
rent estimated population size (at least 12,215 individuals), 
we believe our results are transferable to other species with 
conservation concerns. Outcrossing species, like P. scario-
sus, have more genetic diversity and less genetic differentia-
tion than selfing species; therefore, 20–25 individuals should 
be enough to compute estimates of population genetics for 
species that naturally harbor less genetic diversity such as 
species with mixed mating and selfing system.

In summary, AFLP and SSR provide accurate estimates 
of population genetic parameters. Both have intrinsic advan-
tages and disadvantages. However, when there is no previous 
knowledge of the target species genome and the goal is to 
inform conservation decisions, AFLP markers would be an 
excellent economical choice.
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