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Abstract

Two congeneric species of spadefoot toad, Spea multiplicata and S. bombifrons, have been the 

focus of hybridization studies since the 1970s. Because complex hybrids are not readily 

distinguished phenotypically, genetic markers are needed to identify introgressed individuals. We 

therefore developed a set of molecular markers (AFLP, PCR – RFLP, and SNP) for identifying 

pure species, F1 hybrids, and more complex introgressed types. To do so, we tested a series of 

markers across both species and known hybrids using populations in both allopatry and sympatry. 

We retained those markers that differentiated the two pure species and also consistently identified 

known species hybrids. These markers are well suited for identifying hybrids between these 

species. Moreover, those markers that show variation within each species can be used in 

conjunction with existing molecular markers in studies of population structure and gene flow.
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Introduction

Spadefoot toads, particularly those in the genus Spea, are an emerging model system for 

addressing problems ranging from ecotoxicology and wetlands ecology to evolutionary 

development, sexual selection, and speciation (reviewed in Ledon-Rettig & Pfennig 2011; 

Pfennig 2000; Gray et al. 2004; Banbury & Maglia 2006; Arendt 2009; Martin & Pfennig 

2009; McMurry et al. 2009). The interactions of two Spea species in particular, S. 

5Correspondence to: Karin Pfennig, <kpfennig@unc.edu>. 
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multiplicata and S. bombifrons, have been studied since at least the 1970s (Forester 1973; 

Pierce 1976; Sattler 1985). These species co-occur in some parts of the southwestern USA 

(Stebbins 2003) where they show a mosaic distribution: some populations consist of one or 

both species depending on local conditions (Pfennig et al. 2006). Although the most 

divergent of the Spea genus (Wiens & Titus 1991; García-Paris et al. 2003), S. multiplicata 

and S. bombifrons naturally hybridize and produce viable hybrid offspring (Forester 1975; 

Simovich 1985; Simovich & Sassaman 1986; Pfennig & Simovich 2002). Hybrid females 

are partially fecund and can backcross with males of the parental species to produce 

complex backcross hybrid offspring (Forester 1975; Sattler 1985; Simovich 1985; Pfennig & 

Simovich 2002). Although F1 hybrid adults can be identified reliably via adult morphology, 

tadpoles and complex hybrids must be identified by genotype (Sattler 1985; Simovich & 

Sassaman 1986).

Because of the nature of the distribution of these two species, and because they hybridize, 

genetic markers are often necessary to determine species composition of a population and 

the degree to which introgression is taking place. However, only a limited number of 

allozyme markers have been available for distinguishing S. multiplicata, S. bombifrons, and 

their hybrids (Sattler 1985; Simovich & Sassaman 1986). Although allozymes are generally 

adequate for identifying hybrids, their use can be difficult given the restrictive conditions of 

sample preservation (i.e., freezing tissue). Allozymes are, therefore, not amenable for 

fieldwork or for genotyping ethanol-preserved specimens.

Recently, Rice et al. (2008) developed nine polymorphic microsatellite markers that 

amplified in both S. multiplicata and S. bombifrons. Although initially developed with the 

intent of differentiating the two species and their hybrids, these microsatellites do not 

reliably distinguish the two species, let alone their hybrids. Thus, our goal was to develop a 

set of marker loci for S. multiplicata and S. bombifrons that would enable researchers to 

identify the two species and their hybrids. In particular, we sought to identify markers that 

would be diagnostic for both species and their hybrids, reliable for different sample types, 

and easy to genotype. Because microsatellites are expensive to develop and those already 

developed were found to be too highly variable across species to be diagnostic (Rice et al. 

2008), we focused on developing alternative diagnostic molecular markers.

Our approach was to develop diagnostic amplified fragment length polymorphisms (AFLPs) 

and polymerase chain reaction-restriction fragment length polymorphisms (PCR–RFLPs). 

Although high throughout sequencing has made it possible to identify species-specific 

differences across the genome (e.g., by using restriction site associated makers, i.e., RAD-

tags), the cost per sample for such analyses can be prohibitive even though the cost per 

marker identified is low. Furthermore, the technology to sequence RAD-tags and the 

expertise to analyze the results are not yet universally available. RFLPs and AFLPS, by 

contrast, are technologically accessible, easy to interpret, and can be used to genotype large 

numbers of individuals. Thus, our approach remains a general alternative to next generation 

methods.

In developing these markers, we also identified a number of potentially useful species-

specific single nucleotide polymorphisms (SNPs) that we have evaluated for their quality of 
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being diagnostic for each species and their hybrids. Ultimately, our final set consisted of 10 

nuclear markers that could be used to distinguish pure species and their hybrids (see Results 

and Discussion). This number is a compromise between too few markers, which, on the one 

hand, could result in the misidentification of introgressed individuals as pure species types 

(Simovich & Sassaman 1986), and too many markers, which, on the other hand, could make 

genotyping large numbers of individuals prohibitively expensive in terms of both money and 

time.

Materials and methods

Tissue samples were obtained from lab-reared and field-caught adult and tadpole specimens 

(both fresh and preserved in ethanol). Samples from tadpoles consisted of ∼14.5 mg tail 

tissue, whereas tissue from adults consisted of ∼7.3 mg of tissue from a toe clip.

To identify markers that differentiated the two species, we initially used samples from 

allopatric populations where no introgression between the species has occurred. For S. 

multiplicata, we drew samples from populations in western Arizona outside of S. 

bombifrons' range. For S. bombifrons, we drew samples from populations in Colorado 

outside of S. multiplicata's range. Markers that were potentially diagnostic of the two 

species were then tested using tissue from toads collected in sympatric populations from 

Texas, Arizona, and New Mexico. Moreover, we also tested the markers on known hybrids 

from our lab colony that had been generated from experimental crosses of pure-species 

parents (e.g., Pfennig & Simovich 2002; Pfennig et al. 2007).

DNA isolation was performed using the Qiagen kit spin-column protocol. Our only variation 

from the protocol was that we eluted the samples twice with 100 ul Buffer AE (instead of 

twice with 200 ul) to increase the final concentration of DNA. Doing so was particularly 

important with the tadpoles to maximize the resulting amount of DNA. Typically we 

recovered 60-100ug (300-350ng/uL in 200ul per sample) for the tadpoles whereas toeclips 

yielded 2.5ug (35ng/uL in 70uL per sample), but the concentrations varied depending on the 

quality of the tissue.

We used the Applied Biosystems AFLP® Plant Mapping Protocol to develop AFLP markers 

from three selective primer combinations (Table 1). PCR products from the selective 

amplifications were submitted for genotyping on an 3730xl Genetic Analyzer (Applied 

Biosystems) at the UNC-CH Genome Analysis Facility. Amplified fragments between 50 

and 500 base pairs (bp) were scored based on an internal size standard (GeneScan500 ROX; 

Applied Biosystems Inc.) using GeneMarker software version 1.85 (SoftGenetics), which 

were then checked by visual inspection for the presence or absence of peaks. Only distinct 

peaks were scored as present, and the manual scoring procedure was repeated on a separate 

occasion to reduce any inconsistencies in scoring. Additionally, we repeated the entire 

process, from initial amplification to manual scoring, at least once for each sample to 

evaluate the repeatability of the AFLP markers. We used 24 individuals of each species from 

allopatric populations outside of the other species' range. Species-specific loci were 

identified as those that were fixed for one species in allopatry, and totally absent in the 

other. The ability to detect hybrids was verified with a sample of 12 known hybrids.
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For PCR–RFLP development, we sequenced a collection of cDNAs isolated from S. 

bombifrons. The cDNAs were annotated by homology comparisons to the Xenopus genome 

using BLAST. From these cDNAs sequences, primers were developed to amplify fragments 

of 100 to 200 base pairs. These primers were then tested using S. multiplicata and S. 

bombifrons samples from the allopatric populations describe above. The set of initial 

primers was pruned to only those that amplified well and at the same temperature in both 

species. These PCR fragments were sequenced. Those fragments showing a single 

nucleotide polymorphism were then targeted for RFLP development. We confirmed that 

only one species PCR product would cut with that restriction enzyme and that the resulting 

fragments are clearly visible on an agarose gel (2%). Markers passing this initial filter were 

then tested on samples from sympatric populations and seven known hybrids from our lab 

colony (described above). Using this process, we ultimately identified 10 nuclear markers 

that reliably distinguished the two species and their hybrids (see Results and Discussion 

below). To verify that these markers were species-specific, we tested 38 S. multiplicata and 

33 S. bombifrons samples from allopatric populations. Of these samples, 100% were scored 

as the appropriate species for all markers, indicating that no intraspecies polymorphisms had 

been missed. Moreover, to further validate that these makers reliably identified hybrids, we 

tested them with 28 known hybrids. These markers were then used to measure frequency of 

hybridization in sympatric populations from a region where hybridization has been 

previously described (see below).

As a byproduct of our PCR–RFLP development we also identified a number of potentially 

informative species-specific SNPs that were not targeted by restriction endonucleases (Table 

2). In Table 3, we have identified those SNPs that are unlikely to be sequencing errors and 

resided in regions suitable for Taqman probe development (Kalinina et al. 1997; Vos et al. 

1995).

For those nuclear markers that we developed in this study, we performed a search of the S. 

bombifrons and S. multiplicata genes targeted by the markers using xenbase.org. From here, 

we determined which scaffold each gene was on and, using information obtained from 

tropmap.biology.uh.edu, the linkage group was identified. Doing so allowed us to determine 

whether or not the markers were closely linked and therefore independent assays of species 

identity.

To develop a PCR-RFLP marker for cyt-b we used previously sequenced haplotypes for 

each species from the allopatric locations described above (GenBank accession nos. 

EU285613, EU285616, EU285617, EU285643; Rice and Pfennig 2008). We analyzed these 

haplotype sequences with the online NEBcutter v. 2.0 (Vincze et al. 2003) to choose a 

restriction enzyme that would cut the PCR product from only one species. We then used 

previously published primers developed for Spea (Rice & Pfennig 2008) to amplify the cyt-b 

fragment and confirm that only one species PCR product would cut with that restriction 

enzyme and that the resulting fragments were clearly visible on an agarose gel (2%). Finally, 

we tested samples from sympatric populations and known hybrids from our lab colony as 

described previously for the nuclear PCR-RFLP development.
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Using the 10 nuclear markers and the one mitochondrial marker, we then successfully 

genotyped 39-93 tadpoles from each of 12 ponds following different breeding events 

(spadefoots breed explosively on a single night following a rainstorm). Of these breeding 

events, three occurred at the same pond site in three different years. All aggregations were 

found near Portal, Arizona, USA, and were at sites where introgression between S. 

multiplicata and S. bombifrons has been previously observed (Simovich 1985; Simovich & 

Sassaman 1986). Not all samples were successfully genotyped across the entire suite of 

markers (in some cases only one marker worked for a given sample), and some ponds 

exhibited higher failure rates than others, possibly due to the quality of sample preservation. 

Nevertheless, we were able to calculate the percent of tadpoles that exhibited introgressed 

genotypes. Where F1 hybrids were produced, we estimated their frequency.

Results and Discussion

AFLP markers

We identified 12 AFLP loci distinct to S. multiplicata and 16 AFLP loci distinct to S. 

bombifrons (Table 1). These markers were species-specific and potentially could be used to 

diagnose hybrids. Their utility, however, varied with the type of sample and quality of 

sample preservation. When using fresh tissue or well-preserved samples in ethanol, the 

AFLPs worked well. However, older or poorly preserved specimens that had low 

concentrations or degraded DNA often failed or provided mis-leading results. Thus, these 

markers were not useful for tracking historical patterns of introgression from older samples. 

Indeed, because of the variability in outcome, the use of AFLPs for diagnosing these species 

and their hybrids might best be restricted to fresh tissue.

PCR – RFLP markers

We identified 10 PCR–RFLP nuclear markers, that could distinguish both species and their 

hybrids (Tables 2 & 3). We tested these markers on known hybrids, and the markers reliably 

identified these known hybrids. We also noted a bias as to which species tended to harbor 

the allele with the restriction site. Spea bombifrons tended to harbor more “cut” alleles. We 

found that these 10 markers generally map to different scaffolds of the Xenopus genome 

(Supplemental Table). Although the mean scaffold size is only 76,000 bp in Xenopus, half 

the genome is in scaffolds of 1.56 megabases or more. Thus, our finding that the markers are 

on separate scaffolds indicates that our markers likely serve as independent identifiers of 

species identity.

SNP markers

As a byproduct of PCR – RFLP development, we identified a total of 28 potential SNP 

markers, which varied in their ability to distinguish pure-species and hybrid genotypes 

(Tables 2 & 3). Although only 10 of the nuclear markers proved useful for distinguishing the 

Spea species and their hybrids, 14 additional markers are suitable for TaqMan probes and 

will be useful for anyone studying the natural ecology of members of the genus Spea (Tables 

3). In particular, these markers can be combined with other within-species markers to 

measure population structure and differentiation within either S. multiplicata or S. 

bombifrons (e.g., Rice et al. 2008; Rice & Pfennig 2010).
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Measuring introgression in the field

When we applied the 10 RFLP markers along with our species-specific mitochondrial 

marker to genotyping individuals from natural populations, we found levels of introgression 

that were similar to previously published values using allozyme studies. In particular, we 

found that the frequency of introgressed tadpoles (i.e., individuals that were either identified 

as a hybrid at one or more markers or that showed mixed species assignment across 

markers) arising from 12 different breeding events ranged from 0%, in a pond where only S. 

multiplicata was present among the samples, to 51%. By comparison, previously published 

accounts from these same populations, using a smaller set of four allozyme markers to 

estimate introgression, reported frequencies of introgressed individuals ranging from 0.8% 

to 42.5% (see Table 1, pp. 82-83 in Simovich 1985).

Our finding of a higher upper range of introgression could be accounted for in two ways. 

First, our higher measure of introgression may reflect the additional number of markers at 

our disposal relative to that in previous studies. With fewer markers, complex backcrosses 

are more likely to be assigned as pure species. Thus, previous estimates of introgression 

using fewer markers may have been more conservative (Simovich & Sassaman 1986).

Second, and perhaps more critically, the higher rates of introgression may reflect genuinely 

higher rates of introgression in those ponds where hybridization has been observed. Indeed, 

a single site accounted for some of the highest rates of introgressed individuals. Following 

three separate breeding aggregations at this site (each in a different year), the frequency of 

introgressed tadpoles was 11%, 33% and 51%. Such variation would be generated by year-

to-year variation in the types of adults present at the breeding aggregation. Interestingly, 

however, no F1 hybrids were detected at this site in the years sampled, suggesting that 

introgression stemmed from an historical hybridization event(s). In the absence of this site, 

our range of observed introgressed individuals was 0% to 30%, which is more similar to the 

range previously observed using allozymes (Simovich 1985).

When we looked specifically at the frequency of F1 hybrids, we found that F1 hybrids were 

relatively rare, and occurred in only one of the 12 ponds sampled. In the one pond where F1 

hybrids did occur, however, F1 hybrids represented 4.3% of the tadpoles sampled at that 

site. This result is consistent with previously published findings showing that, although 

hybridization has declined between these two species (Pfennig 2003), facultative 

hybridization in any given year could generate “bursts” of hybridization that contribute to 

introgression between these species (Pfennig 2007). As indicated above, these bursts of 

hybridization could contribute to the on-going detection of complex hybrids, even in the 

absence of F1s in any given year.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1

Summary of species-specific AFLP markers from three selective primer combinations. Diagnostic markers of 

S. multiplicata (Sm, in table) or S. bombifrons (Sb, in table) were identified as loci fixed in allopatric 

populations of one species, and absent in the other.

Primer combination EcoRI/MseI Sm fragment size (bp) Sb fragment size (bp)

aac/cac 63 104

121 108

160 147

247 153

410 157

— 276

— 484

aag/caa 93 68

107 84

173 149

284 163

300 182

— 325

— 489

acg/cag 158 214

189 496

Total species specific loci 12 16
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