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TABLE 2.S5. Information regarding chloroplast data matrix. All the reads from each Antennaria species 

were mapped to the 151076 bp, complete, Artemisia frigida chloroplast genome. Col. Num. – collection 

number, Ungap. Seq. Len. – ungapped sequence length 

Species Ploidy Col.  

Num. 

Total  

Bases 

Ungap.  

Seq. Len. 

Reads  

Coverage 

A. anaphaloides 2x MT-92005 167002 134113 0-61 

A. arcuata 2x WY-90022 166973 140617 0-219 

A. argentea 2x OR-91004 167206 149651 0-291 

A. aromatica 2x!, 4x ,6x MT-96046 167026 141734 0-41 

A. carpatica  10694 167026 140631 0-143 

A. chilensis var. magellanica 4x! ARG-02073 167026 149431 0-88 

A. corymbosa 2x! M-508 166975 138210 0-343 

A. densifolia 2x! MT-725 167026 150097 0-276 

A. dimorpha 2x, 4x NV-90007 166975 133723 0-242 

A. dioica 2x FR-02031  167002 150369 0-292 

A. flagellaris 2x OR-91006 167026 159204 0-58 

A. friesiana spp. neoalakana 2x, 4x AK-89056 166975 134606 0-284 

A. friesiana ssp. alakana 4x NWT-89029 167026 150439 0-124 

A. geyeri 2x OR-91008 167004 143612 0-150 

A. lanata 2x AB-90005 167026 151252 0-167 

A. linearifolia peru  285 167002 148282 0-183 

A. luzuloides ssp. aberrans 2x OR-91001 167002 149700 0-269 

A. luzuloides ssp. luzuloides 2x WA-90001 167206 150739 0-197 

A. marginata 2x!, 4x, 6x AZ-705 167002 150137 0-671 

A. microphylla 2x MT-92065 166975 134723 0-451 

A. monocephala ssp. monocephala 2x YK-89052 166975 136448 0-296 

A. neglecta 2x BPN-56 167002 150089 0-363 

A. plantaginifolia 2x PV-282 167062 150731 0-181 

A. pulchella 2x! CA-724 167026 148583 0-45 

A. pulcherrima ssp. eucosma 4x 11035 167002 116071 0-83 

A. pulcherrima ssp. pulcherrima 2x, 4x CO-91012 167002 108156 0-224 

A. racemosa 2x MT-895 167002 150246 0-120 

A. rosulata 2x AZ-800 167026 131309 0-103 

A. sawyeri 2x! 170 167026 132077 0-65 

A. solitaria 2x ASOL-9106 167002 149727 0-141 

A. stenophylla 4x WA-94002 167026 139761 0-262 

A. suffrutescens 2x CA-91002 166963 139316 0-149 

A. umbrinella 2x, 4x WY-700 167002 150185 0-585 

A. virginica 2x, 4x WV-94002 167026 133538 0-151 

Belloa schultzii  unknown ARG-02037 167002 146868 0-91 

Facelis lasiocarpa unknown ARG-02049 167002 149724 0-647 

Gamochaetopsis alpina unknown ARG-02080 167002 149565 0-267 

Luciliocline subspicata n=12 ARG-02029A 167026 123160 0-73 
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TABLE 2.S6. Evaluation of the six biogeographical models in BioGeoBEARS package. d - Rate of 

dispersal/range expansion, e - Rate of extinction/range contraction, AIC – Akaike Information Criterion 

 

Models 

Log-

likelihood 

Number of  

parameters 

 

    d 

 

        e 

Founder  

effect 

 

    AIC 

 

AIC wt 

DEC -158.67997 2 0.03718 0.010467 0.00000 321.35994 3.98E-11 

DEC+J -158.07745 3 0.03548 7.44E-09 0.00680 322.15490 2.67E-11 

DIVALIKE -164.56985 2 0.04251 1.00E-12 0.00000 333.13970 1.10E-13 

DIVALIKE+J -164.48148 3 0.04161 1.00E-12 0.00232 334.96296 4.42E-14 

BAYAREALIKE -136.99684 2 0.01702 0.20456 0.00000 277.99368 0.10381 

BAYAREALIKE+J -133.84120 3 0.01803 0.03065 0.01398 273.68240 0.89619 
 

TABLE 2.S7. (a-b). Summary of the total biogeographical events based on 50 Biogeographical 

Stochastic Mapping in BioGeoBEARS package. A – Appalachian Province, B – Atlantic Province, C – 

Arctic Province, D – Canadian province, E – Rocky Mountain and Vancuvarian Province, F – North 

American Prairies, G – Madrean Region, H – South America, I – Eurasia. Dispersal are shown from the 

geographical regions in the column on the left to the geographical regions shown in the row on the top. 

 

TABLE S7a – Anagenic Dispersals 

From\To A B C D E F G H I Total % 

           A 0 1.66 0.02 0.66 0.02 0.88 0 0 0.04 3.28 15.10 

           B 0.3 0 0 0 0 0.02 0 0 0 0.32 1.47 

           C 0.04 0 0 0.94 0.58 0 0 0.04 1.02 2.62 12.06 

           D 0.24 0 0.62 0 0.44 0.36 0.02 0 0.44 2.12 9.76 

           E 0.32 0 0.4 1.56 0 1.52 3.3 0.26 0.4 7.76 35.73 

           F 0.22 0.02 0 0.32 0.02 0 0.02 0 0 0.6 2.76 

           G 0.44 0.02 0.16 0.98 0.3 1.16 0 0.64 0.04 3.74 17.22 

           H 0.06 0.06 0.04 0.02 0.1 0.08 0.24 0 0.02 0.62 2.85 

            I 0.02 0.02 0.36 0.02 0.2 0.02 0 0.02 0 0.66 3.04 

     Total 1.64 1.78 1.6 4.5 1.66 4.04 3.58 0.96 1.96   

          % 7.55 8.20 7.37 20.72 7.64 18.60 16.48 4.42 9.02   
 

TABLE S7b - Founder Dispersals 

From\To A B C D E F G H I Total % 

           A 0 0.04 0.34 0.18 0 0.02 0 0 0.24 0.82 12.06 

           B 0.06 0 0.02 0.02 0 0.02 0 0 0.02 0.14 2.06 

           C 0.64 0.06 0 0.08 0.04 0 0.02 0 0.02 0.86 12.65 

           D 0.22 0.18 0.06 0 0 0 0.02 0 0.02 0.5 7.35 

           E 0.28 0 0.46 0.66 0 0.02 0.16 0.1 0.58 2.26 33.24 

           F 0 0 0 0 0 0 0 0 0 0 0.00 

           G 0.14 0 0.12 0.5 0 0 0 0.1 0.18 1.04 15.29 

           H 0.02 0 0.02 0.02 0.88 0 0.1 0 0 1.04 15.29 

            I 0.08 0.02 0 0 0.04 0 0 0 0 0.14 2.06 

     Total 1.44 0.3 1.02 1.46 0.96 0.06 0.3 0.2 1.06   

          % 21.18 4.41 15.00 21.47 14.12 0.88 4.41 2.94 15.59   
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Chapter 3: Development and characterization of microsatellite markers for 

Antennaria corymbosa (Asteraceae) and close relatives 
 

Antennaria Gaertn. are dioecious perennial herbs distributed mainly in the Holarctic region with 

the major center of diversity in the Rocky Mountains of Western North America (Bayer and 

Chandler, 2007). The genus comprises 32 known sexual diploid/tetraploid species and several 

polyploid agamic complexes that mostly reproduce by forming asexual seeds (Bayer, 1990). 

While the sexual species are morphologically distinct, polyploid agamic complexes show 

morphological similarities among themselves due to intense hybridization and introgression from 

shared sexual progenitors (Bayer, 1990; Bayer and Chandler, 2007). Because of their 

polymorphism, codominant nature, high cross transferability rate, and cost effectiveness, 

microsatellite loci have been used extensively in the study of gene flow, genetic diversity, and 

parentage analysis (Kalia et al., 2011); however, microsatellite markers have not yet been 

developed for Antennaria. 

 We developed and characterized 16 nuclear and eight chloroplast microsatellite markers 

for Antennaria corymbosa E.E. Nelson and demonstrated transferability to other species within 

the genus. These markers will be helpful for population genetic studies of the sexual Antennaria 

species, as well as, studies of clonal diversity and parentage analysis of polyploid agamic 

complexes. 

METHODS AND RESULTS 

Total genomic DNA from Antennaria corymbosa (Appendix 1) was extracted using the CTAB 

method (Doyle and Doyle, 1987) and quantified using Qubit BR-assay (Life Technologies, 

Carlsbad, California, USA). A genomic library was prepared with the NEBNext Ultra II DNA 



 

76 

 

Library Prep Kit (New England Biolabs, Ipswich, Massachusetts, USA) following the 

manufacturer’s protocol. Target enrichment was performed using the myBaits COS 

Compositae/Asteraceae 1Kv1 kit (Arbor Biosciences, Ann Arbor, Michigan, USA) that targets a 

Conserved Ortholog Set (COS) of loci in Compositae (Mandel et al. 2014). Sequencing was 

performed on an Illumina MiSeq sequencer (paired end, sequencing chemistry V2, 150 bp) at the 

Feinstone Center for Genomic Research, University of Memphis, Tennessee. Raw sequence files 

have been deposited to NCBI's Sequence Read Archive (BioProject PRJNA514045). We 

followed the bioinformatics workflow of Mandel et al. (2014) except we used the program 

SPAdes v. 3.5 (Bankevich et al., 2012) with k-mer values 99, 111, 115, and 127 for the de novo 

assembly of 2,060,492 quality reads. The 33,457 retained contigs were matched to the COS loci 

using the PHYLUCE pipeline v.0.1.0 (Faircloth et al., 2012) following the workflow of Mandel 

et al. (2014). A perfect motif search for microsatellite loci (di- to hexanucleotide repeats, 

minimum length of 12 base pairs) was carried out using Phobos v. 3.3.11 (Mayer, 2006–2010) as 

implemented in Geneious v. R7.1.9 (Kearse et al., 2012). Primers were developed for product 

sizes ranging 150-450 base pairs using Primer3 (Untergasser et al., 2012) with default 

parameters.  

 Altogether, 19 primer pairs from the contigs matching the COS loci and 22 primers from 

the unmatched contigs were developed. Similarly, nine chloroplast microsatellite markers were 

developed from the partial chloroplast genome of A. corymbosa assembled by mapping off-target 

reads to the Artemisia frigida Willd. chloroplast genome (NC_020607). Primers were 

synthesized at Integrated DNA Technologies (Coralville, Illinois, USA). Amplification of the 50 

SSR loci was first tested in 12 individuals of A. corymbosa (Appendix 1). Genomic DNA was 

extracted from silica gel-dried leaves or herbarium specimens using the E.Z.N.A. SQ Plant DNA 
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Kit (Omega Bio-Tek, Norcross, Georgia, USA) and purified with the E.Z.N.A. Cycle Pure Kit 

(Omega Bio-Tek, Norcross, Georgia, USA). PCR was carried out in 15 µL single-plex reactions 

that contained 1.5 µL 10X buffer, 0.5 µL MgCl2 (25 nM), 0.2 µL DNTPs (20 nM), 0.35 µL 

forward primer (5 nM), 0.35 µL reverse primer (20 nM), 0.35 µL unlabeled M13 

(CACGACGTTGTAAAACGAC, 10 nM), 0.7 µL Taq, and 1.5 µL DNA. A touch-down PCR 

protocol was used with the following thermal cycler conditions: 95°C initial denaturation for 3 

min, 10 cycles of PCR to bolster primer annealing (30 sec at 94°C, 30 sec annealing temp 

decreasing by 1°C from 65°C to 55°C with each cycle, and 60 sec at 72°C), followed by 30 cycles 

of amplification (30 sec at 94°C, 30 sec at 55°C, and 60 sec at 72°C), and a final extension at 

72°C for 10 mins. PCR products were visualized on 1% agarose gels. 

A total of 36 out of 50 primer pairs, including 27 nuclear and nine chloroplast primer 

pairs, were selected for genotyping. These 36 loci were re-amplified separately by replacing 

unlabeled M13 with M13 containing VIC, NED, FAM or PET fluorophores in the PCR master 

mix (Table 1). Amplified products were pooled into dilution plates (four loci, 5 µL each in 30 µL 

volume/sample/well) and run plates were prepared with 1 µL of the pooled sample in diluted 6.5 

µL of GeneScan 500 LIZ Size Standard (Thermo Fisher Scientific, Carlsbad, California, USA) 

per well. A volume of 200 µL of GeneScan 500 LIZ Size Standard was added to 7.4 mL of 

formamide for the dilution. Genotyping was carried out via capillary electrophoresis of the PCR 

products on an ABI 3130XL DNA Analyzer (Life Technologies, Carlsbad, California, USA) at 

the Molecular Resource Center, University of Tennessee, Memphis, Tennessee. The 

electropherograms were analyzed with GeneMarker version 2.6.3 (SoftGenetics LLC, State 

College, Pennsylvania, USA). Of the 27 nuclear markers, 10 were polymorphic, six were 

monomorphic, and 11 showed ambiguous genotypes. Among the nine chloroplast loci, two 
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showed very low variability, six were monomorphic, and one was ambiguous. All polymorphic 

and monomorphic loci are listed in Table 1. 

 Genetic diversity within the 10 polymorphic nuclear markers was further tested in 10 

individuals for each of five populations of A. corymbosa (Appendix 1). These populations were 

collected from regions representing the major center of diversity for the species in the western 

part of the United States (Bayer, 2006). We could not collect more than 10 individuals per 

population because the species produces dense mat-like structures due to stoloniferous growth, 

and hence it was difficult to obtain more than 10 distinct patches in a collection area. Also, we 

did not collect individuals from very close patches as they could be clones. Evidence for null 

alleles was not detected by MICRO-CHECKER version 2.2.3 (Van Oosterhout et al., 2004). 

Linkage disequilibrium among alleles of the loci in populations was not calculated due to small 

population sizes. Genetic diversity parameters including the number of alleles, observed 

heterozygosity, expected heterozygosity, and Fixation Index were calculated using GenAlEx v. 

6.502 (Peakall and Smouse, 2006). Hardy-Weinberg Equilibrium (HWE) for each locus was 

calculated using GENEPOP v. 4.2 (Rousset, 2008) (Table 2). Among the five populations of A. 

corymbosa (50 genotyped individuals), the number of alleles per locus ranged from one to four. 

Similarly, the overall observed heterozygosity, expected heterozygosity, and the Fixation Index 

ranged from 0.00 to 1.00, 0.00 to 0.675, and -1 to 0.610, respectively. After a Bonferroni 

correction for multiple testing, with the adjusted p-value of 0.001, no significant deviations from 

HWE were detected (Table 2). 

 Cross-species amplification of the markers was also tested in five species of Antennaria 

including A. microphylla Rydb., A. pulchella Greene, A. racemosa Hook, A. rosulata Rydb., and 

A. umbrinella Rydb. (Appendix 1). These taxa were chosen as they all occur in the Catipes clade 
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and are potential hybridizers (Bayer, 1990; Bayer and Chandler, 2007). Among 10 polymorphic 

nuclear markers in A. corymbosa, locus AcSSR506 was monomorphic in all species except A. 

racemosa, and locus AcSSR655 was monomorphic in A. pulchella and A. rosulata. As in A. 

corymbosa, six nuclear loci were monomorphic in all the five species. Among the eight 

chloroplast markers, loci AcCpSSR8110 and AcCpSSR87080 were polymorphic in A. racemosa, 

and locus AcCpSSR85580 was polymorphic in A. umbrinella (Table 3). To assess the ability of 

the markers for resolving relationships at the species level, we produced a NeighborNet split 

network using SplitsTree4 v. 4.14.5 (Huson and Bryant, 2006) and we undertook Principal 

Coordinate analysis (PCoA) using GenAlEx for 12 samples from each of the six Antennaria 

species (Appendix S1). The six Antennaria species were well- resolved in the SplitsTree 

network, whereas A. corymbosa, A. rosulata, and A. umbrinella were genetically not 

differentiated in the PcoA. 

CONCLUSIONS 

 

The novel microsatellite markers described in this study are the first developed in the genus 

Antennaria. These markers will be helpful for the future population genetic studies of widely 

distributed A. corymbosa populations. With high cross-species amplification rate, these markers 

will be useful in the study of hybridization, interspecific gene flow, and parentage analysis of 

other Antennaria diploid species and polyploid agamic complexes.  
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TABLE 3.1. Characteristics of developed microsatellite markers for Antennaria corymbosa. 

Note: M-13 (CACGACGTTGTAAAACGAC) is added to the 5' end of forward primers; Optimal annealing temperature is 550C. 

Locus    Primer Sequences 

Repeat 

 Motif 

Allele size  

range (bp) 

Fluorescent 

 dye 

GenBank  

Accession  

Nuclear markers 

AcSSR655 F: ACGCACCATTAACTCTCCCG (ATT)3 197-212 VIC MK243474 

 R: CGGTGTACGTGATCCTGGAG     

AcSSR652 F: TGGTTGAGTATTGTGGAAGTAACAC (CGGGTT)4 242-260 VIC MK243473 

 R: TGCTACCTTCCTAAAACCGCT     

AcSSR898 F: AGGAGTCTAAGCTTAAGTTTGTGT (TGG)3 211-223 FAM MK243476 

 R: AGAAGCAAGTTTCTCCAACCCT     

AccSSR208 F: ACTATCAAGATGATGACTTTAGCGA (TTTG)4 281-285 NED MK243463 

 R: GACAGCAAGCCCTCCAAGAA     

AccSSR2209 F: TTCGGGTCAAATACGGGTCG (TTTA)4 197-201 FAM MK243464 

 R: TGGTGTAATCCTGTTGGCCC     

AcSSR93 F: TGCAAGAAACACACAAAACA (ATC)4 172-181 VIC  MK243465 

 R: ACGAAGAATCAACCGAAGAT     

AcSSR731 F: AACCCACCTCCTAAAACATC (ATC)5 199-202 NED MK243475 

 R: TAATCCTTTGCACAATCCCA     

AcSSR546 F: TCATGCTTAACCAGGTCAAA (AACCC)4 377-394 NED MK243472 

 R: AAGTAGGTAAAGCAAGTGCA     

AcSSR297 F: TTAACAACCCGCTCATGTT (AAAT)4 187-199 FAM MK243470 

 R: TTAAATCCGTCAGCACAAGA     

AcSSR506 F: CGTGGAGTGATTACGGTATT (TTGT)4 254-271 VIC MK243471 

 R: AAGCATGAAAAACAGCAACA     

AcSSR149 F: GTACAAACGGAGCAAAAGAC (AAAG)3 439 PET MK243466 

 R: GGCAACTTTCATTCTCATGG     

AcSSR170 F: CTTTCTCAAGGAGATGGACC (AGC)4 397 PET MK243467 

 R: TTGTAGTCGCTTACTGACAG     
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TABLE 3.1. 

(Continued) 

 

 

Locus    Primer Sequences 

Repeat 

 Motif 

Allele size  

range (bp) 

Fluorescent 

 dye 

GenBank  

Accession  

 R: TTCCGTTTAGGTATCGGAAC     

AcSSR278 F: TTGCTTGTCCCAAATGGCAC (TTTGAC)2 210 FAM MK243469 

 R: AGGGCTCACATTCCAATCTAAA     

AcSSR969 F: TCCTCATCAACGTTATTGCT (TA)6 281 VIC MK243477 

 R: TTACGACGTATGACAGCATT     

AcSSR1038 F: ATTGATGGGTTCATGCTCTT (TATT)3 207 FAM MK243477 

 R: GCCTGTAAAGTTGTAAGGGA     

Chloroplast markers 

AcCpSSR66820 F: TGCTAGAGACATAAACAGTCATGGA (ATGAG)3 337 FAM MK243458 

 R: GGCCTAGCTGTACCTACCGT     

AcCpSSR78370 F: CCGATGGTTCTTACTCAGGGA (AAT)5 210-224 VIC MK243459 

 R: CGGGCCTCTTGAATCCTCTC     

AcCpSSR85580 F: TTTGTTCGATGAGCAGATCCA (AAT)12 305 VIC MK243460 

 R: TCTGGATCCAAAGAACCAGTCA     

AcCpSSR159730 F: ACCCTGTGAATTGTGTGAAAGT (TGAAT)3 239 FAM MK243462 

 R: TCAGGAGGAATTTAATGACAGGACA     

AcCpSSR87080 F: TTTGTATCGCAAAACTACGC (TTA)3 447-451 PET MK243461 

 R: TAAATTTCCGAGGACATGCA     

AcCpSSR36790 F: CATACAACCTTGGCAAGAAC (AAG)4 245 NED MK243457 

 R: TTTTTCAAATCCTGCTGCAG     

AcCpSSR12160 F: CGCCTGTCAATTCAATGAAT (ATTT)3  329 VIC MK243456 

 R: TCGCTTGTATTGTTTGTTGG     

AcCpSSR8110 F: TGCAACTATGATCTATGCCC (TAA)4 350 VIC MK243455 

 R: TTTGGACTGGAATTGACGAA     

 

 



 

84 

 

TABLE 3.2. Genetic characterization of 10 polymorphic microsatellite loci for populations of Antennaria corymbosa. 

       cory_3 (N=10) 
 

cory_30 (N=10) 
 

cory_43 (N=10) 
 

cory_45 (N=10) 
 

cory_50 (N=10) 

Locus A Ho He F HWE  A Ho He F HWE  A Ho He F HWE  A Ho He F HWE  A Ho He F HWE 

AccSSR208 2 0.500 0.375 -0.333 NA  1 0.000 0.000 NA NA  2 0.250 0.219 -0.143 NA  1 0.000 0.000 NA NA  1 0.000 0.000 NA NA 

AccSSR2209 2 1.000 0.500 -1.000 0.010  2 0.889 0.494 -0.800 0.053  2 0.800 0.480 -0.667 0.173  2 0.900 0.495 -0.818 0.045  2 0.700 0.455 -0.538 0.220 

AcSSR93 2 0.100 0.095 -0.053 NA  1 0.000 0.000 NA NA  2 0.556 0.401 -0.385 1.000  2 0.300 0.255 -0.176 1.000  2 0.200 0.180 -0.111 1.000 

AcSSR297 2 0.100 0.095 -0.053 NA  2 0.100 0.095 -0.053 NA  3 0.500 0.505 0.010 0.077  3 0.300 0.265 -0.132 1.000  2 0.100 0.095 -0.053 NA 

AcSSR506 1 0.000 0.000 NA NA  3 0.400 0.335 -0.194 1.000  2 0.700 0.455 -0.538 0.220  2 0.600 0.420 -0.429 0.484  2 0.500 0.375 -0.333 1.000 

AcSSR546 3 0.125 0.320 0.610 0.068  2 0.714 0.459 -0.556 0.438  2 0.200 0.180 -0.111 1.000  2 0.300 0.255 -0.176 1.000  1 0.000 0.000 NA NA 

AcSSR652 3 0.778 0.648 -0.200 0.750  3 0.600 0.635 0.055 0.469  4 0.600 0.675 0.111 0.366  2 0.200 0.420 0.524 0.133  2 0.800 0.480 -0.667 0.175 

AcSSR655 2 0.300 0.455 0.341 0.483  2 0.200 0.480 0.583 0.079  2 0.200 0.320 0.375 0.304  4 0.900 0.625 -0.440 0.151  2 0.600 0.480 -0.250 1.000 

AcSSR731 2 0.889 0.494 -0.800 0.054  2 0.900 0.495 -0.818 0.055  2 1.000 0.500 -1.000 0.007  2 1.000 0.500 -1.000 0.007  2 1.000 0.500 -1.000 0.007 

AcSSR898 2 0.100 0.095 -0.053 NA  1 0.000 0.000 NA NA  2 0.200 0.180 -0.111 1.000  1 0.000 0.000 NA NA  1 0.000 0.000 NA NA 

 

Note: A = number of alleles; Ho = observed heterozygosity; He = expected heterozygosity; F= fixation index; HWE = Hardy Weinberg 

Equilibrium; N = number of individuals sampled; NA = not applicable; Cory = A. corymbosa. Loci were pooled for genotyping in the 

following manner: (AccSSR208, AcSSR93), (AcSSR546, AccSSR2209, AcSSR652, AcSSR731), and (AcSSR297, AcSSR506, AcSSR655, 

AcSSR898). 
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TABLE 3.3 .Cross-species amplification of the 23 microsatellite markers developed in A. corymbosa in five additional Antennaria species. 

  

A. microphylla (N=12) 

  

A. pulchella (N=12) 

  

A. racemosa (N=12) 

  

A. rosulata (N=12) 

  

A. umbrinella (N=12) 

Loci success A 

allele size 

 range (bp) 

 

success A 

allele size 

 range (bp) 

 

success A 

allele size 

 range (bp) 

 

success A 

allele size 

 range (bp) 

 

success A 

allele size 

 range (bp) 

Nuclear markers (polymorphic) 

AccSSR208 *** 3 271-285  ** 3 271-289  ** 7 279-301  ** 3 279-285  ** 3 271-285 

AcSSR93 *** 2 172-181  ** 4 172-189  ** 3 172-189  ** 3 172-181  ** 4 171-285 

AccSSR2209 *** 2 197-200  * 3 197-202  ** 4 197-207  *** 2 197-200  ** 2 197-200 

AcSSR546 ** 3 377-388  * 2 387-392  ** 5 382-392  *** 6 388-398  * 4 382-397 

AcSSR731 ** 2 199-202  ** 2 199-202  *** 2 199-202  *** 2 199-202  ** 3 199-211 

AcSSR652 *** 3 242-254  *** 4 242-260  *** 2 242-254  *** 4 242-260  *** 3 242-254 

AcSSR655 *** 3 202-212  ** 1 199  *** 2 199-202  *** 1 199  *** 5 197-210 

AcSSR506 *** 1 267  * 1 267  *** 4 259-275  *** 1 267  *** 1 267 

AcSSR297 *** 2 195-199  ** 3 187-204  *** 2 199-204  *** 2 195-199  ** 3 195-204 

AcSSR898 ** 2 211-223  ** 3 208-213  ** 3 211-226  ** 2 211-223  ** 2 211-223 

Nuclear markers (monomorphic) 

AcSSR149 *** 1 439  *** 1 439  *** 1 439  *** 1 439  *** 1 439 

AcSSR170 *** 1 397  *** 1 397  *** 1 397  *** 1 397  *** 1 397 

AcSSR238 *** 1 237  *** 1 237  *** 1 237  *** 1 237  *** 1 237 

AcSSR278 ** 1 210  ** 1 210  ** 1 210  *** 1 210  *** 1 210 

AcSSR1038 *** 1 207  *** 1 207  *** 1 207  *** 1 207  *** 1 207 

AcSSR969 *** 1 301  *** 1 301  *** 1 301  *** 1 301  *** 1 301 

Chloroplast markers (polymorphic, monomorphic) 

AcCpSSR8110 *** 1 350  *** 1 350  *** 2 350-356  *** 1 350  *** 1 350 

AcCpSSR12160 *** 1 329  *** 1 329  *** 1 329  *** 1 329  *** 1 329 

AcCpSSR36790 *** 1 245  *** 1 245  *** 1 245  *** 1 245  *** 1 245 

AcCpSSR66820 *** 1 337  *** 1 337  *** 1 337  *** 1 337  *** 1 337 

AcCpSSR78370 *** 1 224  *** 1 224  *** 1 224  *** 1 224  *** 1 224 

AcCpSSR85580 *** 1 305  *** 1 305  *** 1 305  *** 1 305  *** 2 294-305 

AcCpSSR87080 *** 1 451  *** 1 451  *** 2 451-455  *** 1 451  *** 1 451 

AcCpSSR15973

0 *** 1 239 

 

*** 1 239 

 

*** 1 239 

 

*** 1 239 

 

*** 1 239 

 

Note: A = number of alleles; N = number of samples; * = amplification and scoring <50%; ** = amplification and scoring >50 %< 90%; *** = 

amplification and scoring > 90%. 
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Appendix 3.1 Voucher information for Antennaria corymbosa and five other Antennaria species used in this study. 

Species N Collection number/year/collectors 
Voucher 

 locationd 
Collection locality Geographic coordinates 

A. corymbosaa 1 M-508/1985/R.J.Bayer & Lebedyk ALTA  Beaverhead Co., MT, USA 45°13'48.0"N, 111°27'00.0"W 

A. corymbosab 10 WY-04001/2004/R.J.Bayer, G.Chandler& B. Robertson MEM  Sheridan Co., WY, USA 44°25'47.4"N, 107°45'22.9"W 

A. corymbosab 10 MT-04028/2004/R.J.Bayer, G.Chandler& B. Robertson MEM  Granite Co., MT, USA 46°13'26.8"N, 113°14'54.9"W 

A. corymbosab 10 CO-07001/2007/R.J.Bayer, G.Chandler, B. Robertson MEM  Gunnison Co., CO, USA 39°01'25.6"N, 107°03'09.3"W 

A. corymbosab 10 CO-07003/2007/R.J.Bayer, G.Chandler, B. Robertson MEM  Gunnison Co., CO, USA 38°50'03.6"N, 106°25'05.8"W 

A. corymbosab 10 CO-07008/2007/R.J.Bayer, G.Chandler, B. Robertson MEM  Gunnison Co., CO, USA 38°49'60.0"N, 107°06'00.0"W 

A. microphyllab 4 CO-07004/2007/R.J.Bayer, G.Chandler, B. Robertson MEM  Gunnison Co., CO, USA 38°50'03.6"N, 106°25'05.8"W 

A. microphyllab 4 CO-070011/2007/R.J.Bayer, G.Chandler, B. Robertson MEM  Saguache Co., CO, USA 37°59'60.0"N, 106°00'00.0"W 

A. microphyllab 4 CO-17002/2017/R.J.Bayer, R. Thapa, N.P. Prather & S. M. Ballou MEM  Conejos Co., CO, USA 37°09'01.0"N, 106°24'58.2"W 

A. pulchellac 4 CA-720/1987/R.J.Bayer, R. Deluca & D. Lebedyk ALTA  Mono Co., CA, USA 37°57'00.0"N, 119°18'00.0"W 

A. pulchellac 4 CA-724/1987/R.J.Bayer, R. Deluca & D. Lebedyk ALTA  Inyo Co., CA, USA 37°10'60.0"N, 118°38'00.0"W 

A. pulchellac 4 CA-732/1987/R.J.Bayer, R. Deluca & D. Lebedyk ALTA  Inyo Co., CA, USA 37°07'60.0"N, 118°34'00.0"W 

A. racemosab 4 MT-04006/2004/R.J.Bayer, G.Chandler & B. Robertson MEM  Gallatin Co., MT, USA 45°53'30.1"N, 110°53'39.6"W 

A. racemosab 4 MT-04015/2004/R.J.Bayer, G.Chandler& B. Robertson MEM  Flathead Co., MT, USA 48°13'08.9"N, 113°19'43.5"W 

A. racemosab 4 MT-04022/2004/R.J.Bayer, G.Chandler& B. Robertson MEM  Deer Lodge Co., MT, USA 46°14'21.9"N, 112°35'08.4"W 

A. rosulatab 4 NM-17002/2017/R.J.Bayer, R. Thapa, N.P. Prather & S. M. Ballou MEM  Rio Arriba Co., NM, USA 36°39'17.8"N, 106°02'30.3"W 

A. rosulatab 4 CO-17005/2017/R.J.Bayer, R. Thapa, N.P. Prather & S. M. Ballou MEM  Saguache Co., CO, USA 38°13'13.9"N, 106°36'25.4"W 

A. rosulatab 4 AZ-17010/2017/R.J.Bayer, R. Thapa, N.P. Prather & S. M. Ballou MEM  Coconino Co., AZ, USA 34°59'10.4"N, 111°27'35.5"W 

A. umbrinellab 4 WY-04004/2004/R.J.Bayer, G.Chandler& B. Robertson MEM  Big Horn Co., WY, USA 44°48'18.9"N, 107°53'34.9"W 

A. umbrinellab 4 MT-04003/2004/ R.J.Bayer, G.Chandler& B. Robertson MEM  Gallatin Co., MT, USA 45°05'35.4"N, 111°12'29.1"W 

A. umbrinellab 4 MT-04027/2004/R.J.Bayer, G.Chandler& B. Robertson MEM  Madison Co., MT, USA 45°04'29.4"N, 111°52'04.9"W 

Note: a = used for Next Generation Sequencing; b = DNA from silica gel dried leaves; c = DNA from herbarium specimens, N = number of 

individuals sampled; d = Standard herbarium acronyms following Thiers (http://sweetgum.nybg.org/science/ih/). Following are the 

identifications of the collection number of A. corymbosa with the population names in Table 2: WY-04001(cory_3), MT-04028 (cory_30), CO-

07001 (cory_43), CO-07003 (cory_45), CO-07008 (cory_50).

http://sweetgum.nybg.org/science/ih/
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Appendix 3. S1. NeighborNet split network for six species of Antennaria. Numbers indicate population number followed by letters for the 

individual identification number in a population. B. Principal Coordinate Analysis for the six Antennaria species based on 10 polymorphic 

microsatellite markers. 
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Chapter 4: Genetic Diversity, Population Structure, and Ancestry Estimation 

in the Antennaria rosea Polyploid Agamic Complex 

Antennaria rosea, one of the most morphologically diverse polyploid agamic complexes, occurs 

in a broad extent of habitats from dry sagebrush steppes to moist alpine tundra and has a center 

of diversity in the Rocky Mountains of western North America (Bayer, 1989a). The species has a 

wide range of distribution in North America from New Mexico and Southern California in the 

South to Alaska and Northwest Territories in the North, and to the Western Shores of Hudson 

Bay in the East (Bayer, 1989a). The complex also occurs along the shores of James Bay, north 

shore of Lake Superior, Gaspé Peninsula in eastern Quebec, and in western Newfoundland 

(Bayer, 1989a). Different ploidy levels including triploid (2n = 42), tetraploid (2n = 56), and 

pentaploid (2n = 70) cytotypes have been reported in the species with tetraploid being the most 

prevalent form (Bayer and Stebbins, 1987). Being a dioecious gametophytic apomict, A. rosea 

populations are composed entirely of pistillate clones while staminate plants are extremely rare 

(Bayer, 1987; Bayer and Stebbins, 1987). Antennaria rosea species have been identified by many 

authors as the clones having rose colored phyllaries (Greene, 1898; Piper, 1906; Rydberg, 1922; 

Sharsmith, 1960; Tidestrom, 1925 ); however, field studies have shown tremendous variation 

among populations for phyllary coloration ranging from white to pink, red or brown, and the 

number of heads per flowering stalk (Bayer, 1989a,b, 1990b). This variation among populations 

has led to the enumeration of many microspecies in A. rosea and other Antennaria polyploid 

agamic complexes. Microspecies can be defined as uniform populations with a hybrid 

constitution, mainly reproducing by uniparental methods that are morphologically slightly 

different from related uniform populations (Grant and Grant 1971). The practice of giving 

microspecies the rank of a species has resulted in the listing of almost 400 published names in 
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Antennaria leading to a taxonomic conundrum (Bayer, 1987; The INternational Plant Names 

Index, 2012). In the process, about 40 microspecies so closely similar to A. rosea that no 

taxonomic keys could be constructed for them, have been described (Bayer, 1989a,b). Earlier, 

Chmielewski and Chinnappa (1988), based on their study on A. rosea populations in 

Northwestern Canada, suggested retaining the species status for those microspecies as they 

maintained distinctive morphologies under controlled transplant studies. However, Anderson et 

al. (1974) had previously discarded the possibility of such recognition due to the lack of 

insufficient distinctness in them. Bayer (1989a), in consent with Anderson, considered it to be 

unrealistic to try to recognize all the microspecies and concurred that the species should be 

considered as a single compilospecies (sensu Harlan and DeWet 1963). Bayer (1989) proposed 

combining them into related groups or apomicts and recognizing them as an agamic species 

complex. Evidence from morphological, isozymes, ecological, and phylogenetic studies indicate 

that the A. rosea complex evolved as a compilospecies from hybridization and introgression of as 

many as eight diploid to tetraploid sexual species followed by polyploidization event(s) (Bayer, 

1989a, 1990c, 1991; Bayer and Chandler, 2007). These eight sexual species are A. aromatica, A. 

corymbosa, A. media/A. pulchella, A. marginata, A. microphylla, A. racemosa, A. rosulata, and 

A. umbrinella. These putative parents are closely related in a phylogenetic analysis and are 

grouped together in the Catipes clade with robust support values, but do not form a monophyletic 

clade (Bayer, 1990c; Bayer et al., 1996; Thapa et al., unpublished). 

Apomixis, a process by which the formation of asexual seeds occurs via meiotically 

unreduced gametes, is rare among angiosperm genera with only about 1.1% of them harboring 

this characteristic (Carman, 1997). The process results in genetically invariant lineages to which 

evolutionary forces, such as selection and genetic drift, may fail to act limiting their long term 
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evolutionary potentials (Richards, 2003). However, apomixis is an important evolutionary 

feature that maintains desirable genotypes as one linkage group over generations, hence finding 

ecological advantages  (Harper, 1982) and many potential applications in plant breeding methods 

(Hanna and Bashaw, 1987). In apomicts, the reduced or negated male functions (Noirot et al., 

1997) can enhance reproductive success for the female increasing colonizing abilities (Van Dijk, 

2007); however, as a tradeoff, may accumulate deleterious mutations (Comai, 2005) and 

experience poor adaptation to changing environments (Muller, 1964). Heterozygosity, one of the 

parameters of genetic variability, is usually higher in some of the loci of apomictic populations 

compared to the related sexual species due to allopolyploidy during their origination ; but the 

total genotypic variation is often lower due to the absence of recombination and meiosis 

(Hörandl and Paun, 2007). Genetic variation in apomictic populations is dependent on a number 

of factors including facultative sexuality of the apomicts leading to backcrossing with sexual 

relatives, mutations, and the involvement of divergent sexual ancestors in multiple evolutionary 

origins (Bayer et al., 1990; Gornall, 1999; Hörandl, 2004).  

Antennaria was the first plant in which apomixis, (gametophytic apomixis or 

agamospermy) was documented cytologically (Juel, 1900).  This seminal work was followed up 

by the Stebbins’ (1932a, b) studies on apomixis in Antennaria in North America.  Apomixis in A. 

rosea has never been studied cytologically, but it is assumed that it is an obligate apomict given 

its gynoecious nature and ability to set see without pollen. Obligately apomictic A. rosea 

populations also develop clonal diversity through mutation; however,  mutation alone cannot 

account for a large number of existing clones (Bayer and Chandler, 2007). If they are facultative 

apomicts, A. rosea could generate new apomicts and clonal diversity through fertilization by 

compatible pollen from the sexual species in sympatry or parapatric distributions (Bayer, 1989a, 



 

91 

 

1991; Bayer and Chandler, 2007). Distribution ranges for the putative sexual parents of A. rosea 

overlap; for example, in west central Montana, up to six sexual species, viz. A. aromatica, A. 

corymbosa, A. pulchella /A. media, A. microphylla, A. racemosa, and A. umbrinella (Bayer, 

1987) can be found in a single mountain. However, these species are associated with specific 

habitat and communities, and are reproductively isolated (Bayer et. al, 1991). Antennaria rosea 

populations, distributed in diverse habitats from dry steppe to alpine tundra, have wider 

geographic distribution compared to that of the sexual progenitors with whom they often have 

sympatric or parapatric coexistence (Bayer, 1990c, 1991). When grown in a close proximity, A. 

rosea easily hybridizes with the sexual progenitors and potentially develops higher ecological 

amplitude compared to the putative sexual parents (Bayer et al., 1991). Based on the study by 

Bayer (1990b), less clonal diversity is present among the A. rosea populations in the Pleistocene 

glaciated regions compared to those distributed in the unglaciated regions; however, the study 

had a sampling bias with less sampling from the glaciated regions. Present distribution of A. 

rosea population in the Pleistocene glaciated regions could be a result of the colonization of 

populations from south of the glacial margin after glacial retreat, or the remnants of populations 

from the unglaciated regions in Alaska and Yukon territories (Bayer, 1991).  

Studies based on morphology and isozyme markers have shown that A. rosea has 

experienced complex evolutionary history involving multiple hybridizations and introgressions 

among various putative sexual parents. However, the influence of these events on genetic 

diversity, population structure, and ancestry estimation, i.e., which parents contributed to which 

populations of A. rosea, has not been fully explored. In the present study, we analyzed genetic 

diversity and population structure in 18 populations of A. rosea from the major centers of 

distribution across the species range in the Rocky Mountain regions of the USA. Ten populations 
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were collected from the Northern Rocky Mountains and eight populations from the Southern 

Rocky Mountains. All sampled individuals were genotyped using a collection of simple 

sequence repeat (SSR) markers developed for Antennaria species (Thapa et al., in press). The 

resulting data allowed us to investigate the amount and distribution of genetic diversity within 

the sampled A. rosea populations and putatively assign sexual diploid/tetraploid progenitors to 

each population. 

MATERIALS AND METHODS 

Plant materials and genotyping 

Eight putative sexual diploid/tetraploid parent populations were sampled from their respective 

geographic ranges. Five populations each for the putative parents, except four populations each 

for A. microphylla and A. pulchella, were considered. Altogether, 276 individuals were assessed 

from 38 populations in eight species. Detailed information regarding the populations and the 

species is given in Table 1. Similarly, A. rosea populations were sampled from a major portion 

of the principal range of the species distribution in the western United States with a particular 

focus on the Rocky Mountain Region where there is great overlap of the putative parent’s 

distribution ranges. The collection sites ranged from 36.398 to 48.290 in latitude and -113.379 to 

-106.001 in longitude with the elevation of the locations extending from 4417 to 10800 feet 

above sea level (Table 2). A total of 155 A. rosea individuals divided into 18 populations were 

assessed, and the herbarium voucher collections documenting the morphology of each sampled 

clone in each population were deposited in MEM.
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Table 4.1. Detail information on 38 A. rosea sexual putative parents’ populations considered for the study. Population number (P.no.), 

collection number (Col. no.), collection place (Col. place), collection date (Col. date), Latitude (Lat.0, Longitude (Long.). A. aromatica (aro), 

A. corymbosa (cory), A. marginata (mar), A. microphylla (mic), A. pulchella (pul), A. racemosa (race), A. rosulata (roz), and A. umbrinella 

(umb). 

P. no. Col. no. Col. Place Col. Date Collectors Altitude        Lat.              Long.   

aro_7 MT-04001 Custer National Forest, Carbon Co., Montana 7/20/2004 R. J. Bayer, G. Chandler, & B. Robertson 9,613' asl 45.027 -109.407  

aro_14 MT-04005 Gallatin National Forest, Gallatin Co., Montana 7/22/2004 R. J. Bayer, G. Chandler, & B. Robertson 8,187' asl 45.903 -110.967  
aro_19 MT-04012 Lewis and Clark National Forest, Cascade Co., Montana 7/23/2004 R. J. Bayer, G. Chandler, & B. Robertson 7,907' asl 46.834 -110.684  

aro_22 MT-04017 Lewis and Clark National Forest, Teton Co., Montana 7/25/2004 R. J. Bayer, G. Chandler, & B. Robertson 6,708' asl 47.914 -112.698  

cory_3 WY-04001 Big Horn National Forest, Sheridan Co, Wyoming 7/17/2004 R. J. Bayer, G. Chandler, & B. Robertson 9,220' asl 44.430 -107.756  
cory_30 MT-04028 Deerlodge National Forest, Granite Co., Montana 7/28/2004 R. J. Bayer, G. Chandler, & B. Robertson 6,627' asl 46.224 -113.249  

cory_43 CO-07001 Gunnison National Forest, Gunnison Co., Colorado 7/3/2007 R. J. Bayer, G. Chandler, & B. Robertson 10,440' asl 39.024 -107.053  

cory_45 CO-07003 Gunnison National Forest, Gunnison Co., Colorado 7/5/2004 R. J. Bayer, G. Chandler, & B. Robertson 11,595' asl 38.834 -106.418  
cory_50 CO-07008 Gunnison National Forest, Gunnison Co., Colorado 7/6/2004 R. J. Bayer, G. Chandler, & B. Robertson 10,000' asl 38.833 -107.100  

mar_59 NM-17004 Sante Fe National Forest, Sante Fe Co., New Mexico 7/4/2017 R. J. Bayer, R. Thapa, N. P. Prather & S. M. Ballou 6,990' asl 36.880 -107.002  

mar_60 NM-17007B Carson National Forest, Taos Co., New Mexico 7/5/2017 R. J. Bayer, R. Thapa, N. P. Prather & S. M. Ballou 8,128' asl 36.378 -105.477  
mar_69 AZ-17001 Hualapai Mountain, Mohave Co., Arizona 7/8/2017 R. J. Bayer, R. Thapa, N. P. Prather & S. M. Ballou 6,527' asl 35.098 -113.886  

mar_71 AZ-17004 Kaibab National Forest, Coconino Co., Arizona  7/9/2017 R. J. Bayer, R. Thapa, N. P. Prather & S. M. Ballou 8,746' asl 36.398 -112.041  

mar_76 AZ-17011 Coconino National Forest, Coconino Co., Arizona 7/11/2017 R. J. Bayer, R. Thapa, N. P. Prather & S. M. Ballou 7,502' asl 34.986 -111.460  
mic_46 CO-07004 Gunnison National Forest, Gunnison Co., Colorado 7/5/2004 R. J. Bayer, G. Chandler, & B. Robertson 11,595' asl 38.834 -106.418  

mic_53 CO-07011 Gunnison National Forest, Saguache Co., Colorado 7/8/2007 R. J. Bayer, G. Chandler, & B. Robertson 10,800' asl 38.000 -106.000  

mic_65 CO-17002 Rio Grande National Forest, Conejos Co., Colorado 7/6/2017 R. J. Bayer, R. Thapa, N. P. Prather & S. M. Ballou 8,816' asl 37.150 -106.416  
mic_66 CO-17004 Gunnison National Forest, Saguache Co., Colorado 7/7/2017 R. J. Bayer, R. Thapa, N. P. Prather & S. M. Ballou 9,445' asl 38.221 -106.607  

pul_78 CA-700 Inyo National Forest, Inyo Co., California 7/12/1987 R. J. Bayer, R. Deluca & D. Lebedyk 10,600' asl 36.483 -118.217  
pul_79 CA-707 Inyo National Forest, Inyo Co., California 7/13/1987 R. J. Bayer, R. Deluca & D. Lebedyk 10,580' asl 36.750 -118.367  

pul_80 CA-720 Inyo National Forest, Mono Co., California 7/14/1987 R. J. Bayer, R. Deluca & D. Lebedyk 10,100' asl 37.950 -119.300  

pul_81 CA-724 Inyo National Forest, Inyo Co., California 7/16/1987 R. J. Bayer, R. Deluca & D. Lebedyk 10,400' asl 37.183 -118.633  
pul_77 CA-732 Inyo National Forest, Inyo Co., California 7/17/1987 R. J. Bayer, R. Deluca & D. Lebedyk 10,620' asl 37.133 -118.567  

race_15 MT-04006 Bridger Mountains, Gallatin Co., Montana 7/22/2004 R. J. Bayer, G. Chandler, & B. Robertson 6,172' asl 45.892 -110.894  

race_17 MT-04010 Gallatin National Forest, Park Co., Montana 7/23/2004 R. J. Bayer, G. Chandler, & B. Robertson 6,358' asl 46.162 -110.438  
race_21 MT-04015 Flathead National Forest, Flathead Co., Montana 7/24/2004 R. J. Bayer, G. Chandler, & B. Robertson 5,97' asl 48.219 -113.329  

race_25 MT-04022 Deerlodge National Forest, Deer lodge Co., Montana 7/26/2004 R. J. Bayer, G. Chandler, & B. Robertson 6,873' asl 46.239 -112.586  

race_39 MT-04037 Beaverhead National Forest, Beaverhead Co., Montana 7/30/2004 R. J. Bayer, G. Chandler, & B. Robertson 7,844' asl 45.407 -112.897  

roz_58 NM-17002 Carson National Forest, Arriba Co., New Mexico 7/4/2017 R. J. Bayer, R. Thapa, N. P. Prather & S. M. Ballou 8,636' asl 36.655 -106.042  

roz_63 CO-17001 Rio Grande National Forest, Conejos Co., Colorado 7/6/2017 R. J. Bayer, R. Thapa, N. P. Prather & S. M. Ballou 8,816' asl 37.150 -106.416  

roz_67 CO-17005 Gunnison National Forest, Saguache Co., Colorado 7/6/2017 R. J. Bayer, R. Thapa, N. P. Prather & S. M. Ballou 9,445' asl 38.221 -106.607  
roz_74 UT-17002 Dixie National Forest, Garfield Co., Utah 7/10/2017 R. J. Bayer, R. Thapa, N. P. Prather & S. M. Ballou 10,056' asl 38.039 -112.197  

roz_75 AZ-17010 Coconino National Forest, Coconino Co., Arizona 7/11/2017 R. J. Bayer, R. Thapa, N. P. Prather & S. M. Ballou 7,131' asl 34.986 -111.460  

umb_6 WY-04004 US highway 14A, Bighorn Co, Wyoming 7/19/2004 R. J. Bayer, G. Chandler, & B. Robertson 8,890' asl 44.805 -107.893  
umb_12 MT-04003 Gallatin National Forest, Gallatin Co., Montana 7/21/2004 R. J. Bayer, G. Chandler, & B. Robertson 6,517' asl 45.093 -111.208  

umb_23 MT-04018 Lewis and Clark National Forest, Teton Co., Montana 7/25/2004 R. J. Bayer, G. Chandler, & B. Robertson 6,708' asl 47.914 -112.698  

umb_29 MT-04027 Beaverhead National Forest, Madison Co., Montana 7/27/2004 R. J. Bayer, G. Chandler, & B. Robertson 8,431' asl 45.075 -111.868  
Umb_36 MT-04034 Beaverhead National Forest, Madison Co., Montana 7/30/2004 R. J. Bayer, G. Chandler, & B. Robertson 6,396’ asl 45.229 -112.912  
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Table 4.2. Detail information on 18 A. rosea populations considered for the study. Population number (P. No.), collection number (Col. No.), 

collection place, collection date (Col. date), Altitude, Latitude (Lat.0, Longitude (Long.). 

P. No. Col. No. Collection place Col. date Collectors Altitude Lat. Long. 

r_1 UT-04001 Wasatch National Forest, Weber Co., Utah 7/17/2004 R. J. Bayer, G. Chandler, & B. Robertson 8,643' asl 41.410 -111.523 

r_2 UT-04002 Wasatch National Forest, Rich Co., Utah 7/17/2004 R. J. Bayer, G. Chandler, & B. Robertson 9,705' asl 41.480 -111.370 
r_5 WY-04003 US highway 14A, Bighorn Co, Wyoming 7/19/2004 R. J. Bayer, G. Chandler, & B. Robertson 9,705' asl 44.805 -107.893 

r_10 WY-04012 Shoshone National Forest, Park Co., Wyoming 7/20/2004 R. J. Bayer, G. Chandler, & B. Robertson 6,243' asl 44.763 -109.428 

r_16 MT-04008 Gallatin National Forest, Gallatin Co., Montana 7/22/2004 R. J. Bayer, G. Chandler, & B. Robertson 5,708' asl 45.764 -110.854 
r_18 MT-04011 Shields River Rd., Park Co., Montana 7/23/2004 R. J. Bayer, G. Chandler, & B. Robertson 6,456' asl 46.165 -110.426 

r_20 MT-04014 Flathead National Forest, Flathead Co., Montana 7/23/2004 R. J. Bayer, G. Chandler, & B. Robertson 5,206' asl 48.290 -113.380 

r_24 MT-04020 Helena National Forest, Powell Co., Montana 7/26/2004 R. J. Bayer, G. Chandler, & B. Robertson 4,417' asl 46.943 -112.833 
r_28 MT-04026 Beaverhead National Forest, Madison Co., Montana 7/27/2004 R. J. Bayer, G. Chandler, & B. Robertson 9,705' asl 44.985 -111.862 

r_31 MT-04029 Deerlodge National Forest, Granite Co., Montana 7/28/2004 R. J. Bayer, G. Chandler, & B. Robertson 6,627' asl 46.224 -113.249 

r_33 MT-04031 Deerlodge National Forest, Deer lodge Co., Montana 7/28/2004 R. J. Bayer, G. Chandler, & B. Robertson 6,493' asl 46.209 -113.252 
r_37 MT-04035 Beaverhead National Forest, Beaverhead Co., Montana 7/30/2004 R. J. Bayer, G. Chandler, & B. Robertson 9,705' asl 45.384 -112.912 

r_44 CO-07002 Gunnison National Forest, Gunnison Co., Colorado 7/3/2007 R. J. Bayer, G. Chandler, & B. Robertson, C. Blanchfield 9,705' asl 39.024 -107.053 

r_52 CO-07010 Gunnison National Forest, Hinsdale Co., Colorado 7/8/2007 R. J. Bayer, G. Chandler, & B. Robertson, C. Blanchfield 10,800' asl 38.000 -107.000 
r_58 NM-17003 Carson National Forest, Rio Arriba Co., New Mexico 7/4/2017 R. J. Bayer, R. Thapa, N. P. Prather & S. M. Ballou 9,705' asl 36.705 -106.001 

r_68 CO-17007 San Juan National Forest, San Juan Co., Colorado 7/7/2017 R. J. Bayer, R. Thapa, N.P. Prather & S. M. Ballou 10,540' asl 37.734 -107.715 

r_72 AZ-17009 Kaibab National Forest, Coconino Co., Arizona 7/9/2017 R. J. Bayer, R. Thapa, N. P. Prather & S. M. Ballou 8,746' asl 36.398 -112.041 
r_73 UT-17001 Dixie National Forest, Garfield Co., Utah 7/10/2017 R. J. Bayer, R. Thapa, N. P. Prather & S. M. Ballou 9,705' asl 38.045 -112.187 
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All DNA samples were genotyped with12 microsatellite markers developed for 

Antennaria species (Thapa et al. in press). A detail protocol regarding development of the 

primers has been discussed in chapter two of the dissertation. Here, due to the presence of mixed 

ploidy levels and also gene and genome duplication events in the study species and populations, 

some of the species/populations showed the amplification of more than two alleles for certain 

loci. Hence, the microsatellites were scored as an individual dominant locus as suggested in 

Rodzen and May (2002) and Rodzen et al. (2004). All DNA extraction, PCR amplification, and 

genotyping protocols have been discussed in detail in Thapa et al.(in press). In brief, total 

genomic DNA was extracted from silica gel dried leaves or the herbarium specimens using the 

E.Z.N.A. SQ Plant DNA Kit from Omega Bio-Tek, with a slight modification in the protocol by 

adding PVP and Ascorbic Acid to the SQ1 buffer (10 mL SQ1 buffer, 100 mg PVP, 90 mg 

ascorbic acid). DNA samples were cleaned using E.Z.N.A. Cycle Pure Kit from Omega Bio-Tek 

and following PCR conditions were used: 1.5 µL 10X buffer, 0.5 µL MgCl2 25 nM, 0.2 µL 

DNTPs 20 nM (5 nM of each), 0.35 µL forward primer at 5 nM, 0.35 µL reverse primer at 20 

nM, 0.35 µL of oligonucleotide m13 containing one of the VIC, NED, FAM or PET 

fluorophores at 10 nM, 0.7 µL of Taq and 1.5 µL of DNA in a 15 µL reaction. A standard touch-

down PCR protocol was used with the following thermal cycler conditions: 950C initial 

denaturation for 3 min followed by 10 cycles of PCR to bolster primer annealing (30 sec at 940C, 

30 sec annealing temp decreasing by 10C from 650c to 550c with each cycle, and 60 sec at 720C), 

followed by another 30 cycles of amplification (30 sec at 940C, 30 sec at 550c, and 60 sec at 

720C), and final extension at 720C for 10 mins. PCR products were stained with GelRed 

(Biotium Inc., Fremont, CA) and visualized on a 1% agarose gel. Amplified products were 

pooled into dilution plates, with each well containing 5µl of the same sample amplified for four 
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different loci having different fluorophores and diluted into 30µl volume. Each well in run plates 

was prepared with 1µl of the pooled sample in 6.5µl of GeneScan 500 LIZ Size Standard 

(Thermo Fisher Scientific, MA, USA) diluted at the rate of 200µl of the size standard in 740µl of 

Formamide. Genotyping was performed using capillary electrophoresis on an ABI 370x1 DNA 

Analyzer (Thermo Fisher Scientific, MA, USA) at the Molecular Resource Center, University of 

Tennessee, Memphis. The electropherograms were analyzed with GeneMarker version 2.6.3 

(SoftGenetics LLC, State College, Pennsylvania, USA) to score variation in the markers. 

Population genetic analyses and relatedness 

Measures of genetic diversity, including percentage of polymorphic loci, heterozygosity, and 

number of private alleles were calculated across the 18 populations of A. rosea using GenAlEx v. 

6.5.02 (Peakall and Smouse, 2012). Population structure was also investigated via analysis of 

molecular variance (AMOVA; Excoffier et al., 1992) as implemented in GenAlEx to detect 

genetic differentiation at three hierarchical levels: among different species (eight putative parents 

of A. rosea), among populations, and among different individuals within populations. Initially, 

the extent of differentiation among the eight putative parent species was estimated, followed by a 

pairwise analysis amongst the populations of the putative parent species, and finally among the 

18 A. rosea populations. In all cases, the statistical analysis was obtained by performing 1,000 

permutations. Genetic relationships among the putative parent species of A. rosea and A. rosea 

populations were also investigated separately using principal coordinate analysis (PCoA) in 

GenAlEx. Based on multilocus genotypes of all the populations, a standard genetic distance 

matrix (Nei, 1978) was constructed for PCoA analysis to graph the first two principal 

coordinates in two-dimensional space.   
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Population structure in A. rosea was investigated using the Bayesian model-based 

clustering algorithm implemented in the software package STRUCTURE (Pritchard et al., 

2000). Based on their multi-locus genotypes, the individuals were assigned to K population 

genetic clusters, and for each individual, the proportion of membership in each cluster was 

estimated using the program CLUMPP (Jakobsson and Rosenberg, 2007) and visualized in 

software Distruct (Rosenberg, 2007). The analysis was not influenced by the prior population 

information as the USEPOPINFO model was turned off. For each analysis, K = 1-18 population 

genetic clusters were evaluated with five runs per K value, and the probability values were 

averaged across runs for each cluster. For each run, the initial burn-in period was set to 

200,000 with 1,000,000 MCMC iterations and the admixture model assuming independent 

allele frequencies was selected for the analysis. The most likely number of clusters was then 

determined using the DeltaK method of Evanno et al. (2005). In order to investigate whether 

separation of the A. rosea populations was geography-driven, i.e. dispersal of the population is 

restricted indicating isolation by distance (IBD), the correlation between geographic and genetic 

distances was investigated using Mantel tests in GenAlEx with 10,000 permutations in all 18 A. 

rosea populations.  

In order to investigate the genetic constitution of different A. rosea populations with 

respect to the different putative parent’s gene pool, a mixture stock analysis was performed 

similar to Mandel et al. (2010). The analysis estimated the contribution of the putative parent’s 

gene pool to different A. rosea populations considered in this study. The assessment was carried 

out using unconditional maximum likelihood (UML; Pella 1987, Smouse et al. 1990) method 

based on the “mixstock” package (Bolker et al., 2003) in “R” programming language (R 

Development Core Team 2011). UML approach was preferred over conditional maximum 
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likelihood approach as it estimates the source frequencies independently, considering them not to 

be equal to the sampled frequencies, hence also allowing for sampling error (Bolker et al., 2003). 

For this analysis, the potential source gene pools were the populations of the putative parents of 

A. rosea. Altogether, 19 mixed stock analyses were performed considering each A. rosea 

population as a separate mixed stock and also collectively taking all the 18 A. rosea populations 

together. For each analysis, 95% confidence intervals of the source contributions were obtained 

with 1000 non-parametric bootstrap resampling.   

RESULTS 

 

The 12 microsatellite markers scored as individual dominant loci (see above) resulted in 108 

variable sites. Regarding genetic differentiation at hierarchical level, the AMOVA analysis 

considering the putative parent species of A. rosea; A. aromatica (N = 23), A. corymbosa (N = 

48), A. marginata (N = 35), A. microphylla (N = 30), A. pulchella (N = 22), A. racemosa (N = 

43), A. rosulata (N = 41), and A. umbrinella (N = 34) showed the existence of genetic 

differences among and within species levels (n= 276, PhiPT = 0.437, P < 0.001) (Fig. 1). The 

PhiPT values among the populations in each putative parents ranged from 0.049 to 0.334, with 

the highest value occurring among A. aromatica populations and the lowest value among A. 

racemosa populations (Table 3). Inspection of the PCoA plot of the putative parent showed 

comparatively more resolution among the five diploid species, A. corymbosa, A. microphylla, A. 

pulchella, A. racemosa, and A. rosulata; however, three of the putative parents, A. aromatic, A. 

marginata, and A. umbrinella, with known polyploids in them had overlaps with the other 

diploid putative parents. The percentages of the variation explained by the first two axes in 

PCoA analysis were 16.61 and 11.42 respectively (Fig. 1). Antennaria aromatica, A. marginata, 

A. microphylla and A. rosulata were separated from the A. corymbosa and A. racemosa along  
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FIG 4.1. Genetic diversity in eight sexual putative parents of A. rosea based on 12 microsatellite markers 

scored as individual dominant locus resulting in 108 sites. A) AMOVA analysis showing within and 

among species variations. B) Principle Coordinate analysis (PCoA) resolving the individuals of a species 

in two principal coordinates. A. aromatica (aro), A. corymbosa (cory), A. marginata (mar), A. microphylla 

(mic), A. pulchella (pul), A. racemosa (race), A. rosulata (rosu), and A. umbrinella (umb) 

coordinate one, whereas there was a clear separation of A. corymbosa, A. microphylla, and A. 

rosulata from A. pulchella along coordinate two (Fig. 1). 

 

Measures of the genetic diversity and population genetic differentiation in the 18 A. rosea 

populations was carried out based on 67 variable sites from 12 microsatellites markers, each 

scored as an individual dominant locus. These 67 sites were retained from the earlier noted 108 

sites after removing the sites that did not amplify for any A. rosea individual. The AMOVA  

 
Table 4. 3. PhiPT values among populations in the eight putative sexual parents of A. rosea 

Species Total 

population 

Total samples PhiPT P(rand >= 

data) 

A. aromatica 4 23 0.334 0.001 

A. corymbosa 5 48 0.156 0.001 

A. marginata 5 35 0.228 0.001 

A. microphylla 4 30 0.135 0.001 

A. pulchella 4 21 0.328 0 

A. racemosa 5 43 0.049 0.021 

A. rosulata 5 41 0.11 0 

A. umbrinella 5 34 0.304 0 
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analysis among the 18 A. rosea populations also showed high genetic differentiation among and 

within populations (n= 155, PhiPT = 0.478, P < 0.001) (Fig. 2). Mean gene diversity or expected 

heterozygosity (He) across the populations was 0.099 with the mean standard error of 0.005. Five 

out of eight Southern Rockies population (r_1, r_2, r_44, r_52, and r_ 68) had comparatively low 

levels of heterozygosity, whereas only three out of ten Northern Rockies population (r_5, r_28, 

r_33) had relatively lower heterozygosity. The highest and the lowest He were recorded for A. 

rosea populations r_44, and r_20 respectively (Table 4). As expected, populations with 

comparatively higher He usually had higher percentage of polymorphic loci, and three of the 

populations r_1, r_28, and r_20 also showed the presence of private alleles (Table 4). The 

percentage of variation explained by the first two coordinates in the PCoA plot with A. rosea 

populations were 16.22 and 11.18 respectively. The first coordinate separated the populations 

r_5, r_37, r_52, r_68, r_10, and r_44 from populations r_1, r_28, r_2, r_18, r_33, and r_ 72,  

FIG. 4.2. Population structure of 18 A. rosea populations based on 12 microsatellite markers scored as 

individual dominant loci resulting in 67 sites. A) AMOVA analysis showing within and among 

population variations. B) Principle Coordinate analysis (PCoA) resolving the individuals of a population 

in two principal coordinates. The 18 A. rosea population numbers are color coded and shown alongside 

the figure.    
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whereas remaining populations, r_20, r_58, r_73, r_16, r_ 24, and r_31, were not resolved by the 

coordinate (Fig. 2). Weak isolation by distance (IBD) was detected for the populations of A. 

rosea (Fig. 3); the finding was also corroborated by the fact that no strong geographical 

structuring of accessions was seen in the PCoA analysis (Fig. 2).  

 

FIG 4.3. Isolation by distance (IBD) based on Mantel test regarding 18 populations of A. rosea. No strong 

correlation was seen between the genetic and geographic distance matrices, and the analysis also had a 

very low R2 value. 

With regard to the population structure of the 18 A. rosea populations, the DeltaK method 

of Evanno et al. (2005) provided support for the presence of three genetically distinct clusters 

(i.e., K = 3), which roughly distinguished the population clusters distributed in the southern 

Rockies, northern Rockies and those having a much wider distribution occupying both the 

northern and southern Rockies. The percentage membership in each cluster for all individuals 

and the proportion memberships of each population into the three clusters is shown in Fig. 4. The 

mixture stock analysis revealed that the majority of the source contributions for the A. rosea 

populations (analyzed as one mixture as well as the 18 populations separately) were from A. 

microphylla and A. umbrinella. Antennaria microphylla is a diploid species whereas A. 

umbrinella is known to have diploid/tetraploid cytotypes (Bayer, 2006). The estimated UML  
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TABLE 4.4. Genetic diversity statistics for 18 A. rosea populations, population number (P. No), 

collection number (Col. No.), Rocky Mountains (R. Mtn.), number of individuals sampled (N), 

percentage of polymorphic loci (%p), expected heterozygosity (He), private allele (PA), Genetic cluster 

assigned based on Structure analysis (G. cluster), Sexual diversity index (SDI), A. aromatica (aro), A. 

corymbosa (cory), A. marginata (mar), A. microphylla (mic), A. pulchella (pul), A. racemosa (race), A. 

rosulata (roz), and A. umbrinella (umb). 

 

P. No Col. No. R. Mtn. N %P He PA  G. cluster SDI Parentage 

r_1 UT-04001 Southern 8 20.90% 0.076 1 3 4 mic/umb 

r_2 UT-04002 Southern 8 14.93% 0.057 0 2 4 mic/roz 

r_5 WY-04003 Northern 10 35.82% 0.097 0 1 6 umb/cory 

r_10 WY-04012 Northern 9 34.33% 0.117 0 3 6 mic/umb 

r_16 MT-04008 Northern 9 34.33% 0.127 0 3 6 mic/umb 

r_18 MT-04011 Northern 7 28.36% 0.107 0 3 6 mic/umb 

r_20 MT-04014 Northern 8 44.78% 0.151 2 3 5 umb/mic 

r_24 MT-04020 Northern 9 32.84% 0.112 0 3 6 mic/umb 

r_28 MT-04026 Northern 10 13.43% 0.051 2 2 6 aro/mar 

r_31 MT-04029 Northern 9 35.82% 0.122 0 3 6 mic/umb 

r_33 MT-04031 Northern 8 23.88% 0.078 0 3 6 mic/umb 

r_37 MT-04035 Northern 9 40.30% 0.104 0 1 6 umb/cory 

r_44 CO-07002 Southern 8 10.45% 0.038 0 2 6 mar/pul 

r_52 CO-07010 Southern 9 11.94% 0.048 0 3 6 mic/umb 

r_58 NM-17003 Southern 8 40.30% 0.145 0 2 5 mar/roz 

r_68 CO-17007 Southern 6 23.88% 0.084 0 3 6 mic/umb 

r_72 AZ-17009 Southern 5 43.28% 0.146 0 2 5 mar/mic 

r_73 UT-17001 Southern 10 29.85% 0.115 0 2 6 mic/roz 
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FIG 4.4. A) STRUCTURE plot of 276 individuals belonging to 18 A. rosea (red stars) populations with 

K= 3 clusters. Violet, cluster 1; pink, cluster 2; and light green, cluster 3. The Y-axis shows the 

proportion membership into the various clusters. The analysis is based on the 12 microsatellite markers 

with each marker scored as individual dominant locus. The vertical black bars have been included as 

visual separators between the A. rosea populations. B) Map of the collection sites of 18 A. rosea 

populations considered in this study.  The sexual diversity index (SDI) is indicated by shading and 

reflects the number of sexual progenitor species that occur in areas across the study range.  The pie chart 

alongside each population indicates its proportion memberships into the three genetic clusters by the 

STRUCTURE analysis. 

source contributions were consistently higher for these two species and they were the highest 

major source contributors in 11 out of 18 A. rosea populations (Fig. 5).  However, overlaps in the 
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bootstrap confidence intervals (95%) between them and also with that of other major source 

species were also seen (Fig. 5). In total, A. microphylla was the major source contributor for 11 

populations, followed by A. umbrinella and A. marginata with three populations each, and A. 

aromatica contributing to one population (Table 5). Pie charts showing the proportion of source 

contribution of the putative parent species in each population are shown in Fig. 6.  

 

FIG. 4.5. Unconditional maximum likelihood (UML) estimated source (eight sexual putative 

parents of A. rosea,  A. aromatica (aro), A. corymbosa (cory), A. marginata (mar), A. 

microphylla (mic), A. pulchella (pul), A. racemosa (race), A. rosulata (rosu), and A. umbrinella 

(umb)) contributions to all-18 A. rosea populations taken together. Source contribution estimates 

for individual populations is shown as supplement data. Error bars indicate 95% confidence 

intervals as determined by 1,000 bootstrap replicates. 
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FIG. 4.6. Map of the collection sites of 18 A. rosea populations (red stars) considered in this study.  The 

sexual diversity index (SDI) is indicated by shading and reflects the number of sexual progenitor species 

that occur in areas across the study range.  The pie chart alongside each population indicates the 

proportion of source contribution of the putative parent species in each population from the unconditional 

maximum likelihood (UML) analysis. 
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TABLE 4.5. Estimated source contributions from the eight sexual putative parents, A. aromatica (aro), A. 

corymbosa (cory), A. marginata (mar), A. microphylla (mic), A. pulchella (pul), A. racemosa (race), A. 

rosulata (roz), and A. umbrinella (umb) to the 18 A. rosea populations based on the unconditional 

maximum likelihood (UML) analysis, population number (P. no.). Color temperature indicates the source 

contributions. 

P. no. aro cory mar mic pul race roz umb 

r_1 0.00010 0.00010 0.03994 0.49265 0.00005 0.00005 0.00005 0.46706 

r_2 0.00010 0.00010 0.00010 0.44496 0.03434 0.00005 0.27360 0.24675 

r_5 0.00010 0.30494 0.01825 0.00007 0.20998 0.00753 0.00005 0.45909 

r_10 0.00010 0.00010 0.00010 0.70130 0.02094 0.00003 0.04922 0.22820 

r_16 0.00010 0.00010 0.00010 0.55547 0.00004 0.00004 0.00004 0.44410 

r_18 0.00010 0.17091 0.06398 0.45678 0.04186 0.00003 0.00003 0.26632 

r_20 0.00010 0.05643 0.04528 0.34297 0.00006 0.1989a0 0.00004 0.35623 

r_24 0.00010 0.00010 0.01085 0.65660 0.00003 0.00003 0.05532 0.27696 

r_28 0.51191 0.00005 0.48799 0.00003 0.00000 0.00000 0.00000 0.00002 

r_31 0.00010 0.20779 0.00008 0.55359 0.00002 0.00002 0.00002 0.23838 

r_33 0.00010 0.05374 0.01596 0.71814 0.00002 0.00002 0.00002 0.21200 

r_37 0.00010 0.18143 0.00008 0.14750 0.11050 0.00006 0.00006 0.56027 

r_44 0.00010 0.00010 0.32563 0.00007 0.30549 0.00004 0.20421 0.16437 

r_52 0.00010 0.07053 0.03176 0.54574 0.00004 0.00004 0.00004 0.35176 

r_58 0.04169 0.07620 0.42095 0.09919 0.03833 0.05092 0.16390 0.10882 

r_68 0.00010 0.10495 0.07629 0.49714 0.00003 0.00003 0.00003 0.32142 

r_72 0.00010 0.10551 0.32648 0.27869 0.03656 0.05954 0.10988 0.08324 

r_73 0.00010 0.00010 0.00010 0.39591 0.01520 0.00006 0.32805 0.26048 

 

DISCUSSION 

 

Microsatellites are powerful markers for studying genetic diversity within a population, or 

among populations in closely related taxa (Kalia et al., 2011). Owing to polymorphism, stability, 

a codominant nature, high cross transferability rate, and cost effectiveness compared to the next-

generation sequencing technique, these markers have been used in a variety of applications 

including parentage analysis in diploid and polyploid species, genome mapping, conservation 

genetics, phylogeography etc. (Kalia et al., 2011, Dinarti et al. 2015, López et al. 2018 ). As no 

microsatellite markers for Antennaria species were developed until recently (Thapa et al, in 

press), studies on genetic/clonal diversity, parentage analysis etc. in Antennaria species earlier 
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have only been based upon morphology or isozyme markers  Bayer, 1989a, 1990c, 1991; Bayer 

and Crawford, 1986). Here, a given microsatellite locus often demonstrated more than two 

alleles making scoring difficult possibly due to the presence of mixtures of ploidies in the study 

taxa. We thus adopted the approach of several other studies and converted our data to a binary 

format as dominant data (Samadi et al., 1999; Rodzen and May, 2002; Rodzen et al., 2004; Wu 

et al., 2015).  

Genetic diversity 

 

Genetic diversity in agamospermous populations, which is generally expressed at two major 

levels, i) heterozygosity at many loci in each individual and ii) multilocus genotypic diversity, 

i.e., the occurrence of distinct individual genotypes within and among populations (Hörandl and 

Paun, 2007), differs fundamentally from their sexual relatives (Paun et al., 2006). Two major 

processes that influence the levels of heterozygosity in apomictic populations include 

polyploidization, especially allopolyploidization (Gornall, 1999), and independent 

evolution/mutation of different alleles of a locus (Birky, 1996). However, recent studies have 

also suggested the roles of climate change (Wan et al., 2016) and somatic mutations (Barrett, 

2015) in affecting levels of genetic diversity. Hörandl and Paun (2007) summarized the work by 

different authors (Bayer and Crawford, 1986; Hughes and Richards, 1989a; Yahara, 1990; Bayer, 

1991; Noyes and Soltis, 1996; Hörandl et al., 2000) highlighting the significance of 

allopolyploidy compared to autopolyploidy for leading to elevated levels of heterozygosity in 

apomicts. A similar conclusion was reached in the work of Bayer and Crawford (1986) which 

demonstrated that A. neodioica, a compilospecies consisted of as many as four sexual parents, A. 

neglecta, A. plantaginifolia, A. racemosa and A. virginica, and displayed higher levels of 
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heterozygosity compared to the A. friesiana species which consists of a mixture of diploids, 

autopolyploids and allopolyploids.   

As studies have suggested that A. rosea is a compilospecies consisting of as many as 

eight sexual putative parents (see above), higher levels of heterozygosity at many loci could be 

expected. The results of this study indicate that populations of A. rosea harbors approximately 

62% of the allelic diversity (SSR loci converted into binary format as dominant data) present in 

all the eight sexual putative parents combined. Assuming the loci are under Hardy Weinberg 

equilibrium, the minimum, maximum and the mean expected heterozygosity values were 0.038, 

0.151, and 0.99 respectively. Earlier, genetic diversity among 33 A. rosea populations calculated 

based on allozyme variation from 19 loci (Bayer, 1989a) indicated the mean observed 

heterozygosity of 0.229. However, molecular dynamics of the marker influences the variation at 

each locus making the measures of genotypic diversity dependent on the type of marker used 

(Lushai et al., 2003). Also, the degree of genetic diversity is directly proportional to the number 

of loci in the marker system (Hörandl et al., 2000). The comparison of the genetic diversity 

among A. rosea population in this study indicated that genetic variability was higher in Northern 

Rocky Mountain populations (seven out of 10 populations with genetic diversity >1) when 

compared to the Southern Rocky Mountain populations (three out of eight populations with 

genetic diversity >1). The two Southern Rocky Mountain populations, r_1 and r_2, are in 

sympatry with the least number of putative sexual parents, four for each population, and were 

among the populations having low levels of heterozygosity. Earlier, in similar study in western 

Montana, Bayer (1990) found that A. rosea populations in sympatry with fewer putative sexual 

progenitors, or at greater distances from the center of the sexual diversity, produced fewer 

apomicts compared to the populations in sympatry with more sexual species or near the center of 
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sexual diversity. Similar results were also obtained by Hörandl et al. (2001) in their study of 

Ranunculus auricomus in which the mean genotypic diversity was higher in sympatric sexual-

apomictic systems compared to the allopatric ones. Other apomictic species that corroborate the 

results include Taraxacum sect. Ruderalia and Bohemeria spicata (reviewed in Hörandl and 

Paun, 2007). These results suggest that backcrossing with sexual relatives could be a source of 

genetic diversity in apomictic species. Six out of eight putative parents of A. rosea, A. aromatica, 

A. corymbosa, A. microphylla, A. racemosa, A. pulchella/A. media, and A. umbrinella, with 

major distribution centers in the Northern Rocky Mountains may have contributed to the higher 

genetic variability in the sympatric A. rosea populations. However, more population sampling 

from those regions would be helpful to substantiate the finding.  

An earlier study by Bayer (1990) also found that A. rosea populations in the regions 

glaciated by continental glaciers during the Pleistocene epoch harbored less genetic diversity and 

had fewer clones per population compared to A. rosea populations from the unglaciated regions. 

Moreover, in the study of clonal diversity of A. rosea from the subarctic Alaska and Yukon 

territory, Bayer (1991) found that clonal diversity is negatively correlated with latitude, 

longitude, and elevation of the sites. As putative sexual parents of A. rosea are not found in the 

subarctic Alaska and Yukon Territory; A. rosea populations in these regions, which might be the 

recent migrations from the unglaciated regions or glacial refugia, cannot backcross with the 

sexual relatives accumulating more clonal diversity. In this present study, all the A. rosea 

populations are sampled from the regions sympatric with putative sexual parents of A. rosea. It 

would be interesting to compare the genetic diversity between the A. rosea populations from 

those previously unglaciated and glaciated regions using microsatellite markers.       
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Population Structure 

 

Genetic contribution from different sexual parents, backcrossing, and development of 

agamospermy all make population structure and genetic clustering difficult. The results of the 

STRUCTURE analysis of A. rosea populations in this study supported three genetically distinct 

clusters. Populations in each genetic cluster showed high correlation among themselves 

regarding both the geographic distribution and parentage involved. For example, genetic cluster 

one consisted of two populations that were both from the Northern Rocky Mountains and had 

major contributions from A. umbrinella and A. corymbosa in the mixture stock analysis. Genetic 

cluster two consisted of six populations, five populations distributed in the Southern Rocky 

Mountains and one population from the Northern Rockies and these populations had major 

contributions from A. marginata and A. rosulata, which are distributed only in the Southern 

Rocky Mountains. The remaining ten populations were grouped in genetic cluster three, of which 

three were distributed in the Southern Rocky Mountains and seven were from the Northern 

Rocky Mountains. All the populations from the genetic cluster three had their major 

contributions from A. microphylla and A. umbrinella with A. microphylla as the highest 

contributor in the nine populations while A. umbrinella being the highest contributor in one 

population.  

Populations of A. rosea show overwhelming morphological complexity as distinct 

morphological character of a sexual species can be detected in various combinations of A. rosea 

segregates (Bayer, 1989a) and attempts were made to detect patterns of variations in collected A. 

rosea specimens using morphological characters. Chmielewski and Chinnappa (1988) performed 

multivariate analysis of 20 morphological characters divided into 3 categories; vegetative, 

vegetative-reproductive, and reproductive traits among 519 specimens distributed throughout the 
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range of the species. The cluster analysis generated dendrogram categorizing the specimens into 

two or three distinct clusters; however, due to the low cophenetic correlation (0.30), the result 

indicated the possibility of imposed clustering despite grouping together of most similar 

individuals. In another study, Bayer (1989a) hypothesized that morphological variance in 

populations could be due to few genes as large amounts of morphological divergence have 

occurred among the species, but only moderate amounts of divergence in the enzyme loci. Now, 

with the availability of microsatellite markers having high cross amplification rate (Thapa et al, 

in press), studies of the population structure in Antennaria species that demonstrate these 

correlations between their genetic and morphological characters would be helpful in 

understanding evolutionary patterns in Antennaria species.   

Ancestry Estimation 

 

Much research has been carried out regarding the involvement of diploid/tetraploid sexual 

species in the origination of the compilospecies, A. rosea. Based on analysis of morphological 

data, Bayer (1990, 1997) found the significant involvement of six species, A. aromatica, A. 

corymbosa, A. pulchella/A. media,  A. microphylla, A. racemosa, and A. umbrinella, in the 

parentage of A. rosea. However, overlapping of different morphological characters unique to 

putative sexual parents in different populations of A. rosea made it difficult to trace their 

evolutionary history; for example, explaining single or multiple origins and the involvement of 

particular sexual parents. The involvement of these putative sexual progenitors in the parentage 

of A. rosea populations is also corroborated by data from ecological studies and molecular 

marker studies (Bayer, 1987, 1989a; Bayer and Chandler, 2007). These studies have also 

suggested that facultatively apomictic clones of A. rosea can produce new apomicts by 

hybridizing with a compatible pollen donor present in close proximity. These new apomicts are 
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identified by the suites of morphological characters they exhibit that resemble the putative sexual 

parents in sympatry or parapatric habitats.  

Earlier studies based on morphology and molecular markers (isozymes, AFLP) agreed on 

the involvement of eight sexual putative parents in the origination of A. rosea populations. The 

exact number of sexual parents and the extent of their involvement in parentage of different A. 

rosea populations in these studies differed slightly; however, a high involvement of A. 

microphylla and A. umbrinella was always noted in those studies. There is much overlap in the 

distribution range of A. microphylla and A. umbrinella, and they also occur in the similar 

elevations; however, the habitat for the two species differs as the former is mostly found in 

floodplains or moist alkaline depressions, whereas the latter is prevalent in drier sagebrush 

covered hillsides (Bayer et al., 1991). Moreover, the greatest amount of habitat overlap for A. 

rosea is with A. microphylla and A. umbrinella (Bayer et al., 1991). The present study 

corroborates these findings as the estimated UML source contribution values for all the A. rosea 

populations taken together were highest for A. microphylla (0.41) followed by A. umbrinella 

(0.28), and A. marginata as (0.17) as the other two major contributors. Ten out of 18 studied A. 

rosea populations had A. microphylla and A. umbrinella as the first two major contributors. 

Being a compilospecies, polyploid A. rosea populations are expected to be allopolyploids. 

Results of the present study also showed the UML values regarding source contribution of a 

couple of populations, r_33 and r_10, were as high as 0.72 and 0.70 for a putative sexual parent 

A. microphylla. These populations could just be the autopolyploid forms of A. microphylla, 

which so far is known to have only diploid (2n=28) cytotypes (Bayer, 2006). This finding 

corroborates the study by Bayer (1989a), where close morphological resemblance were detected 

between some of the segregates of A. rosea with one of their sexual putative parents. More 
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genetic analyses, chromosome counts, and morphological studies are needed to substantiate this 

finding.   

Summary 

 

Antennaria rosea, one of the most morphologically diverse polyploid agamic complexes, has a 

center of diversity in the Rocky Mountains of western North America (Bayer, 1989). 

Tremendous variation among A. rosea populations including phyllary coloration, number of 

heads per flowering stalk etc. has led to the enumeration of many microspecies leading to a 

taxonomic conundrum (Bayer, 1987). Evidence from morphological, Isozymes, ecological, and 

phylogenetic studies indicates that the A. rosea polyploid agamic complex evolved as a 

compilospecies from hybridization and introgression of as many as eight diploid to tetraploid 

sexual Antennaria species followed by polyploidization event(s) and continued introgression. A 

comprehensive study of genetic diversity, population structure, and ancestry estimation in A. 

rosea populations would be helpful to understand the evolution of these polyploid agamic 

complexes. Using microsatellite markers developed for Antennaria species, genetic diversity, 

population structure, and ancestry estimation of 18 A. rosea population distributed in the 

northern and southern Rocky Mountains of the USA was studied. Results showed the major 

involvement of two putative sexual parent species, A. microphylla and A. umbrinella, widely 

distributed and highly sympatric to A. rosea in their parentage. Antennaria rosea populations 

were divided into three genetically distinct clusters, with populations in each genetic cluster 

showing high correlation among them regarding geographic distribution and ancestry. 

Comparatively, A. rosea populations in northern Rocky Mountain regions had higher levels of 

heterozygosity than in the Southern Rocky mountain regions. Recently developed microsatellite 

markers for Antennaria species utilized in this study was helpful for investigating the genetic 
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diversity, population structure, and parentage analysis for 18 A. rosea populations. Sampling 

more A. rosea populations in those regions would be helpful to substantiate the findings in the 

present study. Also, it would be interesting to extend the present study to the A. rosea 

populations distributed in the Pleistocene glaciated regions with no putative sexual parents in 

sympatry, and also in the investigation of other Antennaria polyploid complexes such as A. 

parvifolia, A. howellii, A. parlinii, and A. alpina..  
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Chapter 5: Conclusions 

This is the first study to use target enrichment sequencing of hundreds of conserved loci 

for phylogeny reconstruction in sexual Antennaria species. The genus Antennaria has both the 

sexual diploid/tetraploid species as well as polyploid agamic complexes, which are formed by 

hybridization and introgression of sexual species followed by polyploidization events. 

Reconstruction of highly supported interrelationships among sexual Antennaria species, 

excluding polyploid agamic complexes in this study has formed the platform for further 

evolutionary studies in the genus. Based on this backbone phylogeny, as investigated for 12 

taxonomically important characters here, the study of the evolution of other important 

morphological, anatomical, and physiological characters in the genus can be carried out. Long 

disputed Antennaria species, A. lineaerifolia, one of the three South American species that was 

grouped outside the monophyly of Antennaria in this study, has been now moved to a monotypic 

genus Quasiatennaria R.J. Bayer and Dillon. Further, finding the position of another 

understudied South American Antennaria species A. slumeri Cabrera, in the phylogenetic tree 

would be interesting. Similarly, addition of A. soliceps S.F. Blake, so far only collected from 

limestone talus at treeline in the Spring Mountains, Nevada, and other samples representing 

different populations of other polyploid agamic complexes such as A. rosea or A. parvifolia to 

the tree might help us better understand the evolutionary history of these complexes. Novel 

Antennaria microsatellite markers developed in this study were helpful for evolutionary 

investigations at both the population and the species level. With high cross-species amplification 

rate, these markers will be efficient in the investigation of hybridization, interspecific gene flow, 

and parentage analysis of other Antennaria diploid/tetraploid species and polyploid agamic 

complexes. Clonal diversity and population genetics studies in Antennaria polyploid agamic 
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complex earlier were based on morphology, isozyme, and AFLP markers. Here, the study of 

genetic diversity, population structure, and ancestry estimation in 18 populations of Antennaria 

rosea polyploid agamic complex using microsatellite markers was effective and it can be 

extended to the other less studied Antennaria polyploid agamic complexes. These markers with 

their high transferability across the genus will be equally helpful in the investigation of the 

origination, genetic diversity and dispersal routes of other species. 

The morphological confluency of polyploid agamic complexes, due to sharing genes 

from more than one sexual progenitor, has complicated the evolutionary history of Antennaria 

species. This has led to the major and urgent challenge for improving the knowledge regarding 

the identification and distribution of species globally. For the purpose, we can utilize the 

powerful genomic data and molecular markers coupled with traditional morphology methods. 

Advancements in molecular methods and algorithms have helped us find answers to interesting 

questions in the areas of evolutionary biology; however, divining the direction of future scientific 

research is difficult. Large volumes of data can impose important theoretical challenges, which 

sometimes need the development of new kinds of theories to explain them. For example, 

understanding the origination of adaptations giving rise to the diversification of species poses a 

number of challenges for evolutionary biologists. Some of these challenges include, studying the 

relationship between lineage and phenotypic diversification, analyzing the factors responsible for 

the replacement of clades over time, assessment of the interactions among the evolving species, 

and occupancy of ecological niche space due to evolutionary diversification, adaptive radiation, 

extinction etc. 

Origination of polyploidy enhances niche expansion possibility. In Antennaria, many of 

the polyploid members in Catipes clade and polyploid agamic complexes may have enhanced 
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their ability to grow in diverse environmental conditions covering a large geographic area. For 

example, many of the species in these groups are established as specialized edaphic endemics. 

Other evolved characters that may have led to the success of these clades include sexual 

dimorphism, aggressive vegetative reproduction by stolons, and agamospermy. Evolutionary 

history of these organisms has ecological context which is essential for understanding 

diversification. For the clear picture, we need to emphasize analyses of the environmental 

context of evolution, particularly species interactions which is the major contributor of 

diversification promoting evolutionary novelty. 

The idea of sympatric speciation, i.e., origination of speices within a freely interbreeding 

population is considered as controversial. Factors such as presence of resource differentiation 

forming ecologically-based isolating barriers, any biological features promoting assortative 

mating without genetic variability etc. are the major contributors of sympatric speciation. 

Though simulation studies have shown that sympatric speciation could be frequent in nature, 

evidence for sympatric speciation is still limited. Also, conclusions regarding the occurrence of 

sympatric speciation are difficult to ascertain as sexual selection alone seems unlikely to cause 

sympatric speciation and the involvement of allopatry and reinforcement in such studies would 

be difficult to rule out. Studies also show that biological conditions favoring parapatric and 

sympatric speciation are more restrictive than in allopatric speciation. In plants, occurrence of 

polyploidy is believed to have played a major role in sympatric speciation, also developing 

conducive environment for the formation of a new taxa of asexual plants. Biogeographical 

Stochastic Mapping analyses in this study indicated that more than 50 percent of Antennaria 

dispersals were based on within-area speciation (sympatry) and the remaining dispersals were 

divided into two categories; range expansion and founder/jump dispersals. This phylogeography 
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pattern in Antennaria provides interesting and challenging platform for further evolutionary 

study. 

Our result indicated that Antennaria dispersed into Eurasia from the Arctic province 

around 1.5 MYA; however, study of Antennaria outside North America is not well studied. The 

task of integrating evolutionary knowledge for effective phylogeographic study of plant species 

requires development of many comparative databases and analytical tools. Literature review 

shows that not much research has been done in Antennaria species in the recent years. A broad 

collaboration with the researchers at the national and international levels, especially from Canada 

and Europe would further facilitate the evolutionary study of Antennaria species.   

Antennaria species, especially polyploid agamic complexes are distributed in both the 

Pleistocene glaciated and unglaciated regions. Research studies have shown both the presence 

and absence of genetic bottlenecks in various taxa due to the ice age glaciers. Earlier studies in 

Antennaria rosea populations indicated the influence of such event; however, similar studies in 

other less explored Antennaria polyploid agamic complexes using microsatellite markers would 

be helpful in explaining the phylogeography of Antennaria species. For evolutionary biologists, 

complicated but interesting genus Antennaria offers extensive areas of research including 

hybridization and common garden experiments to understatnd the causes of phenotypic 

divergence and analysis of different ploidy level genomes for the reconstruction of evolutionary 

events.  

 

 


