
Conservation Genetics and Epigenetics
of Pronghorn, Antilocapra americana

Item Type text; Electronic Dissertation

Authors Vaughn, Erin

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:54:37

Link to Item http://hdl.handle.net/10150/621289

http://hdl.handle.net/10150/621289


 

 

CONSERVATION GENETICS AND EPIGENETICS OF PRONGHORN, ANTILOCAPRA 

AMERICANA 

 

by 

 

Erin Elizabeth Vaughn 

 

____________________________ 

Copyright © Erin E. Vaughn 2016 

 

A Dissertation Submitted to the Faculty of the 

 

GRADUATE INTERDISCIPLINARY PROGRAM IN GENETICS 

 

In Partial Fulfillment of the Requirements 

 

For the Degree of 

 

DOCTOR OF PHILOSOPHY 

 

In the Graduate College 

 

THE UNIVERSITY OF ARIZONA 

 

 

 

2016 

  



2 

THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

 

As members of the Dissertation Committee, we certify that we have read the dissertation 

prepared by Erin Vaughn, titled “Conservation genetics and epigenetics of pronghorn, 

Antilocapra americana” and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy. 

 

 

 

 

__________________________________________________ Date: July 25th, 2016 

Melanie Culver    

 

 

 

 

__________________________________________________ Date: July 25th, 2016 

David Christianson    

 

 

 

    

__________________________________________________ Date: July 25th, 2016 

Rebecca Mosher    

 

 

 

 

__________________________________________________ Date: July 25th, 2016 

Christina Richards        

 

Final approval and acceptance of this dissertation is contingent upon the candidate’s submission 

of the final copies of the dissertation to the Graduate College.   

 

I hereby certify that I have read this dissertation prepared under my direction and recommend 

that it be accepted as fulfilling the dissertation requirement. 

 

 

 

 

 

________________________________________________ Date: July 25th, 2016 

Dissertation Director: Melanie Culver    

  



3 

STATEMENT BY AUTHOR 

 

This dissertation has been submitted in partial fulfillment of the requirements for an 

advanced degree at the University of Arizona and is deposited in the University Library to be 

made available to borrowers under rules of the Library. 

 

Brief quotations from this dissertation are allowable without special permission, provided 

that an accurate acknowledgement of the source is made. Requests for permission for extended 

quotation from or reproduction of this manuscript in whole or in part may be granted by the head 

of the major department or the Dean of the Graduate College when in his or her judgement the 

proposed use of the material is in the interests of scholarship. In all other instances, however, 

permission must be obtained from the author. 

 

 

 

SIGNED: Erin E. Vaughn 

 

  



4 

ACKNOWLEDGEMENTS 

 

First and foremost, I would like to acknowledge my advisor, Melanie Culver, for taking me into 

her lab and encouraging me to relentlessly pursue my interests in conservation and epigenetics. 

Through nearly six years, numerous grant proposals, and two pregnancies, Melanie has 

supported me every step of the way. Every young female scientist should have an advisor as 

understanding of work-life balance as Melanie. Melanie has fostered a tight knit group of young 

scientists in her lab. Over the years, I have learned as much from my lab mates as I have from 

my independent research. I would like to thank Alex Ochoa, Karla Vargas, Alex Erwin, and 

Chase Voirin for helping me to collect pronghorn samples each December and Adrian Munguia-

Vega for passing the pronghorn torch to me. Of particular note, thanks to Karla for being my 

eyes, ears, and hands in the lab when I was on my second maternity leave and during the last few 

months while I have finished this dissertation from Australia. 

I personally received support from an Integrative Graduate Education and Research Traineeship 

in Genomics supported by the National Science Foundation. The research projects described 

herein were funded almost entirely through a grant from the U.S. Geological Survey managed by 

the U.S. Fish and Wildlife Service. I would like to thank Anne Justice-Allen with the Arizona 

Game and Fish Department for aiding me in acquiring samples from the A. a. americana 

subspecies. I also received funding from Safari Club International to support genotyping of 

several of the museum specimens.  

Lastly, I would like to express my sincerest gratitude for the unwavering support I have received 

from my family. My parents, Elizabeth Doyle and Kurt Hahn, raised me to never question if I 

could accomplish my goals and have always supported me in figuring out how to exceed them. 

My husband, Dr. Israel Vaughn, has been and always will be my cherished partner in life, 

science, and parenting. He has supported me with his seemingly endless supply of patience and 

good humor and I look forward to exploring what life has to offer with him for many decades to 

come. 

  



5 

DEDICATION 

 

I dedicate this dissertation to three very important ladies in my life. 

 

To my grandmother, Joan Hahn. You sparked my interest in biology and world diversity at a 

very early age with tales of your experience as a high school biology teacher and world traveler. 

Your stories of seeing blue footed boobies in the Galapagos are undoubtedly to blame for my 

preoccupation with wildlife. Your strength as the matriarch of our family has spawned a 

generation of determined dreamers.  

 

To my daughters, Teagan Tesla and Farrah Fossey. You have been with me throughout this PhD 

journey. Teagan, you were with me in fetal form when I interviewed for graduate school and 

when I nervously accepted their offer on the condition I be given a semester off to become a 

mother. Farrah, you were with me in fetal form as I crushed pronghorn bones and extracted DNA 

(don’t worry; I was careful to only use the chloroform in the fume hood). We named you both 

after brilliant and slightly crazed trail blazers not because we expect you to live up to your names 

but because we wanted you to know that we have been proud of you since the moment you were 

born. Your presence in our family has made your father and I work tirelessly to never let you 

down. We hope we have done you proud. 

  



6 

TABLE OF CONTENTS 

 

LIST OF TABLES ........................................................................................................................ 9 

 

LIST OF FIGURES .................................................................................................................... 10 

 

ABSTRACT ................................................................................................................................ 11 

 

SUMMARY ................................................................................................................................ 12 

Introduction ............................................................................................................................................... 12 

Species Background .................................................................................................................................. 13 

Dissertation Aims ...................................................................................................................................... 18 

Summary of Appendices ........................................................................................................................... 19 

Appendix A: Conservation epigenetics: application of epigenetics in biodiversity conservation ..... 19 

Appendix B: Impact of conservation efforts on genetic diversity and population structure in   

Arizona pronghorn, Antilocapra americana ....................................................................................... 20 

Appendix C: Epigenetic characterization of Arizona pronghorn ....................................................... 22 

Appendix D: Subspecies assignment of extirpated pronghorn (Antilocapra americana)      

populations from museum specimens ................................................................................................ 24 

Conclusions and Conservation Implications .......................................................................................... 25 

 

REFERENCES ........................................................................................................................... 27 

 

FIGURES .................................................................................................................................... 30 

 

APPENDIX A: CONSERVATION EPIGENETICS: APPLICATION OF EPIGENETICS 

IN BIODIVERSITY CONSERVATION ....................................................... 31 

Abstract ...................................................................................................................................................... 32 

Introduction ............................................................................................................................................... 33 

Definition of Conservation Epigenetics ................................................................................................... 35 

Epigenetic Mechanisms ............................................................................................................................ 37 

Motivation and Future Topics for Conservation Epigenetics ............................................................... 40 

Measurement of Demographic and Behavioral Characteristics ......................................................... 40 

Monitoring Environmental Response ................................................................................................. 41 

Definition of ESUs ............................................................................................................................. 44 

Study of Invasive Species .................................................................................................................. 45 



7 

Epigenetic Data Collection Methods ....................................................................................................... 47 

MS-AFLP ........................................................................................................................................... 47 

MS-AFLP Alternatives ...................................................................................................................... 48 

Conclusion ................................................................................................................................................. 52 

References .................................................................................................................................................. 54 

 

APPENDIX B: IMPACT OF CONSERVATION EFFORTS ON GENETIC DIVERSITY 

AND POPULATION STRUCTURE IN ARIZONA PRONGHORN, 

ANTILOCAPRA AMERICANA....................................................................... 64 

Abstract ...................................................................................................................................................... 65 

Introduction ............................................................................................................................................... 66 

Methods ...................................................................................................................................................... 69 

Sampling and DNA Extraction .......................................................................................................... 69 

Microsatellite Genotyping .................................................................................................................. 69 

Mitochondrial Control Region Sequencing ........................................................................................ 70 

Data Analyses ..................................................................................................................................... 71 

Results ........................................................................................................................................................ 73 

Inbreeding .......................................................................................................................................... 73 

Relatedness ......................................................................................................................................... 74 

Population Differentiation .................................................................................................................. 74 

Population Structure ........................................................................................................................... 75 

Isolation by Distance .......................................................................................................................... 76 

Haplotype Distribution ....................................................................................................................... 76 

Discussion .................................................................................................................................................. 77 

Conclusions and Further Conservation Recommendations .................................................................. 82 

References .................................................................................................................................................. 84 

Tables and Figures .................................................................................................................................... 88 

 

APPENDIX C: EPIGENETIC CHARACTERIZATION OF ARIZONA       

PRONGHORN ............................................................................................... 100 

Abstract .................................................................................................................................................... 101 

Introduction ............................................................................................................................................. 102 

Methods .................................................................................................................................................... 106 

Study Species ................................................................................................................................... 106 

Sampling and DNA Extraction ........................................................................................................ 106 

MS-AFLP ......................................................................................................................................... 107 

MS-AFLP Peak Calling ................................................................................................................... 108 

Microsatellites .................................................................................................................................. 109 

Data Analyses ................................................................................................................................... 110 



8 

Results ...................................................................................................................................................... 111 

Summary of Datasets ....................................................................................................................... 111 

Genetic and Epigenetic Variation .................................................................................................... 111 

Subspecies Differentiation ............................................................................................................... 112 

Discussion ................................................................................................................................................ 114 

References ................................................................................................................................................ 118 

Tables and Figures .................................................................................................................................. 123 

 

APPENDIX D: SUBSPECIES ASSIGNMENT OF EXTIRPATED PRONGHORN 

(ANTILOCAPRA AMERICANA) POPULATIONS FROM MUSEUM 

SPECIMENS .................................................................................................. 130 

Abstract .................................................................................................................................................... 131 

Introduction ............................................................................................................................................. 132 

Methods .................................................................................................................................................... 135 

Sample Collection ............................................................................................................................ 135 

DNA Extraction ............................................................................................................................... 135 

Genotyping ....................................................................................................................................... 136 

Data Analyses ................................................................................................................................... 136 

Results ...................................................................................................................................................... 138 

Genetic Diversity ............................................................................................................................. 138 

Subspecies Assignment of Museum Specimens .............................................................................. 138 

Subspecies Differentiation ............................................................................................................... 139 

Discussion ................................................................................................................................................ 140 

Implications for Future Management ................................................................................................... 142 

References ................................................................................................................................................ 143 

Tables and Figures .................................................................................................................................. 146 

 

COMPLETE LIST OF LITERATURE CITED .................................................................... 156 



9 

LIST OF TABLES 

 

Table B. 1: The translocation history of pronghorn game management units (GMU) sampled in this 

study ........................................................................................................................................ 88 

Table B. 2: Details for each microsatellite locus surveyed in this study .............................................. 89 

Table B. 3: Primers designed to amplify short sections of the pronghorn mitochondrial control 

region ...................................................................................................................................... 90 

Table B. 4: Summary statistics for each subspecies, for the A. a. sonoriensis north and south semi-

captive pens, and for A. a. americana game management units ........................................ 91 

Table B. 5: Pair-wise FST estimates by AMOVA for A. a. americana GMUs ...................................... 92 

 

Table C. 1 Pattern scoring based on HpaII and MspI sensitivity to cytosine methylation .............. 123 

Table C. 2 MS-AFLP primers ................................................................................................................ 124 

Table C. 3 Summary of MS-AFLP results with two pronghorn subspecies ...................................... 125 

Table C. 4 Summary of genetic diversity as measured with microsatellite markers ........................ 126 

 

Table D. 1: Summary of museum and archeological specimens ......................................................... 146 

Table D. 2: Mitochondrial sequencing primers .................................................................................... 147 

Table D. 3: Summary of variable mitochondrial control region sites ................................................ 148 

Table D. 4: Subspecies assignment of museum specimens .................................................................. 149 

Table D. 5: Nucleotide and haplotype diversity ................................................................................... 150 

Table D. 6: Haplotype frequencies ........................................................................................................ 151 

Table D. 7: Subspecies differentiation ................................................................................................... 152 

  



10 

LIST OF FIGURES 

Figure 1: Map of subspecies distribution ................................................................................................ 30 

 

Figure B. 1: Map of study area ................................................................................................................ 93 

Figure B. 2: Map of A. a. americana sampling sites ............................................................................... 94 

Figure B. 3: Inbreeding estimates in pronghorn .................................................................................... 95 

Figure B. 4: PCoA of pronghorn genetic data ........................................................................................ 96 

Figure B. 5: STRUCTURE results .............................................................................................................. 97 

Figure B. 6: Isolation by distance in A. a. americana ............................................................................. 98 

Figure B. 7: Haplotype Network for A. a. americana ............................................................................ 99 

 

Figure C. 1 Map of study area ............................................................................................................... 127 

Figure C. 2 Principal coordinate analyses of subspecies differentiation ............................................ 128 

Figure C. 3 Structure results for subspecies differentiation ............................................................... 129 

 

Figure D. 1: Map of museum specimens and reference populations .................................................. 153 

Figure D. 2: Haplotype network ............................................................................................................ 154 

Figure D. 3: Maximum likelihood phylogeny ....................................................................................... 155 

  



11 

ABSTRACT 

Genetic analyses of increasing power are now regularly incorporated into wildlife management 

assessments of threatened and endangered species. Genetic data provide valuable information 

regarding taxonomy, kinship, and population size and structure. Recently transformed by the 

advent of powerful technologies that expand our view from single genes to the entire genome, 

the field of conservation may be on the verge of another revolution with the emergence of 

epigenetics as a promising means of surveying environmental response in natural populations. In 

this dissertation, I present my doctoral research upon population genetics and epigenetics of 

pronghorn (Antilocapra americana). Considerable effort has been undertaken to conserve 

pronghorn, particularly in the periphery of its range in the southwestern United States and 

northwestern Mexico. Translocation is regularly used to supplement and re-establish populations 

of the wide-ranging A. a. americana subspecies while captive breeding has been established for 

two endangered pronghorn subspecies, A. a. sonoriensis found in Arizona and Sonora, Mexico 

and A. a. peninsularis of the Baja Peninsula. The primary goal of my doctoral work was to 

provide pronghorn managers with current estimates of genetic diversity, relatedness, and 

structure within and between pronghorn subspecies in the desert southwest. My work shows that 

conservation measures for A. a. sonoriensis have successfully maintained genetic diversity 

within this endangered subspecies. My estimates of population structure within A. a. americana 

in northern Arizona reveal the influence of translocation and habitat fragmentation and 

demonstrate the successful reestablishment of gene flow following the removal of highway 

fences. With the purpose of guiding future release of captive pronghorn, I explored the 

subspecies status of pronghorn extirpated from a portion of their range in southern California and 

northern Baja California. My analyses of museum specimens indicate that the historical range of 

A. a. peninsularis may have extended as far north as the international border while specimens 

collected just north of the border share more genetic identity with A. a. sonoriensis. To follow 

my interests in epigenetics, I also conducted the first ever conservation epigenetics study with 

Arizona pronghorn. I found that pronghorn are more epigenetically than genetically diverse and 

this is an indicator that further epigenetic study will reveal the signature of response to 

environmental factors, as it has with other species demonstrating this pattern. 
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SUMMARY 

Introduction 

The decline of species diversity in the modern era is decisively and anomalously rapid (Ceballos 

et al. 2015) and has been repeatedly linked to human activity (Mack et al. 2000; Jackson et al. 

2001; Hooper et al. 2005; Dirzo et al. 2014). Biodiversity loss poses a monumental threat to 

ecosystem stability and human well-being (Mace et al. 2005; Losey & Vaughan 2006; Mace et 

al. 2012; Wood et al. 2014). Concerted efforts must be made to preserve and rebuild biodiversity 

on the scale of populations, species, and ecosystems. To monitor biodiversity, the practice of 

natural resource management draws upon knowledge gained from the scientific disciplines of 

ecology and population genetics. Increasingly, precise genetic study of endangered species is 

used to guide management decisions. Historically, conservation genetics has addressed questions 

pertaining to taxonomy, kinship, and population census and structure. With the introduction of 

powerful genomic sequencing technologies, researchers have hoped to make inferences about the 

adaptive nature of genetic variation and improve upon models used to predict population 

viability (Allendorf et al. 2010; Ouborg et al. 2010; Ekblom & Galindo 2011; Funk et al. 2012). 

However, the application of genomic sequencing in the study of wild populations has not yet 

heralded a meaningful revolution in the contribution to conservation made by genetic data 

(Shafer et al. 2015). For many species, resolution of taxonomy and population structure is still 

desperately needed and can be accomplished effectively without genomic sequencing through 

the analysis of low cost markers such as mitochondrial DNA and microsatellite locus variants. 

Alternatively, if the research questions for a given species pertain to current environmental 

response, it is becoming clear that epigenetic loci may be relatively more informative. 

In this dissertation, I present complimentary studies that examine diversity and structure within 

and among populations of pronghorn (Antilocapra americana) in the desert southwest of the 

United States. Within these studies, I employed genetic and epigenetic analyses to measure 

variation on three different time scales. Presuming a slow rate of mutation within mitochondrial 

DNA (mtDNA) relative to microsatellite loci, mtDNA variation should be more indicative of 

deeper-time relationships between taxa while microsatellites should uncover more recent 

population structure changes. Intriguingly, epigenetic variation can arise even more rapidly in 

response to environmental change within an individual’s lifetime. Until recently, the study of 
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epigenetics was restricted to model species but an expanding number of studies in the field of 

ecological epigenetics has heralded the transition into studying epigenetics of natural populations 

(Bossdorf et al. 2008; Kilvitis et al. 2014; Foust et al. 2015). My work represents the first 

venture in studying epigenetics within a species of conservation concern. 

The subsequent chapters of this dissertation are arranged as appendices, each written in the 

format of a manuscript prepared for peer-reviewed journal submission. In my review chapter 

(APPENDIX A), I framed an argument for studying species of conservation concern through the 

newly emerging epigenetic lens. Epigenetic study of non-model species is a promising area of 

research with many applications to conservation but the field is in its infancy. Endangered 

species that are well-studied from a population genetic perspective are excellent candidates for 

initial study of conservation epigenetics due to having the opportunity to interpret epigenetic 

findings in light of known genetic parameters. Additionally, reporting epigenetic findings in 

parallel with genetic findings will contribute to improved communication of results to population 

managers who are accustomed to interpreting genetic information. Therefore, my first objective 

was to perform a high-resolution population genetic study of pronghorn within my study area. In 

APPENDIX B, I analyzed variation at microsatellite loci within two pronghorn subspecies in 

Arizona to assess the impacts of conservation efforts over the last several decades. The picture 

painted by this genetic study sets the stage for APPENDIX C in which I undertook the first ever 

conservation epigenetics study as a survey of DNA methylation diversity within an endangered 

species. Lastly, I continued in the theme of exploring different levels of variation in APPENDIX 

D in which I examined deeper-time relationships with mitochondrial sequence data to determine 

the subspecies status of pronghorn extirpated from a portion of their range in southern California 

and northern Baja California. Throughout these appendices, I discussed my findings in a context 

that informs ongoing efforts to restore pronghorn populations. 

 

Species Background 

Pronghorn are a charismatic remnant of the Pliocene epoch. As the only remaining species 

within the Antilocapridae family, they are more closely related to giraffes and okapis than their 



14 

outwardly more similar cervid relatives (Fernández & Vrba 2005). Unregulated harvest and 

habitat loss have contributed to massive pronghorn population declines over the course of the last 

century (Laliberte & Ripple 2004; Cancino et al. 1998). Conservation efforts for pronghorn rely 

on accurate assessments of taxonomy and population structure within this wide-ranging species. 

Over the course of this species’ management, a wealth of physiological, historical, and 

environmental data has been collected (O'Gara & Yoakum 2004; Brown et al. 2006). Combined 

with ongoing monitoring of wild and captive populations, these data provide a firm framework in 

which to analyze epigenetic variation. Therefore, they represent a suitable model for the first 

conservation epigenetics study. 

Four subspecies of pronghorn are currently recognized in North America: A. a. americana, A. a. 

mexicana, A. a. peninsularis, and A. a. sonoriensis (Lee Jr et al. 1994) (Figure 1). A. a. 

americana is the most widespread subspecies, historically ranging throughout much of the 

western half of the continent from southern Canada to northern Arizona, northern New Mexico, 

and northern Texas (Nelson 1925; Lee Jr et al. 1994). The ranges of A. a. sonoriensis, A. a. 

peninsularis, and A. a. mexicana occupy the southern periphery of pronghorn habitat (Figure 1). 

The distribution of A. a. mexicana within the United States is limited to southeastern Arizona, 

southern New Mexico, and western Texas. Within Mexico, A. a. mexicana have historically been 

found in fragmented populations within an area stretching between the states of Chihuahua in 

northern central Mexico to the central state of Hidalgo. The range of A. a. sonoriensis once 

encompassed southwestern Arizona, southeastern California, northeastern Baja California, and 

northwestern Sonora, Mexico (Arizona Game and Fish Department 1981). On the western side 

of the Gulf of California, A. a. peninsularis are restricted to the Mexican states of Baja California 

and Baja California Sur (Cancino et al. 1998). 

Following the arrival of Europeans to North America, pronghorn habitat was greatly reduced 

(Laliberte & Ripple 2004; Cancino et al. 1998) and population numbers plummeted from the 

tens of millions to an estimate of 30,000 in 1925 (Nelson 1925). The primary factors that have 

contributed to pronghorn decline include unregulated hunting and habitat decline. Pronghorn are 

a nomadic species following seasonal migration patterns (Hoskinson & Tester 1980) and so it is 

likely that physical barriers to movement may have also contributed to population decline where 

migration is disrupted. Over the course of the mid-20th century, re-stocking programs, predator 
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abatement activities, and implementation of hunting regulation supported resurgence in 

pronghorn population numbers (Kitchen & O’Gara 1982; Yoakum 2004). However, in the last 

several decades many populations have entered an even greater state of decline in association 

with climate change and habitat loss (Gedir et al. 2015).  

Populations of A. a. americana have become fragmented with many areas suffering local 

extirpations, particularly in the southwestern United States (Lee Jr et al. 1994). Some 

populations’ persistence is largely due to translocations. Pronghorn populations in Arizona are of 

particular interest due to the presence of both A. a. americana and A. a. sonoriensis in the state. 

Once abundant in Arizona (Yoakum 2004), the A. a. americana population was reduced to an 

estimated 700 individuals by 1924 (Nelson 1925). Beginning in the 1920s, pronghorn from 

Montana, Colorado, Utah, and Texas were reintroduced at sites around Arizona (Lee 1988). 

Management activities have been largely successful in maintaining populations of A. a. 

americana in Arizona game management units with recent statewide population estimates 

fluctuating between 6,000-11,000 (Yoakum 2004; Arizona Game and Fish Department 2013).  

Population numbers for A. a. sonoriensis, particularly in the U.S., have been critically low for 

several decades, prompting the listing of the subspecies as endangered in 1967 (United States 

Fish and Wildlife Service 1967). Following a period of prolonged drought in 2002, the Arizona 

population crashed to an estimated 21 individuals, prompting managers to implement a semi-

captive rearing program in 2004 at the Cabeza Prieta National Wildlife Refuge (CPNWR) (Otte 

2006; United States Fish and Wildlife Service 2010). A semi-captive pen enclosing 260 ha (642 

acres) of natural Sonoran Desert habitat was built and divided with a cross fence to segregate the 

area into a north and south pen. The herd is provided with supplemental feed and water and 

forage enhancement plots have been created to enhance fawn survival during times of limited 

rainfall (United States Fish and Wildlife Service 2015). Between 2004 and 2006, 14 wild 

individuals were introduced to the captive herd as breeding stock. Six of the founding individuals 

were captured from Sonora, Mexico (1 male; 5 females) and eight from southern Arizona (1 

male; 7 females) (Jill Bright, personal communication, April 15, 2015). The captive herd has 

steadily grown and individuals have been successfully released to locations within the nearby 

Organ Pipe Cactus National Monument, the Barry M. Goldwater Range, and the Kofa National 

Wildlife Refuge (Kofa) (United States Fish and Wildlife Service 2015). A second captive pen 
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was established at Kofa in 2011 and is experiencing population growth and successful releases 

similar to the CPNWR herd. Population estimates now put the Arizona A. a. sonoriensis 

population at 115 captive and 296 wild individuals (United States Fish and Wildlife Service 

2015) (Jill Bright, personal communication). South of the US-Mexico border, populations of A. 

a. sonoriensis occur in Sonora near Quitovac and Pinacate. A 2015 survey estimated 117 and 

862 individuals for Pinacate and Quitovac, respectively (Jill Bright, personal communication). 

The populations in Mexico, Kofa, and CPNWR are largely isolated from one another by roads, 

highway fencing, and the recently installed US-Mexico border fence.  

Pronghorn in Mexico are afforded protection under federal law as an entire species 

(SEMARNAT 2009). Data regarding the A. a. mexicana subspecies is scarce but accounts 

suggest that their numbers are also in decline (United States Fish and Wildlife Service 2015). In 

1998, a captive breeding program for Peninsular pronghorn was initiated at the Vizcaino 

Biosphere Reserve (VBR) in Baja California, Mexico. A total of 25 wild individuals were 

introduced as founders of the captive herd over the course of the first five years of the program 

(Cancino et al. 2005). The captive population has successfully grown to an estimated 550-600 

individuals and managers are currently seeking opportunities to release individuals to their 

historic range (United States Fish and Wildlife Service 2015; Anastasia Klimova, personal 

communication).  

To date, no species-wide genetic study of pronghorn has been conducted but individual 

estimations of diversity and differentiation within and among the subspecies have been made. 

The first study of A. a. americana population genetic diversity measured a range of mean 

heterozygosity from 0.000 to 0.053 from allozyme data (Lee Jr et al. 1994). Focusing on A. a. 

americana in Arizona, a survey of mitochondrial haplotypes uncovered significant differences 

between populations and found a correlation of haplotype distribution with re-stocking history 

(Rhodes Jr et al. 2001). A more recent study using five microsatellite loci and mitochondrial 

haplotypes observed heterozygosity levels ranging from 0.583 to 0.704 in A. a. americana and 

0.502 to 0.573 in A. a. sonoriensis (Stephen et al. 2005). The same study, conducted prior to the 

establishment of the captive herd at CPNWR, supported distinction of A. a. sonoriensis from A. 

a. americana (FST = 0.100 – 0.104) through the processes of recent isolation, repeated 

bottlenecks, and drift. They estimated moderate differentiation between the Sonora, Mexico and 
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Arizona populations of A. a. sonoriensis (FST = 0.073) but little differentiation between central 

Arizona populations of A. a. americana (FST = 0.034). Additionally, Stephen et al. (2005) 

estimated inbreeding at relatively higher levels within the Arizona A. a. sonoriensis and eastern 

Arizona A. a. americana relative to the other surveyed populations. The only study to compare 

A. a. sonoriensis and A. a. peninsularis used a larger suite of 18 microsatellite loci as well as 

mtDNA (Klimova et al. 2014). The increased power of a larger dataset enabled Klimova et al. to 

estimate effective population sizes (Ne) resulting from historical population bottlenecks. They 

estimated low Ne within A. a. peninsularis relative to A. a. sonoriensis. Their samples of A. a. 

sonoriensis were taken from the captive herd in 2010 and 2011. Their estimate of heterozygosity 

for A. a. sonoriensis (HO = 0.49) is strikingly similar to Stephen et al.’s prior estimate (HO = 

0.502) for A. a. sonoriensis in Arizona but higher than their estimate for A. a. peninsularis (HO = 

0.36). Klimova et al. estimated strong differentiation between A. a. sonoriensis and A. a. 

peninsularis (FST = 0.56; ΦST =0.84).  
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Dissertation Aims 

Wildlife managers require accurate and current estimates of genetic diversity and differentiation 

within and between pronghorn subspecies in the context of ongoing management actions 

including captive breeding, reintroduction, translocation, and habitat remediation. With my 

interests in epigenetics and the needs of wildlife managers in mind, I set out to conduct a study to 

investigate genetic and epigenetic diversity and structure in pronghorn populations in a 

geographic region of active conservation management. The specific aims of my research, which 

are addressed in the appended manuscripts, were as follows: 

1. To offer a definition of the field of conservation epigenetics and provide researchers in 

the field of conservation with an accessible review of ecological epigenetic studies and 

methodology. 

2. To measure changes in heterozygosity and inbreeding within the captive A. a. sonoriensis 

herd relative to previous estimates, and to assess the effectiveness of current management 

practices in maintaining genetic diversity.  

3. To assess changes in estimated population differentiation between A. a. sonoriensis and 

A. a. americana in the time since captive breeding of A. a. sonoriensis commenced.  

4. To examine genetic structure within A. a. americana populations in northern Arizona. 

5. To measure DNA methylation diversity and differentiation within and between A. a. 

sonoriensis and A. a. americana.  

6. To compare estimates of diversity and subspecies differentiation made from 

microsatellite data to those made from methylation sensitive fragment length 

polymorphism (MS-AFLP) data. 

7. To examine the subspecies status of pronghorn extirpated from a portion of their range in 

southern California and northern Baja California through the analysis of museum and 

contemporary specimens.  
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Summary of Appendices 

Where applicable, I wrote the following summaries and manuscripts using first person plural 

pronouns to facilitate publication of co-authored work in peer-reviewed journals. However, the 

work presented in this dissertation represents my own original ideas, research, data collection, 

analyses, and interpretations.  

Appendix A: Conservation epigenetics: application of epigenetics in biodiversity conservation 

The genome, if it functioned on its own as the oft-described instruction manual or library, would 

be a one trick pony. While the genome’s sequence is predominantly static across an individual’s 

cell types and over the course of an individual’s life time, it encodes for a complex network of 

interactive components that produce the myriad phenotypes of different cell types in a 

multicellular organism and allow for response to environmental cues. To unleash the plasticity of 

the genome, an army of small molecules places marks upon the genome that control gene 

expression levels. This “marked up” genome is referred to as the epigenome and is responsive to 

extracellular conditions and is potentially heritable across generations. In recent decades, 

researchers in nearly all areas of biology have become intrigued by the power of the epigenome 

to explain and predict an organism’s response to the environment. Once restricted to model 

species, the study of epigenetics is now extending to fields including ecology, crop science, and 

live-stock breeding. In this review, I framed the science of conservation epigenetics, which I 

believe is the next frontier in biodiversity conservation research. I also proposed topics for future 

research and provided an up-to-date reference of available DNA methylation survey methods. 
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Appendix B: Impact of conservation efforts on genetic diversity and population structure in 

Arizona pronghorn, Antilocapra americana  

Co-author – Melanie Culver 

Arizona pronghorn (Antilocapra americana) populations began a steady decline in the early 20th 

century but a resurgence has been observed due to re-stocking programs, predator control 

activities, and the implementation of hunting regulation (Kitchen & O’Gara 1982; Yoakum 

2004). In the case of the Sonoran subspecies (A. a. sonoriensis), likely extinction was avoided 

with through captive breeding. Captive breeding and translocation activities have the potential to 

dramatically alter the genetic landscape of a population. To provide accurate and up to date 

estimates of genetic diversity, relatedness, and population structure within Arizona pronghorn, 

we conducted a study of the captive A. a. sonoriensis herd and populations of A. a. americana in 

northern central Arizona. We compared our estimates of diversity and inbreeding within the 

captive A. a. sonoriensis herd to previous estimates and assessed short-term changes in 

inbreeding levels from the period of 2010 through 2014. To assess the effects of translocation 

activity and population fragmentation of A. a. americana, we estimated genetic diversity and 

population structure between game management units (GMU). 

We collected blood samples from 92 adult A. a. americana individuals from six GMU and 111 

A. a. sonoriensis fawns in the years 2009 through 2014. We genotyped all individuals at 14 

microsatellite loci. Additionally, we sequenced a 624 base pair section of the mitochondrial 

control region for all A. a. americana individuals and generated a haplotype network. From the 

microsatellite data we calculated summary statistics in GENALEX (Peakall & Smouse 2006; 

Peakall & Smouse 2012), performed principle coordinate analyses (PCoA), estimated effective 

population size (Ne) with ONESAMP (Tallmon et al. 2004b; Tallmon et al. 2008), investigated 

population structure in both GENELAND (Guillot et al. 2005) and STRUCTURE (Pritchard et al. 

2000a), estimated relatedness in the R package related (Pew et al. 2015), estimated inbreeding 

(FIS) in the R package diversity (Keenan et al. 2013) and checked for isolation by distance (IBD) 

with the R package adegenet (Jombart 2008). 
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Our measurements of genetic diversity were consistently lower within the endangered A. a. 

sonoriensis subspecies relative to A. a. americana. However, our results also suggest that the 

admixture of individuals from Mexico and Arizona within the captive herd may had had the 

effect of boosting heterozygosity within the sonoriensis subspecies. We observed little change in 

population genetic parameters over time within the captive herd and no significant differences 

between the north and south pens, suggesting that management practices are effectively 

maintaining levels of diversity and avoiding unintentional divergence of the north and south 

pens. We estimated greater differentiation (FST = 0.129) between the two subspecies compared to 

previous estimates and lower inbreeding in A. a. sonoriensis relative to A. a. americana, which is 

contrary to previous results. We believe that these findings are another result of recent admixture 

within the captive herd.  

Population structure within A. a. americana was complex. Patterns emerged from our analyses 

connecting translocation history and habitat fragmentation by highways to the distribution of 

genotypes across the landscape. Interestingly, we observed a marked difference in the structure 

among the northern most GMUs of our sampling area. Where a previous study had found a 

strong signature of structure resulting from habitat fragmentation by highways, we found no such 

structure. This area has undergone habitat rehabilitation in the form of highway fencing removal 

initiatives. We believe our results demonstrate successful reestablishment of gene flow between 

previously fragmented pronghorn populations. 

From our analyses we concluded that the A. a. sonoriensis herd had not lost significant genetic 

diversity or distinction from A. a. americana over the course of captive breeding. Admixture 

from combining breeding individuals from Mexico and Arizona likely contributed to this success 

and further translocation of individuals across the border could be beneficial for the subspecies. 

The current genetic landscape of A. a. americana is influenced by a history of management 

action, rather than local adaptation. Regained connectivity between fragmented populations, such 

as we observed in northern Arizona, would likely help to avoid an increase in inbreeding and 

further decline of the subspecies.  
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Appendix C: Epigenetic characterization of Arizona pronghorn 

Co-author – Melanie Culver 

Accurate prediction of population viability in the face of a changing environment is a paramount 

challenge in the field of conservation biology. For several decades, wildlife managers have 

drawn upon genetic data to inform models of population viability. A new twist on genetic 

research is emerging and it is becoming clear that epigenetic variation plays a large role in 

determining environmental response in wild populations (Bossdorf et al. 2008; Kilvitis et al. 

2014; Foust et al. 2015). Epigenetic marks may prove to be powerful indicators and predictors of 

environmental interactions in species of conservation concern.  

Pronghorn (Antilocapra americana) populations of Arizona offer an opportunity to study 

conservation epigenetics in several contexts. First, two subspecies are endemic to the region, A. a. 

americana and the endangered A. a. sonoriensis, enabling comparison of populations with 

differing demographic histories. Second, a captive breeding program has been in place for A. a. 

sonoriensis since 2004. Captive breeding reduces the number of environmental variables 

affecting the study population, facilitating more easily controlled epigenetic study. The effects of 

captive breeding are also of great interest to wildlife managers. Epigenetic comparisons of 

individuals in captivity, and again after release, could be very informative.  

The study of epigenetics in natural populations is still in its infancy and many basic questions 

about epigenetic variation remain unanswered. As a first step in exploring applications of 

epigenetics in conservation, we set out to measure diversity and diversification in DNA 

methylation profiles within and between endangered and non-endangered pronghorn subspecies. 

Additionally, we conducted simultaneous analyses of microsatellite data collected from the same 

populations to compare estimates of diversity and differentiation made with these two measures. 

Our chosen method of measuring DNA methylation differences was the economical and high 

throughput survey of methylation sensitive amplified fragment length polymorphisms (MS-

AFLP) (Xu et al. 2000). MS-AFLP is a modification of traditional AFLP (Vos et al. 1995) that 

reveals DNA methylation differences through parallel digest of genomic DNA with restriction 

enzymes differing in sensitivity to methylation. Comparison of the resulting fragments from 
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digestions with restriction enzymes (HpaII and MspI) differing in their sensitivity to DNA 

methylation enables extraction of epigenetic differences. We performed MS-AFLP on DNA 

extracted from blood collected from 176 captive A. a. sonoriensis and 92 wild A. a. americana 

individuals. Additionally, we genotyped all samples at 14 microsatellite loci. We initially 

analyzed the MS-AFLP data in the R package msap (Perez-Figueroa 2013) to generate fragment 

presence/absence matrices and estimate Shannon’s Diversity Index (SDI). We calculated 

summary statistics and estimated SDI for the microsatellite data in GENALEX (Peakall & Smouse 

2006; Peakall & Smouse 2012). We calculated genetic and epigenetic distance between all pairs 

of individuals and performed principal coordinate analyses (PCoA) in the R environment. We 

investigated evidence of population structure with a Bayesian clustering algorithm in STRUCTURE 

2.3.4 (Pritchard et al. 2000b).  

Our measurements of diversity and differentiation differed substantially between the MS-AFLP 

and microsatellite datasets, with far greater diversity and subspecies differentiation being 

observed within the genetic data. These results are inconsistent with patterns observed in other 

vertebrate species including bat (Liu et al. 2015), darter fish (Smith et al. 2016), and the clonal 

fish Chrosomus eos-neogaeus (Massicotte et al. 2011) and contrary to expectations given habitat 

differences that should contribute to epigenetic differences between the two subspecies. Our 

analyses of MS-AFLP loci may have been clouded by a significant amount of noise that was 

likely the result of variations in PCR. For this reason, we were not able to make further 

inferences regarding epigenetic differentiation on the basis of demographic characteristics in the 

captive herd or geography in A. a. americana. Such inferences could likely be made through 

further epigenetic study of pronghorn using alternative DNA methylation assay techniques. 
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Appendix D: Subspecies assignment of extirpated pronghorn (Antilocapra americana) 

populations from museum specimens 

Co-authors – Anastasia Klimova, Adrian Munguia-Vega, Kevin Clark, and Melanie Culver  

Pronghorn populations in the United States and Mexico have been on the decline for over a 

century. Wildlife managers have initiated captive breeding programs for the two endangered 

subspecies, Antilocapra americana sonoriensis and A. a. peninsularis. With both programs 

having experienced success in boosting population numbers, focus now turns to extending 

release efforts in the wild. Historically, the two subspecies ranges were largely separated by the 

Gulf of California with a possible overlap existing in northern Baja California. The extent to 

which either subspecies was found in the region flanking the international border in California 

and Baja California is not certain. Should this area be selected for pronghorn reintroduction, it is 

not clear which subspecies should be released there. To assist managers in identifying the 

appropriate subspecies for release, we genotyped museum specimens collected from California 

and the Baja peninsula and performed comparisons to contemporary reference populations. 

We received 17 museum specimens originally collected at sites in California, USA, and Baja 

California, Mexico. The samples consisted of bone, teeth, and tissue and dated between 1903 and 

1971. With each specimen, we attempted sequencing of three short sections of the mitochondrial 

control region totally 624 base pairs. We recovered the full target region from 10 specimens and 

partial segments from another five specimens and compared these haplotypes to reference 

haplotypes from A. a. sonoriensis and A. a. peninsularis as well as A. a. americana. From these 

data we created a haplotype network with museum and reference sample haplotypes.  

We assigned museum specimens to either A. a. sonoriensis or A. a. peninsularis from the 

topology of the haplotype network. Amongst the fully sequenced specimens, those sampled in 

Mexico grouped with A. a. peninsularis while those sampled in the U.S. grouped with A. a. 

sonoriensis. These findings suggest that the historic range of A. a. peninsularis encompassed the 

region directly south of the U.S.-Mexico border. Our results do not exclude the possibilities that 

the two subspecies ranges historically overlapped in southern California or that genotypes were 

once distributed in a more clinal pattern throughout the Sonoran Desert.   
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Conclusions and Conservation Implications 

A. a. sonoriensis  

Conservation intervention has made strides in preventing further decline of pronghorn 

populations in Arizona. My results show that the endangered A. a. sonoriensis subspecies has 

maintained a level of differentiation from A. a. americana over the course of captive breeding. 

Captive breeding does not appear to have led to significant levels of inbreeding and the 

heterozygosity level has been maintained within a tolerable range. These results indicate that 

current management practices are sufficient to maintain genetic diversity, however, further 

translocation of A. a. sonoriensis individuals across the US-Mexico border may be warranted in 

the future. 

A. a. americana 

Genetic structure of A. a. americana populations in northern Arizona is influenced by 

translocation history and population fragmentation by barriers such as highways. I observed 

reestablishment of gene flow within a northern GMU following removal of highway fencing. 

Together these results indicate that A. a. americana GMUs represent anthropogenically 

fragmented populations rather than ecologically relevant units. Future conservation measures 

that would benefit A. a. americana should focus on regaining connectivity between fragmented 

populations through further removal of highway fencing and translocations between populations.  

Conservation epigenetics 

Inconsistent with previous findings in vertebrates, I observed greater genetic diversity compared 

to epigenetic diversity in both A. a. americana and the endangered A. a. sonoriensis. Future 

studies have an increased number of powerful and economical methods to choose from and the 

field of conservation stands to gain valuable knowledge from the application of these methods. I 

provide suggestions for further study of epigenetics in pronghorn. 
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Subspecies assignment 

From the haplotypes I recovered from California and Baja California pronghorn museum 

specimens, I determined that the historic range of A. a. peninsularis may have extended further 

north than previously thought. Specimens collected just south of the international border in Baja 

California grouped with contemporary A. a. peninsularis reference haplotypes. Although I was 

not able to firmly resolve the subspecies status of the region just north of the international 

border, partial haplotype sequences suggest a closer relationship of these specimens with A. a. 

sonoriensis. Should sites just north of the border be considered for release of captive pronghorn, 

my data suggest that it would not be inappropriate to release A. a. sonoriensis.  
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FIGURES 

Figure 1: Map of subspecies distribution 

The most recent range-wide subspecies distribution map modified from (Lee Jr et al. 1994) to 

account for abandonment of A. a. oregona as a recognized subspecies. The shaded regions 

denote pronghorn populations of designated subspecies status. The unshaded ranges are of 

unknown subspecies status. Each peripheral subspecies is denoted with a different colored 

border. 
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Abstract 

Epigenetic research is rapidly rising in prominence in many biological fields, and a subset of 

applications may be of use in conservation. Epigenetic studies are improving the understanding 

of the organismal response to environmental changes. Epigenetic monitoring may therefore 

provide a powerful method of measuring and predicting the effects of our changing environment 

upon our planet’s biodiversity. Epigenetic biomarkers are also a promising tool for measuring 

population demographics in systems for which genetic markers are less informative. In this 

review, I discuss the potential benefits of epigenetic study in conservation, highlighting key 

studies with relevance to conservation from fields including ecological epigenetics and 

ecotoxicology. I propose a definition for this newly emerging field to unite conservation 

epigenetic research. To provoke future study, I identify several lines of epigenetic research that 

can be investigated in species of conservation concern and provide a current reference of 

epigenotyping methodologies.    
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Introduction 

In 2005, the conservation geneticist’s toolkit began a rapid expansion with the propagation of 

powerful genomic sequencing technologies coupled with the advancement of computationally 

intensive analytical methods. Bigger datasets, however, have not yet translated into a meaningful 

revolution in the use of genetic results for improving species management. Some have argued 

that genomic methods must be given time to mature before they are more widely adopted in 

conservation applications (Shafer et al. 2015). Data that are useful to wildlife managers answer 

questions specific to the challenges facing species of conservation concern or with management 

needs. Many species are facing extinction due to factors such as rapid habitat loss, habitat 

degradation, introduced species, disease, and population fragmentation. Wildlife managers 

require information regarding how well species are tolerating these environmental threats to 

better assess a population’s viability and predict outcomes of management actions. While 

wildlife managers increasingly consult genetic information, it is clear that environmental 

response can be studied in depth through an epigenetic lens (Richards 2006; Richards 2008, 

2012; Jablonka & Lamb 2006; Jablonka & Raz 2009; Bossdorf et al. 2008; Kilvitis et al. 2014; 

Foust et al. 2015, 2016).  

Unlike the genome, which is largely static among an individual’s various cell types and over the 

course of its lifetime, the epigenome is in flux both in time and space in response to the cellular 

environment as well as through stochastic drift (Issa 2014). Thus, while exceedingly complex, 

epigenetic marks may be the valuable and informative tool conservation scientists have needed 

to detect and predict environmental response and improve recommendations for species 

management. Together, the genome and the epigenome control gene expression. In many cases, 

it is sufficient to measure gene expression directly and valuable inferences have been made from 

the study of gene expression in wild populations (Alvarez et al. 2015). Measurement of gene 

expression on the level of a single transcript or of the entire transcriptome requires sampling of 

fresh tissue due to rapid postmortem degradation of RNA. DNA is much more stable than RNA 

and can be sampled from a wide variety of sources including non-invasively collected tissues 

(scat, hair, shed skin, feathers), museum specimens, and from environmental sources such as soil 

and water (eDNA). However, DNA sequence alone does not sufficiently describe gene 

expression. DNA methylation, on the other hand, can play a role in differential gene expression 
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(Tate & Bird 1993) and can provide insights into the phenotype beyond what is measurable 

through the analysis of DNA sequence. Epigenetics can therefore be studied in museum 

specimens (Gokhman et al. 2016) and foreseeably from non-invasively collected samples 

through the survey of DNA methylation. Although the relationship between epigenetic marks 

and gene expression is not yet entirely understood, the potential to extract phenotypic 

information from the study of epigenetic marks is of great interest to researchers in many fields 

including human health (Egger et al. 2004; Feinberg 2007), toxicology (Baccarelli & Bollati 

2009), live-stock breeding (González-Recio et al. 2015), crop science (Springer 2013), forensics 

(Kader & Ghai 2015), and ecology (Bossdorf et al. 2008; Kilvitis et al. 2014). 

Conservation geneticists have traditionally adopted methods developed in other fields such as 

human genetics, ecology, and evolution. With recent work accumulating in of the field of 

ecological epigenetics (Kilvitis et al. 2014; Bossdorf et al. 2008), interest in epigenetics is 

growing amongst those in the conservation field who believe the same techniques will cross over 

between ecological and conservation epigenetics. In this review I provide a perspective on the 

application of epigenetics in species of conservation concern; I offer a definition of the term 

“conservation epigenetics;” and I briefly review epigenetic mechanisms. It should be understood 

that further research into basic population epigenetic properties must be conducted before 

epigenetic data can be widely applied to free-ranging wild species. These properties include the 

sensitivity of epigenetic loci to environmental stimuli, the expected rate of epigenetic diversity 

accumulation, and the persistence and heritability of induced epigenetic changes. With this in 

mind, I offer a path forward in the application of epigenetics to common conservation questions 

beginning with research questions that could be most immediately answered using epigenetic 

methods.  
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Definition of Conservation Epigenetics 

Before defining conservation epigenetics, first we must have a working definition of epigenetics. 

Unfortunately, there is no clear-cut definition of epigenetics and this has been the subject of 

debate especially amongst epigeneticists (Haig 2004; Holliday 2006; Deans & Maggert 2015). 

The term epigenetics was originally coined by Conrad Waddington in 1942 as “the branch of 

biology that studies the causal interactions between genes and their products which bring the 

phenotype into being” (Waddington 1942). Waddington was an embryologist and developmental 

biologist by training and synthesized the term to describe the process in which genes control the 

successive forms taken by the embryo during development (Holliday 2006; Speybroeck 2002). 

As greater knowledge was acquired regarding the molecular basis of inheritance and gene 

expression, researchers in various fields invoked Waddington’s term and ascribed it myriad 

different meanings (Haig 2004; Holliday 2006; Deans & Maggert 2015).  

The field of ecological epigenetics has adopted the definition of epigenetics as the study of 

“heritable changes in gene expression that cannot be explained by changes in DNA sequence” 

(Richards 2006; Bossdorf et al. 2008). This definition invokes two central characteristics of 

many other definitions of epigenetics: independence from DNA sequence variation and 

heritability, and brings them together into one concept. It is worthwhile to briefly consider the 

impact of these characteristics in a definition of epigenetics for conservation (Deans & Maggert 

(2015). For a thoughtful and more extensive discussion of the defining characteristics of 

independence from DNA sequence and heritability, see (Deans and Maggert 2015). 

In the simplest sense, epigenetic changes are differentiated from genetic changes by the 

requirement of independence from underlying DNA sequence. To some, this is a satisfyingly 

simple distinction but for others it is vague. For instance, consider that DNA methylation of a 

gene promoter is often regulated in trans by protein elements physically expressed from genes on 

other chromosomes. If you observe differential DNA methylation of a gene promoter within two 

wild populations, you would need to conduct extensive genomic sequencing to prove that the 

observed differences did not ultimately originate from DNA sequence differences. Within the 

purview of conservation applications of epigenetics, it seems feasible to limit the extent of 

“underlying DNA sequence” to that which is physically proximal to the epigenetic marker in 
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question. 

The inclusion in the definition of a contingency of heritability is based on a subtle but 

meaningful redefinition of the term by Holliday (Holliday 1994). Mitotic and meiotic inheritance 

of epigenetic marks is of great interest to those studying the impact of epigenetic changes upon 

evolution of the phenotype and inheritance may be of great importance with respect to certain 

conservation questions. However, outside of short-lived model species whose reproduction can 

be easily manipulated, it is challenging to prove that epigenetic marks are indeed inherited, 

especially transgenerationally. Furthermore, environmentally-induced molecular changes that are 

not inherited may be highly informative to conservation genetic researchers. Thus, it would be 

especially restrictive to apply the requirement of heritability to epigenetic markers used in 

conservation applications. To this end, I propose the following definition for conservation 

epigenetics – the study of molecular modifications, as applied to biodiversity conservation, that 

carry the potential to affect a gene’s expression that may (or may not) be heritable despite not 

being associated with changes to the gene’s DNA sequence.  
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Epigenetic Mechanisms 

The study of the sequence of canonical DNA bases (ATCGs) undeniably falls into the camp of 

genetics. DNA, through various molecular mechanisms, produces the workhorses (RNAs and 

proteins) that result in an organism’s phenotype. All cellular processes can be linked back to the 

genome on some level even when accounting for environmental interactions. What, then, is an 

epigenetic mechanism? I would argue that what consistently sets the study of epigenetics apart 

from classical genetics is molecular context. Broadly speaking, epigenetic mechanisms are 

molecules or molecular modifications that are related to changes in expression of a gene or 

genes, excluding the DNA sequence of the gene(s) under observation. Following this definition, 

the known epigenetic mechanisms include small RNA activity, histone modifications, and DNA 

methylation.  

Of these four mechanisms, DNA methylation is far and away the most extensively studied in 

non-model species. However, the dominance by DNA methylation in the literature can be 

misconstrued as an indicator of this marker’s relative importance in regulating gene expression. 

Until recently, DNA methylation was considered to be major a driver of gene regulation (Fuks 

2005), yet researchers were plagued by a lack of information on the cellular machinery involved 

in regulating and maintaining site-specific DNA methylation. Recent observations of DNA 

methylation with respect to transcription factor activity and underlying DNA sequence suggest 

that DNA methylation is more likely a signature of transcription factor activity than the causal 

agent dictating gene expression (Marchal & Miotto 2015; Schübeler 2015).  

Despite the shift in the focus of those seeking the causative agent of gene expression differences, 

DNA methylation remains as a major substrate for the development of biomarkers of disease 

(Laird 2003; Rodríguez-Paredes & Esteller 2011) and environmental exposure (Cortessis et al. 

2012), and is a promising target for the study of epigenetics in species of conservation concern. 

Additionally, the relative ease with which DNA methylation can be sampled and assayed makes 

it attractive to conservation researchers. DNA is more stable relative to proteins and RNAs, 

thereby simplifying its collection and extraction and expanding the assay of epigenetic marks 

beyond the freshly collected tissue needed for protein and RNA analyses. DNA methylation can 

be measured with relative ease using standard genetics laboratory techniques making its analysis 
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accessible to even minimally equipped laboratories. For these reasons, I focus on DNA 

methylation throughout the remainder of this review. For thorough discussions of all known 

epigenetic mechanisms, see: RNAs - (Moazed 2009; Holoch & Moazed 2015), histone 

modifications - (Peterson & Laniel 2004; Bannister & Kouzarides 2011), DNA methylation - 

(Klose & Bird 2006; Jones 2012). 

DNA methylation is the addition of a methyl group (-CH3) to the 5-carbon position of a cytosine 

nucleotide forming a 5-methylcytosine. Alternative forms of DNA methylation exist, including 

N6-methylation of adenine (Wion & Casadesús 2006; Ratel et al. 2006) and N4-methylation of 

cytosine (Janulaitis et al. 1983; Ehrlich et al. 1987), but 5-methylcytosine is the dominant form 

in eukaryotes (Sun et al. 2015). The DNA sequence context of 5-methylcytosine varies among 

taxonomic groups. In vertebrates, methylation of cytosines directly upstream of a guanine (CG or 

CpG) was long thought to be the only context in which methylation occurred, with CHG and 

CHH methylation being more common in plants (Martienssen & Richards 1995). More recently, 

studies have detected significant levels of non-CG methylation in mammalian stem cells, 

oocytes, and neurons (Lister et al. 2013) but the role and extent of this form of methylation is 

still largely unknown.  

The extent of DNA methylation varies wildly between organisms. While genomic methylation 

levels among invertebrates vary greatly (Zemach et al. 2010), vertebrate genomes are more 

consistently and extensively methylated (Suzuki & Bird 2008). The placement of methylation 

relative to genes and its effect on transcription is also variable. DNA methylation is generally 

associated with the repression of gene expression (Holliday & Pugh 1975; Riggs 1975). 

However, observations of the transcription of methylated gene bodies (Hellman & Chess 2007; 

Cokus et al. 2008; Lister et al. 2009; Feng et al. 2010) indicate that methylation is not always 

repressive. More generally speaking, repression by DNA methylation occurs at the transcription 

start site (Jones 2012). DNA methylation is also associated with the repression of transposable 

elements activity (Yoder et al. 1997). 

The precise molecular processes by which DNA methylation is directed and the relative 

importance of DNA methylation across taxonomic groups is still an active area of research. This 

should not prevent conservation genetic researchers from venturing into the study of epigenetics. 
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In the following sections I will offer suggestions for the application of epigenetics in 

conservation biology and review current and emerging methodology.  
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Motivation and Future Topics for Conservation Epigenetics  

Measurement of Demographic and Behavioral Characteristics 

An immediately beneficial application of epigenetics to conservation biology is the collection of 

demographic data from species for which such data is difficult to collect otherwise. For example, 

basic age and sex structure within some wild populations can be challenging to ascertain given 

the species’ physiology or ecology. Age estimation for longer-lived species has historically been 

an arduous and invasive, if not lethal, task (Piñeiro & Saínza 2003; Castanet et al. 2004). A far 

less invasive method relying on the measurement of telomere length (Haussmann & Mauck 

2008) has been successfully applied to estimate age in marten (Pauli et al. 2011) and a variety of 

bird species (Criscuolo et al. 2009; Juola et al. 2006). However, telomere length-based age 

estimation can be unreliable when factors in addition to age contribute to variation in observed 

telomere length (Kappei & Londoño-Vallejo 2008; Dunshea et al. 2011; Olsen et al. 2012). An 

alternative method relying on DNA methylation has recently been applied to humpback whales 

(Polanowski et al. 2014). In this study, human and mouse epigenomic data were used to identify 

homologous, age-associated, DNA methylation sites in whales resulting in a strongly predictive 

age assessment from skin samples. This particular application of DNA methylation profiling has 

advanced in humans with the development of an assay that can reliably determine age from 

blood samples with the survey of just three CGs (Weidner et al. 2014).  

In addition to being useful for gathering age-structure data, epigenetics may be useful in sexing 

individuals. Non-invasive molecular sexing is fairly straightforward in species with 

chromosomal sex determination (Aasen & Medrano 1990; Griffiths et al. 1998; Fridolfsson & 

Ellegren 1999). For species with environmentally influenced sex-determination, genetic sexing 

methods are not useful. In these instances, non-invasive epigenetic methods may be preferable. 

Sex-associated DNA methylation has been observed in gonadal tissue of the red-eared slider 

turtle (Trachemys scripta) (Matsumoto et al. 2013). If these same DNA methylation patterns are 

found in tissues more easily assayed non-invasively (ex: skin, saliva), the development of 

epigenetic sexing methodology could facilitate non-invasive determination of this critical 

population demographic parameter. 
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Studies have linked epigenetic markers to other organismal characteristics directly pertinent to 

conservation such as behavior and social hierarchy. Epigenetic differences have been associated 

with behaviors related to migration in rainbow trout (Baerwald et al. 2016), exploration in great 

tit (Verhulst et al. 2016), and reproductive isolation in darter fish (Smith et al. 2016). In social 

species, epigenetic differences have been observed between members occupying different realms 

of the social hierarchy (Bonasio et al. 2012; Amarasinghe et al. 2014). Although these observed 

associations do not immediately translate to the development of markers for measuring these 

characteristics in wild populations, the potential for future development is clear. Fields related to 

conservation, such as animal husbandry are beginning to see the potential for epigenetics to 

inform researchers on characteristics related to fertility. Gene expression patterns have been 

associated with estrous behavior in dairy cattle (Boer et al. 2010). These patterns may be 

associated with epigenetic markers which will open up new applications of epigenetic research.   

Epigenetic monitoring of population demographics should not, and in many cases cannot, 

replace time-tested field observation. Epigenetics is, however, a promising tool in this area 

especially with regard to sampling populations in a non-invasive manner. Epigenetic methods are 

being explored in the field of forensics (Frumkin et al. 2011) with applications relevant to 

conservation. The relative stability of DNA and DNA methylation compared to RNA, proteins, 

and signaling molecules means that DNA will likely to retain epigenetic information within non-

invasively collected samples such as hair, shed skin, scat, and feathers. Contamination of non-

invasive samples with non-target DNA is of substantially larger concern than with blood and 

tissue samples. However, this concern may be reduced with the coupling of DNA methylation 

profiling with DNA capture methodologies (Hodges et al. 2009; Li et al. 2015) to isolate DNA 

from a heterogeneous sample in a species-specific manner. Long-term stability of DNA also 

facilitates the study of epigenetics from museum specimens (Gokhman et al. 2016) and possibly 

from environmental DNA (eDNA) as well.  

Monitoring Environmental Response 

An often-cited cause for species decline is environmental change. While climate change has 

received a great deal of attention in recent decades (Thomas et al. 2004), the most direct 

evidence of environmental impacts upon species comes from factors such as pollution, disease, 
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reduced resource availability, and changes in species interactions (Butchart et al. 2010). The 

field of conservation biology attempts to identify threats to species and suggest and test 

responsive actions to minimize or eliminate the threats to those species. Epigenetic methods may 

be able to assist the field of conservation biology by the measurement of species’ responses to 

factors that pose threats; evidence from the literature suggests that this is possible.  

Epigenetic research has recently emerged as a powerful tool in the field of ecotoxicology. The 

results of combining epigenetics and ecotoxicology has been recently summarized from a human 

health perspective (Cheng et al. 2012; Kim et al. 2012; Collotta et al. 2013; Wilkinson et al. 

2015; Chappell et al. 2016) as well as with a focus on non-human species outside of laboratory 

models (Vandegehuchte & Janssen 2014; Head et al. 2012; Head 2014). I focus here on several 

lines of research to briefly highlight the relevance of epigenetic ecotoxicology in species 

conservation. Toxicants that reduce fertility have a direct potential to negatively impact wild 

populations. A variety of compounds have been shown to induce DNA methylation changes in 

association with reduced fertility, including, pesticides and insecticides, endocrine disruptors, 

and jet fuels (Anway et al. 2005; Manikkam et al. 2012a; Manikkam et al. 2012b). Endocrine 

disrupting compounds such as bisphenol-A (BPA), dichlorodiphenyl-trichloroethane (DDT), 

polychlorinated biphenyls (PCBs), polybromated diphenyl ethers (PDBEs), and phthalates have 

been shown to disrupt epigenetic programming, especially at epigenetic imprinting sites and 

metastable epialleles (reviewed in Bernal & Jirtle 2010). In a now famous Agouti viable yellow 

(Avy) mouse model, it was found that exposure to BPA in utero resulted in decreased levels of 

DNA methylation upstream of the Agouti gene, which controls coat color and confers a diabetic 

phenotype (reviewed in Richter et al. 2007). This finding led to public outcry over the 

widespread use of BPA in plastics and the subsequent banning of its use in several countries. 

Compounds derived from plastics are of great concern to many species given the massive 

pollution of the Earth’s aquatic ecosystems by microscopic plastic particles (Eerkes-Medrano et 

al. 2015). Another form of environmental pollution causing concern in a variety of wildlife 

species is heavy metal contamination. Epigenetic effects of mercury exposure (reviewed in (Basu 

et al. 2014) have been discovered in polar bears (Pilsner et al. 2010) and American alligators 

(Nilsen et al. 2016). Earthworms have emerged as an indicator species of environmental 
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contamination by a variety of heavy metals (Santoyo et al. 2011). Epigenetic monitoring may 

prove valuable in measuring the effects of pollution on wild populations. 

Changes in community composition can have dramatic and long-lasting effects on individual 

species and a species’ persistence may hinge on adaptive phenotypic plasticity in response to 

these changes (Agrawal 2001). Monitoring of stress hormone levels can be conducted non-

invasively from scat samples (Möstl & Palme 2002) but measurement of instantaneous hormone 

levels in this manner may fail to pick up signals of intermittent stress. The addition of epigenetic 

monitoring of stress levels provides the opportunity to measure long-lasting effects spanning 

across generations. Evidence of transgenerational phenotypic plasticity in response to 

interspecies interactions comes from water fleas, Daphnia ambigua (Walsh et al. 2015; Schield 

et al. 2016). Daphnia exposed to predators enter a path of early maturation and increased 

reproductive output and these effects persist for two generations following removal of the initial 

stimulus. Epigenetic changes can be used to measure species response and may be particularly 

useful in cases where a stressor is intermittent or otherwise challenging to measure. 

Climatic changes have the potential to impact species via temperature stress and reduced 

resource availability. Epigenetic effects and phenotypic plasticity in response to temperature 

shifts have been best studied in plants (Amasino 2010; Nicotra et al. 2010) but evidence is 

accumulating in animals as well (Salinas & Munch 2012). Notably, patterns of genomic 

methylation in environmentally sensitive reef-building coral species have been associated with 

thermal stress as well as oceanic acidification (Dimond & Roberts 2016). Fluctuations in climate 

can lead to changes in resource availability. Recently, epigenomic changes have been associated 

with a response to changes in food availability in baboons (Lea et al. 2016). It is not known if the 

sensitive epigenomic loci identified in these studies are conserved across taxa but these findings 

indicate the potential for epigenetic markers to measure effects of environmental change. 

Perhaps the most active area of epigenetic research is the study of human health. Epigenetics is 

promoted as the next great frontier to combat complex diseases including cancer (Rodríguez-

Paredes & Esteller 2011), psychiatric disorders (Abdolmaleky et al. 2005), and obesity (Milagro 

et al. 2011). Outside of humans and rodent models, some research of epigenetics of disease has 

been conducted in model plant species (Stokes et al. 2002) while epigenetics of wildlife disease 
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remains virtually untouched. The small handful of wildlife disease studies includes the 

association of genomic methylation patterns with parasite load in Scottish red grouse (Wenzel & 

Piertney 2014) and the involvement of DNA methylation in the discovery of a contagious facial 

tumor disease in the Tasmanian devil (Siddle et al. 2013; Ujvari et al. 2013; Ingles & Deakin 

2015).  

Definition of ESUs 

The environmentally significant unit (ESU) concept was initially introduced to describe 

populations that represent “significant adaptive variation” based on “concordance between sets 

of data derived by different techniques” (Ryder 1986)(Ryder 1986). Ryder suggested that these 

techniques include natural history information, morphometrics, range and distribution data, and 

genetic distance estimates. I suggest that epigenetics could also play a role in determining ESUs. 

Modifications to the ESU concept have been suggested time and time again (reviewed in Funk et 

al. 2012). These modifications include restrictive requirements such as limiting ESUs to 

reproductively separate populations (Waples 1991) and more inclusive requirements such as 

defining ESUs by populations that display unique adaptive traits (Crandall et al. 2000). Crandall 

et al. argue for a more holistic approach to the definition of conservation units that includes 

consideration for differences in life history traits, morphology, habitat, and quantitative trait 

locus (QTL) variation as well as evidence of restricted gene flow. By this definition of ESU, 

epigenetic variation may prove very useful in defining adaptively significant units. 

Epigenetic markers can provide fine-scale population structure assessment and have been shown 

to define phenotypically distinct population segments where genetic structure is not detected. For 

example, epigenetic differentiation has been associated with an early maturation phenotype in 

populations of Atlantic salmon in the absence of detectable genetic differentiation (Moran & 

Perez-Figueroa 2011). Greater epigenetic divergence relative to genetic divergence has also been 

observed in populations of darter fish occupying adjacent river drainages (Smith et al. 2016). 

Moreover, the researchers found DNA methylation differences between the darter fish 

populations to be a strong predictor of behavioral reproductive isolation, which could be a driver 

of speciation. These findings parallel epigenetic surveys of Darwin’s finches in which epialleles 

were found to be associated with gene families involved with pathways that control species-
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defining traits including beak shape, immune function, and coloration (Skinner et al. 2014). 

Given the continued uncertainty in the degree of independence of epigenetic variation from 

genetic variation, it seems there are two possible explanations for these intriguing associations of 

phenotypic differences with epigenetic variants. 1) DNA methylation differences may result 

from the expression of underlying genetic differences of strong effect. Measurement of neutral 

variation alone may miss these ecologically relevant genetic differences and intensive genetic 

survey for these loci under selection may prove costly. In contrast, measurement of DNA 

methylation differences may be a cost effective solution to resolve ESUs. 2) Heritable epigenetic 

mutations occurring in isolation of genetic differences are a substrate for selection. In this case, it 

is vital to measure epigenetic variation to generate a complete picture of the evolutionary 

potential of a population segment. Further study of model species is necessary to distinguish 

between these two possibilities but it seems that epigenetics could play a role in determining 

ESUs. 

Study of Invasive Species 

Introductions of non-native species are generally defined as founding events. Population 

bottlenecks associated with founder events are predicted to reduce genetic variation (Nei et al. 

1975). Low levels of genetic diversity in combination with an initial small population size should 

theoretically represent a strong barrier to successful colonization. However, many introduced 

species are characterized by extensive phenotypic diversity and rapid colonization (Forsman 

2014; Bossdorf et al. 2005) earning them the title of invasive species. Epigenetic diversification 

allows genetically repressed populations to rapidly adapt to novel environments (Pérez et al. 

2006; Richards et al. 2012; Schrey et al. 2012; Liebl et al. 2013). Populations of invasive 

Japanese knotweed (Fallopia japonica) have colonized diverse habitats in Europe and the 

northeastern United States (Richards et al. 2008). Comparisons of phenotypically distinct 

populations of knotweed show that while genetic diversity is very low there are high levels of 

epigenetic diversity (Richards et al. 2012). Evidence for support for invasion by epigenetic 

diversification in vertebrates comes from the study of house sparrows (Passer domesticus, Liebl 

et al. 2013, Schrey et al. 2012). Native to Europe, P. domesticus has successfully colonized every 

continent except Antarctica with the help of translocation by humans (Anderson 2006). 

Introduced populations of P. domesticus in Kenya display inversely proportional levels of 
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epigenetic diversity compared to genetic diversity (Liebl et al. 2013). A comparison of a P. 

domesticus populations differing in their introduction timing by roughly 100 years revealed that 

while genetic diversity in the more recently introduced population is lower, epigenetic diversity 

levels are similar (Schrey et al. 2012). These studies suggest that epigenetic variation may serve 

to buffer low levels of genetic diversity in introduced species.  

Further research in controlled settings of epigenetic diversification as a mechanism supporting 

invasion is needed before this hypothesis can be directly applied to conservation. However, 

epigenetic monitoring of invasive species may prove immediately beneficial both to directly 

learn about the invasive species biology and to indirectly infer more about invasive-native 

species interactions. An accurate assessment of species movements can enhance efforts to 

control the spread of invasive species. For example, in cases where an invasive species lacks 

enough genetic diversity for researchers to distinguish populations, metastable epigenetic 

markers could be used to trace the source of invading individuals. This information could then be 

used to identify and remedy the translocation mechanism. 
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Epigenetic Data Collection Methods 

The small but growing field of ecological epigenetics has thus far focused on DNA methylation 

and so in reviewing epigenetic assay methods I will focus on those that survey DNA 

methylation. Methylation-sensitive amplified fragment length polymorphism (MS-AFLP) was 

the foundational technique used in surveying genome-wide methylation. Recently, genome-wide 

site-specific assays have emerged as powerful alternatives to MS-AFLP. Here, I provide a brief 

review of these methods with a focus on their relative utility in studying conservation questions 

in non-model species.  

MS-AFLP 

MS-AFLP (or MSAP) is a modification of the original PCR-based AFLP protocol (Vos et al. 

1995) and detects epigenetic polymorphisms through comparison of fragment length profiles of 

restriction enzyme digested DNA. In MS-AFLP, methylation differences between samples are 

inferred from parallel digests of DNA with an infrequent cutter like EcoRI and one of a pair of 

frequent cutting isoschizomeric restriction enzymes (e.g. MspI and HpaII) with differing 

sensitivity to cytosine methylation (Reyna-Lopez et al. 1997; Xu et al. 2000).  

Schrey et al. (2013) recently summarized findings from MS-AFLP in the field of ecological 

epigenetics and extensively reviewed the benefits and limitations of this technique. MS-AFLP is 

an attractive technique to conservation laboratories contemplating embarking on epigenetic 

research for several reasons. First, it can be easily employed in the study of non-model species, 

as there is no requirement for a reference genome. Second, it relies on standard laboratory 

equipment and techniques. Third, the cost of performing MS-AFLP is similar in scale to that of 

running microsatellite loci. Fourth, unlike microsatellite loci, the MS-AFLP protocol can be 

applied to divergent taxa without the need to invest in developing species-specific primers.  

MS-AFLP does have several significant limitations. The MS-AFLP assay results in data 

consisting of dominant presence-absence information, masking the presence of potentially 

influential heterozygous epigenotypes. The MS-AFLP technique screens anonymous loci and 

therefore does not provide information about the genomic context of the DNA methylation 

differences. To determine the functional significance of observed differences in MS-AFLP 
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profiles, the researcher must isolate the DNA fragments, sequence them, and compare them to a 

reference genome, as was done with the clonal fish Chrosomus eos-neogaeus (Massicotte et al. 

2011). Performing this task with any more than a few loci would soon negate the cost saving 

benefits of MS-AFLP. There are also several technical limitations to MS-AFLP. First, both 

genetic and epigenetic polymorphism can explain the scenario where MspI and HpaII fail to 

generate a fragment. The MS-AFLP analysis software package msap (Pérez‐Figueroa 2013) 

advises interpretation of this scenario as “uninformative” unless genetic differences are not 

expected as in comparing profiles of the same individuals sampled over time. Second, as the 

assay hinges upon comparison of numerous PCR reactions, even small variations in PCR within 

the sample set can introduce bias. Confounding effects of PCR variability can be monitored with 

replicate samples and carefully designed sample randomization (Bonin et al. 2004) but 

comparisons between laboratories remain challenging. Lastly, there exists no current consensus 

on peak calling protocols. Scoring method selection has been demonstrated to have a significant 

effect on the estimation of divergence between taxonomic groups (Schulz et al. 2013). 

Estimating relative epigenetic divergence is of great interest to many researchers but it is 

inadvisable to compare divergence estimates between studies using MS-AFLP. 

MS-AFLP Alternatives  

Paralleling the rapid advance of genomic sequencing technologies over the last decade, new 

methods of surveying DNA methylation are continuously emerging (Schrey et al. 2013; 

Couldrey & Cave 2014). When choosing a method, conservation researchers should first 

consider the level of resolution required to answer their biological question. Techniques that 

screen anonymous loci are well suited for measuring differences in DNA methylation between 

populations and tissue types but resolution of the underlying gene context is required to make 

inferences about the functional relevance of observed differences. Likewise, PCR-based methods 

can produce high quality data but inferences across datasets generated in different labs can be 

challenging due to PCR variability and differences in peak calling methods. Techniques relying 

on next generation sequencing produce high quality, single nucleotide resolution data but these 

methods can be costly to invest in and require bioinformatics knowledge.  
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To perform general surveys of DNA methylation in species lacking a reference genome without 

scaling up to next generation sequencing methods, several techniques are available that improve 

upon MS-AFLP without significantly increasing cost. High performance liquid chromatography 

(HPLC) methods can be used to quantify genome-wide levels of DNA methylation (Liu et al. 

2009). The utility of such methods, however, is limited to studies expecting very large 

differences in methylation. The metAFLP assay (Fiuk et al. 2010; Bednarek et al. 2007) is 

performed very similarly to MS-AFLP but it relies on a different pair of isoschizomeric enzymes 

(Acc65I and KpnI) to avoid the complication of MspI’s sensitivity to methylation at the outer 

cytosine in the CCGG motif. In both MS-AFLP and metAFLP, fragments of equal length 

originating from different genomic regions may be confused in the final dataset. Reduction of the 

fragment population by selective amplification reduces this complicating factor. If higher 

resolution of fragments is desired, an alternative may be the restriction landmark genome 

scanning (RLGS) technique that relies on 2D gel electrophoresis (Hatada et al. 1991; Costello et 

al. 2002; Costello et al. 2009; Smiraglia et al. 2007). RLGS can be technically challenging and 

labor-intensive so the cost savings of this method relative to next generation sequencing methods 

should be weighed carefully.  

It is becoming more common in the study of non-model species to have a reference genome or to 

be working with a closely related “genome enabled” species (Thomson et al. 2010). Having 

access to homologous genomic sequence data opens up a variety of additional methods. For 

candidate locus approach, several methods relying on bisulfite treatment of the genomic DNA 

can provide highly accurate DNA methylation information. Bisulfite treatment converts 

unmethylated cytosines into uracils, which are then read as thymines when the DNA is 

sequenced (Clark et al. 1994; Herman et al. 1996). Comparison of untreated and bisulfite-treated 

DNA is currently the cornerstone of most highly accurate and quantitative DNA methylation 

assessment tools (but see van Gurp et al 2016). The DNA methylation status can then be 

determined through direct Sanger sequencing of candidate loci (Grunau et al. 2001) and 

quantified with qPCR (Sasaki et al. 2003). To facilitate assessment of numerous candidate loci 

with large sample sizes, the bisulfite treatment can be coupled with the high-throughput genomic 

profiling platform Sequenom MassARRAY (Ehrich et al. 2005; Coolen et al. 2007) or with 

pyrosequencing (Tost et al. 2003; Tost & Gut 2007a; Tost & Gut 2007b). These platforms are 
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very expensive to purchase but are available for hire at many locations around the globe. Some 

bioinformatics knowledge is required to analyze the resulting data and this service is often 

provided (at a cost) by genomics sequencing facilities.  

Several whole methylome sequencing methods have been developed in recent years, opening 

genome-wide methylation assessment to all species. The most thorough but most expensive 

option is whole genome bisulfite sequencing (WGBS) on the Illumina platform (Lister et al. 

2009). WGBS can produce whole genome, single-nucleotide resolution of methylation 

differences and can provide data on many individuals simultaneously when coupled with sample 

tagging techniques. While WGBS is powerful, it is very costly and requires extensive 

bioinformatics and computing resources to analyze the resulting data. For many conservation 

labs, WGBS is not only unaffordable but unnecessary.  

Significant cost savings can be achieved without significantly sacrificing information content 

through reduction of genomic representation. This can be achieved through the selective 

isolation of regions of interest either through hybridization with complementary sequence probes 

designed from a reference genome [examples: SureSelect Methyl-Seq (Lee et al. 2011) and 

Illumina 450K HumanMethylation BeadChip array (Bibikova et al. 2006; Dedeurwaerder et al. 

2011)] or immunoprecipitation of genomic DNA associated with methyl binding proteins 

[examples: methylated DNA immunoprecipitation (MeDIP) (Jacinto et al. 2008) and methyl-

CG-binding domain-based capture (MethylCap-seq) (Brinkman et al. 2010)]. The application of 

these techniques has largely been restricted to the study of model species with researchers 

studying non-model species choosing to take restriction enzyme-based approaches.  

Very recently, four powerful and relatively affordable reduced representation methylome 

sequencing methods have been introduced as the next frontier in tools to survey DNA 

methylation in non-model species. Three of these methods incorporate prior treatment of the 

DNA with bisulfite. In “combined bisulfite restriction analysis followed by high throughput 

sequencing” (COBRA-seq), bisulfite converted DNA fragments are digested and then sequenced 

resulting in differential digestion patterns associated with DNA methylation (Varinli et al. 2015). 

The second bisulfite-dependent method is “bisulfite-converted restriction site associated DNA 

sequencing” (bsRADseq) (Trucchi et al. 2016). BsRADseq uses bisulfite-treated DNA in a 
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modified RADseq protocol (Baird et al. 2008; Davey & Blaxter 2010) wherein DNA is subjected 

to restriction enzyme digest to reduce genomic coverage prior to sequencing. Fragment selection 

is determined by enzyme choice as in COBRA-seq but resolution of methylation differences is 

not limited to the restriction site since all cytosines in each fragment are interrogated. The third 

method to incorporate bisulfite treatment is “epigenotyping by sequencing” (epiGBS) (van Gurp 

et al. 2016). In epiGBS, tagged libraries are created from enzyme digestions of genomic DNA 

and then bisulfite treatment is performed prior to sequencing. Compared to bsRADseq, the 

epiGBS protocol involves fewer ligation and purification steps, making it more streamlined and 

potentially less prone to variation between laboratories. Additionally, compared to bsRADseq, 

sequencing costs for epiGBS are lower as it does not require sequencing of control and treated 

DNA. The fourth newly introduced method is another variation on the RAD protocol. In 

epiRADseq (Schield et al. 2016), DNA is not treated with bisulfite but instead is digested with 

two restriction enzymes, one being the methylation sensitive HpaII enzyme used in MS-AFLP. 

The resulting sequence reads identify genomic regions that are unmethylated. These new 

methods present an exciting opportunity to expand the availability of high-resolution epigenetic 

data to the study of non-model species of conservation concern. Given the added expense of 

these epigenomic-scale methods in terms of both sequencing and labor costs, careful 

consideration should be made in deciding if a biological question requires scaling up to high-

resolution data. 
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Conclusion 

Epigenetic research may prove a great boon to the field of wildlife conservation and management 

but a few very basic questions about epigenetic variation need to be answered before epigenetic 

analyses become widely used in conservation genetic laboratories. Above all, to get the most out 

of epigenetic studies, we need to know to what extent epigenetic patterns and responses are 

predictably similar between populations, species, and larger taxonomic groups. To determine if a 

population’s epigenetic diversity is elevated or depressed, we first need to know just how much 

epigenetic variation is “typical” for a wild population. Evidence from ecological epigenetics 

studies indicates that epigenetic diversity is generally greater than genetic diversity (but see 

Foust et al. 2016) but we do not yet know how much more epigenetic diversity to expect and 

how much this differs between taxonomic groups. To better formulate models of expected 

epigenetic divergence we need to know the rate at which epimutations accumulate, how stable 

they are within a population over time, and how dependent they are on genetic polymorphisms. 

Disentangling rates of epimutations from genetic mutations in natural populations is challenging, 

but exciting progress has been made studying Arabidopsis thaliana (Becker et al. 2011; Schmitz 

et al. 2013) and epimutation rate modeling methods have emerged from studies in humans 

(Genereux et al. 2005).  

The body of knowledge that has accumulated from the study of epigenetics in model organisms 

coupled with emerging epigenotyping methods has set the stage for immediate applications in 

the conservation of biodiversity. Reciprocally, basic science initiatives may stand to benefit from 

the study of epigenetics in endangered and threatened species. Genotype-epigenotype 

interactions pose a significant challenge in the study of epigenetic environmental response. In the 

laboratory, confounding effects of genotype-epigenotype interactions are overcome through the 

study of genetically identical individuals and cell lines. The study of natural population 

epigenetics is more advanced in plants compared to animals because of the relative ease with 

which genetic variation and environmental conditions can be manipulated. Many endangered 

species and introduced species have inherently low genetic diversity. Such populations represent 

an opportunity to explore a variety of epigenetic questions in a background of reduced genetic 

variation. Likewise, relative to wild populations, captive populations of endangered species 

present an opportunity to study a wide array of taxa in more tightly controlled environments. 
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Epigenetic monitoring of individuals released from captivity provides an additional opportunity 

to study environmental effects on the epigenotype.  

It may not yet be appropriate or cost-effective to employ epigenetic monitoring in most species 

of conservation or management concern but it is difficult to deny the potential benefit of 

conservation epigenetics. As conservation genetic researchers, we must keep our finger on the 

pulse of the rapidly expanding field of epigenetics and be ready to engage when opportunities 

arise to use epigenetic data to better preserve and protect the Earth’s biodiversity. 
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Abstract  

For species under intensive management, current genetic structure is often impacted by historical 

bottlenecks and population fragmentation as well as direct human mediation. Management 

actions must be taken into consideration when analyzing the current distribution of genotypes in 

a recovering population. Arizona pronghorn (Antilocapra americana) have been declining for 

over a century due to unregulated-harvest, population fragmentation, urban expansion, and 

habitat loss. Captive breeding, reintroductions, and translocations have successfully prevented 

extinction of the endangered Sonoran subspecies and maintained populations of pronghorn 

throughout the state. To assess the effect of these actions on current population structure, we 

collected multi-locus genotype data and performed tests of genetic differentiation and population 

structure for two pronghorn subspecies, A. a. americana and the endangered A. a. sonoriensis. 

Our results upheld the subspecies distinction and indicated that current protocols for the 

management of the captive A. a. sonoriensis population have avoided an increase in inbreeding 

and stemmed further genetic diversity loss. We provide detailed estimates of genetic diversity 

and relatedness to serve as a benchmark for future management of the endangered subspecies. A. 

a. americana population structure has been strongly influenced by translocation history and 

population fragmentation as opposed to natural historical barriers to gene flow or isolation by 

distance, however, recent fencing removal efforts have resulted in promoting connectivity 

between once fragmented populations. Our results suggest that there is little need to maintain 

genetic distinction between A. a. americana game management units within central Arizona. 
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Introduction  

A major goal of species conservation programs is to maintain populations with maximum 

possible genetic variation while minimizing inbreeding (Witzenberger & Hochkirch 2011; 

Hedrick & Kalinowski 2000). Ideally, population extirpations would be remedied by the 

introduction of a large number of locally-adapted but genetically diverse individuals. 

Unfortunately, this is rarely possible due to limitations in sources of individuals for translocation. 

Furthermore, captive-breeding is only necessary when there are few remaining individuals to 

serve as breeding stock. Managers are then left to weigh the risks of creating outbred populations 

that may have lost local adaptations (Frankham et al. 2011) versus the benefits of genetic rescue 

that may come from merging populations suffering from inbreeding depression (Tallmon et al. 

2004a). The acts of merging and translocating populations have the effect of altering the genetic 

landscape of the species, which may already be of little ecological relevance due to the effects of 

drift in small populations. Therefore, care must be taken to account for population management 

actions when interpreting observed population genetic structure. 

The history of pronghorn (Antilocapra americana) in North America typifies the need to 

carefully interpret population structure in light of long-term management actions. Four 

subspecies of pronghorn are currently recognized: A. a. americana, A. a. mexicana, A. a. 

peninsularis, and A. a. sonoriensis (Lee Jr et al. 1994). Following the arrival of Europeans to 

North America, pronghorn habitat was greatly reduced (Laliberte & Ripple 2004; Cancino et al. 

1998) and population numbers plummeted from the tens of millions to an estimate of 30,000 in 

1925 (Nelson 1925). Over the course of the mid-20th century, re-stocking programs, predator 

control activities, and implementation of hunting regulations supported resurgence in pronghorn 

population numbers (Kitchen & O’Gara 1982; Yoakum 2004). In the southwestern deserts of the 

United States, however, populations of pronghorn have continued to decline (Gedir et al. 2015), 

necessitating continued intervention. 

The state of Arizona is on the front line of efforts to restore pronghorn to their native range. 

Pronghorn subspecies, A. a. americana and A. a. sonoriensis are native to Arizona (Lee Jr et al. 

1994). Antilocapra americana americana is the most widespread subspecies, historically ranging 

throughout much of the western half of the continent from southern Canada to northern Arizona, 
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northern New Mexico, and northern Texas (Nelson 1925; Lee Jr et al. 1994). Once abundant in 

Arizona (Yoakum 2004), A. a. americana numbers were greatly reduced by the 1920s when 

action was taken to reestablish populations with pronghorn from Montana, Colorado, Utah, and 

Texas (Lee 1988). The range of A. a. sonoriensis once encompassed southwestern Arizona, 

southeastern California, northeastern Baja California, and northwestern Sonora, Mexico (Arizona 

Game and Fish Department 1981). Population numbers for A. a. sonoriensis, particularly in the 

U.S., have been critically low for several decades, prompting the listing of the subspecies as 

endangered in 1967 (United States Fish and Wildlife Service 1967). Following a population 

crash to an estimated 21 individuals in 2002, a semi-captive breeding program was instituted at 

the Cabeza Prieta National Wildlife Refuge (CPNWR) (Otte 2006; United States Fish and 

Wildlife Service 2010). Between 2004 and 2006, 14 wild individuals were introduced to two 

adjacent pens encompassing a total of 260 ha (642 acres) of Sonoran Desert habitat. Six of the 

founding individuals were captured from Sonora, Mexico (1 male; 5 females) and eight from 

southern Arizona (1 male; 7 females) (Jill Bright, personal communication, April 15, 2015). 

With captive-breeding and reintroduction activity now established, the Arizona population of A. 

a. sonoriensis is on the rebound with an estimated 202 wild individuals as of January 2015 

(United States Fish and Wildlife Service 2015). Genetic monitoring of the captive population is 

ongoing to better estimate fluctuations in genetic diversity and stave off increases in levels of 

inbreeding. Recent models of pronghorn population changes in response to the changing Sonoran 

Desert climate predict that several A. a. americana populations (particularly those in eastern 

Arizona) will be extirpated within the next 75 years without management intervention (Gedir et 

al. 2015). In light of long-term changes in habitat quality, as well as loss and fragmentation of 

grasslands, it is essential to characterize fine-scale population structure and explore connectivity 

between the fragmented A. a. americana populations.  

To date, no species-wide genetic study of pronghorn has been conducted but estimations of 

differentiation between the subspecies have been made. A survey of mitochondrial haplotype 

diversity among populations of Arizona pronghorn uncovered significant differences between 

populations, correlated with reintroduction history (Rhodes Jr et al. 2001). Stephen et al. (2005) 

conducted a direct comparison of A. a. americana to the Arizona and Sonora, Mexico 

populations of A. a. sonoriensis prior to the establishment of the captive herd at CPNWR. Their 
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results supported a minor distinction of A. a. sonoriensis from A. a. americana through the 

processes of recent isolation, repeated bottlenecks, and drift. They estimated moderate 

differentiation between the Sonora, Mexico and Arizona populations of A. a. sonoriensis but 

little differentiation between central Arizona populations of A. a. americana. The 

commencement of captive breeding for A. a. sonoriensis and recent translocations of A. a. 

americana necessitate the reassessment of essential population genetic parameters.  

Captive breeding and translocation activity have likely altered the population genetic landscape 

of pronghorn in Arizona (Rhodes et al. 2001). Here we describe fine-scale A. a. americana 

population structure with an expanded set of microsatellite loci and compare estimates of genetic 

diversity and inbreeding within A. a. americana and A. a. sonoriensis. We tested for genetic 

differentiation to support the subspecies distinction, for evidence of admixture within A. a. 

americana due to translocation history, for signatures of fragmentation by highways, and for 

genetic evidence to inform future translocations to preserve and enhance genetic diversity. We 

also estimated inbreeding, effective population size, and relatedness for Arizona pronghorn 

populations to provide benchmarks and guidance for future management of the species. 
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Methods 

Sampling and DNA Extraction 

In collaboration with the Arizona Game and Fish Department (AGFD) and the Sonoran 

pronghorn recovery team, we sampled A. a. sonoriensis within the CPNWR herd (Figure B. 1) 

in the years 2009 through 2014. To reduce bias from the inclusion of highly related individuals 

in our analyses, we included only samples from fawns each year, totaling 111 individuals. 

Additionally, we were able to sample 6 of the 14 original founders (4 Mexico and 2 U.S). We 

received 92 A. a. americana samples collected in the years 2010 through 2014 at sites within 7 

Arizona (Figure B. 1; Figure B. 2). Three of the six game management units (GMUs) sampled 

have received translocated individuals (Table B. 1). We stored approximately 1 mL of whole 

blood in either TES buffer (100 mM Tris, 100 mM EDTA, 2 % SDS; 2 parts blood to 1-part 

buffer) or collection tubes containing EDTA. The samples lysed overnight at 55° C with 

agitation in 650 uL lysis buffer (50 mM tris pH 8.0, 50 mM EDTA, 25 mM sucrose, 100 mM 

NaCl, 1.0% SDS) and 25 uL 10 mg/ml proteinase K. To extract DNA from the lysate, we 

employed a standard phenol:chloroform:isoamylalcohol (25:24:1) protocol utilizing light and 

heavy Phase Lock Gel tubes (5 PRIME, Gaithersburg, MD, USA). We precipitated DNA with 3 

M NaOAc and isopropanol and then performed ethanol washes to further purify the DNA before 

re-suspending in low TE, pH 8.  

Microsatellite Genotyping 

We genotyped DNA extracted from blood samples at a total of 16 microsatellite loci (Table B. 

2). We adopted two high-throughput multiplex assays to genotype samples at eight (Multiplex 

One) and five (Multiplex Two) microsatellite loci (Lou 1998; Dunn et al. 2010; Munguia-Vega 

et al. 2013; Woodruff et al. 2016). Additionally, we ran monoplex PCRs for three more loci; 

Aam4, Aam6, and Aam8 (Carling et al. 2003). 

We conducted Multiplex One and Two PCRs in 15 uL volumes containing 20 ng DNA, and a 

final concentration of 1X Qiagen Multiplex Master Mix, 0.5X Qiagen Q solution, and 

concentrations of fluorescently-labeled forward primers and unlabeled reverse primers as 

detailed in Table B. 2. We used the following touchdown protocol for PCR with Multiplex One: 
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95C for 15 min; 14 cycles of 94C for 30 secs, 65C for 90 secs (decreasing by 1C with each 

cycle), and 72C for 60 secs; 40 cycles of 94C for 30 secs, 50C for 90 secs, and 72C for 60 

secs; then 60C for 30 min. We used the following touchdown protocol for PCR with Multiplex 

Two: 95C for 15 min; 14 cycles of 94C for 30 secs, 57C for 90 secs (decreasing by 0.5C 

with each cycle), and 72C for 60 secs; 33 cycles of 94C for 30 secs, 50C for 90 secs, and 

72C for 60 secs; then 60C for 30 min.  

We conducted monoplex PCRs for loci Aam4, Aam6, and Aam6 in 15 uL volumes containing 20 

ng of DNA and a final concentration of 1X Invitrogen Buffer, 0.25 uM each fluorescently-

labeled forward primer and unlabeled reverse primer, 200 uM dNTPS, either 4 mM (Aam4 and 

Aam8) or 2 mM (Aam6) MgCl2, and 0.5 U Invitrogen Taq polymerase. We used the following 

cycling protocol for PCR with these three loci: 94C for 5 min; 30 cycles of 94C for 30 secs, 

55C/50C/45C (Aam4/Aam6/Aam8) for 30 secs, and 72C for 30 secs; then 72C for 5 min. 

We performed microsatellite fragment analysis on the ABI3730 DNA Analyzer platform and 

called alleles in GENEMARKER. As a first round of quality control, we eliminated samples that 

failed to amplify with more than 2 loci. To test for large allele drop out and the presence of null 

alleles, we ran MICRO-CHECKER 2.2.3 (Van Oosterhout et al. 2004). We tested for deviation from 

Hardy Weinberg expectations (HWE) and calculated pairwise linkage disequilibrium (LD) in 

GENEPOP (Rousset 2008). 

Mitochondrial Control Region Sequencing 

To investigate geographic distribution of mitochondrial haplotypes, we sequenced 624 bases of 

the mitochondrial control region for all A. a. americana samples. We developed sequencing 

primers using PRIMER3WEB v4.0.0 (Untergasser et al. 2012; Koressaar & Remm 2007) to target 

three sections of the control region (Table B. 3). We conducted sequencing PCRs in 25 uL 

volumes containing 20 ng of DNA and a final concentration of 1X Invitrogen Buffer, 0.05% 

BSA, 0.5 uM each of forward and reverse primer 200 uM dNTPS, 1 mM MgCl2, and 0.5 U 

Invitrogen Taq polymerase. We used the following cycling protocol for PCR: 95C for 5 min; 35 

cycles of 95C for 60 s, 56C for 60 s, and 72C for 60 s; then 72C for 10 min. We performed 

sequencing on the ABI3730 DNA Analyzer platform. We cleaned sequences and aligned them 
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using SEQUENCHER v4.9. We created a haplotype network in POPART (Leigh & Bryant 2015) 

using a median joining network model (Bandelt et al. 1999). 

Data Analyses  

We calculated summary statistics and tested for population differentiation (FST and GST) by 

performing permutation tests with 9,999 permutations in GENALEX v6.502 (Peakall & Smouse 

2006; Peakall & Smouse 2012). We performed principal coordinate analyses (PCoA) in the R 

environment upon genetic dissimilarity matrices calculated following Smouse & Peakall (1999) 

using the gd.smouse function in PopGenReport v2.0 (Adamack & Gruber 2014). To estimate 

effective population size (Ne) for both subspecies, we ran ONESAMP (Tallmon et al. 2004b; 

Tallmon et al. 2008). ONeSAMP combines eight summary statistics in an approximate Bayesian 

computational framework to produce estimates of Ne for single populations. We bounded the 

uniform Ne prior to between 2 and 5000 for both subspecies and performed 50000 iterations.  

To investigate spatial structure within the A. a. americana subspecies, we ran GENELAND 

(Guillot et al. 2005). GENELAND permits the user to run Marcov Chain Monte Carlo (MCMC) 

simulations under two models of population membership (spatial and non-spatial). Under the 

spatial model, it is assumed that the union of several polygons can approximate each 

population’s spatial domain. This model is appropriate when physical barriers such as roads and 

landscape features limit gene flow (Guillot et al. 2005). We elected to run the spatial with 

collection site coordinates and non-spatial model without a geographic prior and their 

performance. In testing each model, we assumed correlated allele frequencies and tested K = 1-

10 for 500,000 iterations each, thinning every 500 iterations. We compared the results of 20 

independent runs with each model to assess MCMC convergence.  

We further investigated population structure with a Bayesian clustering algorithm in STRUCTURE 

v2.3.4 (Pritchard et al. 2000b). We ran STRUCTURE first on the entire dataset to measure structure 

between the two subspecies and then with the A. a. americana dataset separately to investigate 

fine-scale population structure. For each run of STRUCTURE, we employed the admixture model 

and assumed correlated allele frequencies to test for K=1-10 with 20 iterations of each possible 

K. After an initial 200,000 burn-in generations we ran the analysis for 800,000 generations. We 
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visualized STRUCTURE results and plotted the best K estimation (Evanno et al. 2005) with 

CLUMPAK (Kopelman et al. 2015).  

We estimated relatedness between individuals with the R package related (Pew et al. 2015), 

which implements the code within COANCESTRY (Wang 2011) and enables comparison of 7 

relatedness estimators. We tested relative performance of the wang (Wang 2002), lynchli (Li et 

al. 1993), lynchrd (Lynch & Ritland 1999), and quellergt (Queller & Goodnight 1989) 

relatedness estimators through comparison of observed values to expected values generated from 

a simulated sample set of 400 individuals of known relatedness (100 each of parent-offspring, 

full-sib, half-sib, and unrelated pairs). To generate p-values for our observed relatedness 

estimates, we calculated the percentage of runs within 500 iterations with the simulated data 

where the computed expected value was greater than or equal to our observed value.  

We estimated inbreeding (FIS) from the lynchrd relatedness estimator and compared those values 

with FIS estimates from the R package diveRsity (Keenan et al. 2013). diveRsity allows for the 

assessment of the biological significance of observed differences through the calculation of 95% 

confidence intervals (CI) with an integrated bootstrapping procedure. We estimated FIS for A. a. 

americana as a subspecies, for A. a. americana GMUs, and annually within A. a. sonoriensis to 

investigate differences in FIS over time and space.  

To investigate evidence of isolation by distance (IBD), we ran Mantel-tests upon genetic and 

geographic distance matrices with the mantel.randtest function in the R package adegenet v.1.3.1 

(Jombart 2008). We conducted tests for IBD on a population level as well as on an individual 

level. For the population level analysis, we treated GMUs as A. a. americana populations and 

used the center of each population’s geographic coordinates as the defining coordinate for the 

population then calculated population level Edward’s genetic distances (Edwards 1971) and 

simple Euclidean geographic distances. For the individual level analysis, we used the GENALEX-

like genetic dissimilarity matrices as calculated for the PCoA analysis and simple Euclidean 

geographic distances. In both analyses, we based matrix correlation p-values on 999 replicates.   
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Results 

All 16 microsatellite loci were polymorphic in both subspecies. We removed a total of 12 

individuals from the dataset for failing to amplify at greater than two loci. Two loci, Anam13 and 

Aam17, demonstrated consistent and significant LD and deviations from HWE after applying a 

Bonferroni correction and were subsequently removed from further analyses. Accounting for the 

removal of these loci and samples, our genotyping success with each of the 14 remaining loci 

was greater than 95%. We found no evidence for null alleles or allelic drop out within our final 

dataset. Subspecies level summary statistics are presented in Table B. 4. We also calculated 

summary statistics for A. a. sonoriensis stratified into two populations corresponding to the north 

and south pens and for A. a. americana stratified into GMUs (Table B. 4). We estimated mean 

Ne = 1623.56 (95% CL = 610.56 – 12541) for A. a. americana and mean Ne = 49.41 (95% CL = 

31.18 – 140.49) for A. a. sonoriensis from the posterior distribution of Ne calculated by 

ONESAMP. 

Inbreeding  

We estimated inbreeding within A. a. americana as a subspecies at FIS = 0.128 (Figure B. 3B). 

Splitting A. a. americana into GMUs, inbreeding ranged from FIS = -0.124 in GMU 3A to FIS = 

0.120 in GMU 21. Limited sample sizes in GMUs 7W (N = 6), 3A (N = 7) and 1 (N = 7) likely 

caused these estimates to have large confidence intervals (Figure B. 3A). We deemed 

differences between FIS estimates with overlapping CI to be non-significant. The differences we 

observed in FIS between A. a. americana GMUs were therefore not significant, however, 

inbreeding in GMU 19A is lower than within the subspecies as a whole. Excluding 2009 due to 

insufficient sample size (N=6), our annual estimates of inbreeding for A. a. sonoriensis ranged 

from FIS = -0.090 in 2013 to FIS = 0.124 in 2012 (Figure B. 3C). Our estimate of inbreeding in 

2012 was significantly higher than in 2013. Differences we observed in FIS for the remaining 

sampling years were not significant. Sampling in 2012 missed a portion of fawns. It is therefore 

possible that the observed increase in FIS in 2012 is the result of differences in the extent of 

sampling of the population. Our FIS estimates for A. a. sonoriensis in 2010, 2013, and 2014 are 

significantly lower than our estimate of FIS in A. a. americana as a whole. The resulting 
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estimates of FIS from the lynchard relatedness estimates made in related were consistent with FIS 

values estimated in diveRsity (results not shown).  

Relatedness 

We observed high correlation (r = 0.83-0.87) between observed and expected values with each of 

the four estimators used to examine relatedness. We further report relatedness with the Wang 

estimator, which performed best with our data based on comparisons between observed and 

simulated values. Overall average relatedness within semi-captive A. a. sonoriensis population 

was 0.311, which falls between that expected for half and full siblings. Compared to our 

estimated overall average relatedness of 0.06 within A. a. americana, relatedness in A. a. 

sonoriensis was very high. Average relatedness in A. a. sonoriensis was significantly higher than 

expected (p = 0.002) while in A. a. americana it was not significantly different from expected (p 

= 0.142).  

Population Differentiation 

All estimates of FST and GST were significant to a level of p < 0.001. In large part, our estimates 

of FST agreed with our estimates of Hedrick’s standardized GST (Hedrick 2005) in terms of the 

magnitude of differences observed between pairwise comparisons. GST was derived to overcome 

FST’s susceptibility to underestimation of differentiation from data containing highly variable 

loci. We observed very strong genetic differentiation between A. a. sonoriensis and A. a. 

americana at the subspecies level (FST = 0.137; GST = 0.779). We observed little differentiation 

between the north and south pens of the semi-captive A. a. sonoriensis population (FST = 0.028; 

GST = 0.050). Our estimates of FST between A. a. americana populations ranged from weak to 

moderate (Table B. 5). We observed the weakest estimated FST and GST values when comparing 

GMU 21 with GMUs 19A and 7W and in comparing GMU 7E with GMUs 19A and 7W (FST = 

0.024-0.041; GST = 0.087-0.102). In light of these results, it is noteworthy to point out that the 

only GMUs within our sampling area that share physical boundaries are GMU 21 with GMU 

19A and GMU 7E with 7W (Figure B. 2). Interestingly, FST and GST differed in their 

assessment of pairs including unit 3A. Unit 3A was involved in the highest estimates of 
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differentiation measured with FST (0.093-0.117) but the same pairwise comparisons were not 

consistently higher as measured by GST (Table B. 5).  

To investigate genetic differentiation in relationship to the division of GMU 7E by US 89, we 

estimated FST and GST between subpopulations on either side of the highway and found evidence 

of weak differentiation (FST = 0.049; GST = 0.146). In exploring differentiation between unit 7W 

and the subdivided 7E, our measures of FST and GST were not in complete agreement. FST 

suggested that 7W is more differentiated from 7E east of 89 (FST = 0.072) than from 7E west of 

89 (FST = 0.020) but GST was more similar for both pairwise comparisons (GST = 0.260 east of 

89; GST = 0.223 west of 89).   

Population Structure 

We performed PCoA upon distance matrices calculated from genotypes of both subspecies 

(Figure B. 4A) and upon A. a. americana genotypes grouped by GMU (Figure B. 4B). PCoA 

clearly demonstrates two genotypic clusters associated with the two subspecies. In this analysis, 

we also included the genotypes of the six sampled founders. We were unable to detect clear 

differentiation between Sonora, Mexico and Arizona, USA founders, perhaps due to our small 

sample size. PCoA of A. a. americana demonstrates the poor distinction between GMUs.  

We observed poor MCMC convergence running both the spatial and non-spatial models in our 

GENELAND analysis. Of twenty independent runs with the spatial model, eight predicted four 

clusters (K=4) while twelve predicted five clusters (K=5). Likewise, of twenty independent runs 

with the non-spatial model, two predicted four clusters (K=4), twelve predicted five clusters 

(K=5), and six predicted six clusters (K=6).  

Our STRUCTURE analysis of subspecies population structure strongly predicted two populations 

corresponding precisely with the two subspecies (Figure B. 5A and Figure B. 5C). The A. a. 

americana analysis resulted in K=5 having the highest support (Figure B. 5B and Figure B. 

5D). At K=3 a clear distinction is observed between GMUs 1 and 3A in the eastern portion of the 

state. At K=4, shared ancestry is observed between GMU 21 and GMU 19A individuals sampled 

near interstate I-17, which serves as the border between these two GMUs. At K=5, ancestry in 
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the region bordering I-17 becomes more complex with the individuals sampled west of I-17 

becoming more distinct. There is no clear distinction between GMUs 7E and 7W or within GMU 

7E associated with highway US 89. Increasing to K=6 did not improve population segregation 

(results not shown). 

Isolation by Distance  

We performed analyses of IBD on a population level with and without the inclusion of A. a. 

sonoriensis. Including A. a. sonoriensis resulted in detection of significant IBD (r = 0.67, p = 

0.013). Analyzing A. a. americana independently, IBD was absent (r = 0.23, p = 0.389) when we 

treated the eastern GMUs (3A and 1) as one population but we detected IBD verging on 

significance (r = 0.48, p = 0.069) when we divided the east into the two GMUs. We also 

performed an analysis of IBD within A. a. americana on an individual basis and detected a 

highly significant but weak signature of IBD (r = 0.20, p < 0.001). Figure B. 6 shows a plot of 

the correlation between genetic and geographic distances calculated for the A. a. americana 

individuals.   

Haplotype Distribution 

Our haplotype network analysis revealed a complex distribution of mitochondrial haplotypes 

within the sampled A. a. americana populations (Figure B. 7). Two haplotypes (A & B) were 

found throughout most of the sampling area. A cluster of haplotypes (C, D, & E) were restricted 

to GMUs 19A, 7E, and 7W, and 3A although haplotype E was also found in GMU 1, which 

received translocated individuals from 19A in the year 2000. Haplotypes F, and G were only 

found in GMU 21, which has received several translocations from Utah. Haplotype I was only 

found in GMU 1, which has received translocations from both 19A and Utah. Haplotype H was 

found in GMUs 19A and 7E. 
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Discussion 

We examined genetic diversity within and between populations of pronghorn in Arizona. 

Genetic diversity, as measured by HO, NA, SDI, and the number of private alleles is lower within 

the endangered A. a. sonoriensis subspecies relative to A. a. americana as a whole (Table B. 4). 

Comparing our results to estimates made prior to the formation of the A. a. sonoriensis captive-

breeding herd at CPNWR (Stephen et al. 2005), we observed that while NA hasn’t changed 

considerably, there is presently less difference in HO between the two subspecies. This 

observation may be the due to an increase in HO within A. a. sonoriensis as a result of admixing 

individuals from Sonora, Mexico and Arizona in the formation of the captive herd. A. a. 

sonoriensis has clearly undergone a more severe reduction in Ne as a result of population decline 

over the last century, but genetic diversity loss within the subspecies seems to have slowed due 

to captive-breeding efforts. Additionally, we observed few differences in population genetic 

parameter estimations for the north and south pens of the captive herd, suggesting that captive 

management protocols have not resulted in unintentional differentiation of the two herds.  

In examining subspecies differentiation between A. a. americana and A. a. sonoriensis, our 

results differ subtly from previous assessments. We estimated FST = 0.137 between the two 

subspecies, which is greater than the 0.104 estimate made by Stephen et al. (2005) from samples 

collected between 1996-2000. Changes in population makeup have occurred for both subspecies 

in the time between 2000 and the sampling period for the present study. In 2000, the captive herd 

at CPNWR had not yet been established and the A. a. sonoriensis population crash of 2002 had 

not yet occurred. Since 2000, several translocations of A. a. americana individuals from Utah 

have taken place. Stephen et al. (2005) sampled a similar number of A. a. americana individuals 

in central Arizona (N = 83 versus N = 84) and fewer but adequate number of Arizona A. a. 

sonoriensis individuals (N = 24 versus N = 107). Additionally, we surveyed more microsatellite 

loci (14 versus 5). Altogether, these factors are likely the cause of the observed difference in FST 

estimates. 

Contrary to previous results, our estimates of FIS indicate that inbreeding levels are lower in A. a. 

sonoriensis relative to populations of A. a. americana. Stephen et al. (2005) found that 

inbreeding was relatively high within Arizona A. a. sonoriensis as well as in the eastern Arizona 
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population of A. a. americana. Differences between the two studies are likely due to recent 

admixture events in both subspecies. In reference to management of the captive herd, we believe 

that the introduction of breeding stock from the Mexico population has contributed to an increase 

in genetic diversity and that herd management protocols have sufficiently maintained genetic 

diversity levels without contributing to an increase in inbreeding. Although we estimated 

relatively low levels of inbreeding within the captive herd, we observed relatedness estimates 

significantly higher than expected of an outbred population. Considering that the captive herd 

was established with just 14 individuals, this result is not unexpected. To preserve genetic 

diversity and avoid inbreeding and the effects of inbreeding depression, relatedness should be 

taken into account when selecting individuals for release into wild populations of A. a. 

sonoriensis.  

Our investigation into population structure in A. a. americana reveals a complex population 

genetic landscape. We found a positive but weak (r = 0.20, p < 0.001) correlation between 

genetic and geographic distance. The string of clouds observed along the least square regression 

line in Figure B. 6 is more consistent with having sampled small isolated populations than 

having sampled along a cline of genetic and geographic distance that is more traditionally 

described as IBD. Therefore, distance alone is not the determining factor in differentiation 

between pronghorn populations. The observed distribution of genotypes is more likely the result 

of prolonged habitat fragmentation, drift in small isolated populations, and admixture resulting 

from translocations. Supplementation of pronghorn from other states is not a recent development. 

Reintroduction efforts in areas where local pronghorn had been extirpated began in the 1920s. 

Pronghorn have been sourced from within Arizona as well as from other states including 

Montana, Wyoming, Colorado, Utah, and Texas (Lee 1988), with more recent efforts focusing 

on translocations within Arizona and between regions that have previously received transplants 

(Arizona Game and Fish Department 2013). 

We found genetic structure in A. a. americana that is consistent with translocation history. 

GMUs 1 and 3A in the east are the least genetically diverse (Table B. 4) and, despite their close 

proximity, are more highly differentiated from one another relative to comparisons between 

other GMUs as estimated with FST, however, this relationship is not observed as strongly within 
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the GST estimates (Table B. 5). As measured by GST, GMUs 1 and 3A are not differentiated to a 

great degree (0.129) but unit 1 is still less differentiated from unit 19A (0.188) than from other 

units (0.206-0.269). This inconsistency between estimators may be a result of the small sample 

sizes from GMUs 3A, 1 and 7W as it is pairs involving these three GMUs in which we observed 

the greatest differences between estimators. Connectivity between GMU 1 and populations in the 

western half of the state has been maintained through translocation of individuals from GMU 

19A. Divergence of the population in GMU 3A from populations to the north and west is 

therefore likely the result of isolation and drift within a small population. The relatively high 

number of private alleles found in GMU 3A further supports this conclusion. Neighboring 

GMUs 7E and 7W are less differentiated from each other than neighboring units 19A and 21 

(Table B. 5; Figure B. 5). Shared ancestry observed within our STRUCTURE analysis (Figure B. 

5) of relatively distant units (GMUs 1, 7E and 7W, and to some extent 21) is potentially the 

result of translocation activities. GMUs 1 and 21 received translocations from Utah and GMUs 

7E and 7W are nearest to Utah. Future sampling of the source Utah population could confirm 

this conclusion. Translocated individuals may or may not be specifically adapted to habitat 

features of the region to which they are introduced. Therefore, care should be taken to limit 

translocation to individuals most likely to be well-adapted to the areas requiring supplement of 

introduced individuals. Fine-scale population structure analyses as well as analysis of historical 

migration routes can contribute to a better understanding of relationships between populations. 

The independent runs within our GENELAND analysis predicted between four and six populations 

in Hardy-Weinberg equilibrium with linkage equilibrium between loci (HWLE), indicating poor 

MCMC convergence. GENELAND’s propensity to overestimate the number of genetically distinct 

groups in populations with a history of translocation has been observed previously in the study of 

another ungulate (red deer; Cervus elaphus) (Frantz et al. 2006). Poor convergence can result 

when the data consist of populations that do not represent true HWLE groups. Inconsistencies in 

the number of HWLE groups predicted by GENELAND are further evidence of complication of 

the genetic landscape in pronghorn by translocation history.  

Our investigation of mitochondrial lineages in Arizona A. a. americana further supports 

differentiation of populations on the basis of translocation history. In 2001, a study observed low 
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mitochondrial ND-2 gene diversity and linked haplotype frequencies in south eastern Arizona to 

translocation history (Rhodes Jr et al. 2001). We report 9 haplotypes within the mitochondrial 

control region and a similar relationship with translocation history. Our haplotype network 

indicates that the lineage of haplotypes F through I (with the exception of H) are associated with 

populations having received translocations. It is tempting to assign ancestry of this cluster to 

Utah except for the presence of haplotype H in both GMUs 19A and 7E. We observed six of the 

nine haplotypes in GMU 19A samples, which may indicate that this larger population harbors 

much more of the historical genetic diversity once found throughout the state. GMU 1 received 

translocated individuals from both Utah and GMU 19A so it is unclear if haplotype I is ancestral 

to GMU 19A or the Utah population.  

Highways can act as barriers to gene flow for large land mammals [reviewed in (Holderegger & 

Di Giulio 2010)]. Collar-monitoring programs and extensive visual observation surveys have 

concluded that pronghorn very rarely cross highways, especially when the roadway is bordered 

with barbwire fencing (Ockenfels et al. 1994; Ockenfels et al. 2006). Highways, specifically US 

89 north of Flagstaff, AZ and SR 64 north of Williams, AZ have been identified as barriers to 

gene flow in pronghorn (Sprague 2010). Sampling density for our study was not designed with 

the intent of testing the effects of highways as barriers to gene flow. However, numerous 

highways and interstates transect our study area and we can attempt to assess the limitation of 

gene flow by highways from our results.  

Our analyses of individuals sampled on either side of the portion of interstate I-17 that runs 

between GMUs 21 and 19A indicate that individuals sampled in GMU 19A near the highway 

share more ancestry with GMU 21 than with individuals sampled elsewhere in GMU 19A. Based 

on available telemetry data (not shown), the pronghorn population just west of I-17 within GMU 

19A is considered to be isolated from surrounding populations (Scott Sprague, AGFD, personal 

communication). Our data support this population’s distinction from other pronghorn in GMU 

19A (Figure B. 5B) but it is difficult to determine distinction from the population east of I-17 

due to sampling limitations. In the northern portion of our sampling region, where we had higher 

sampling density, we did not find evidence of a strong barrier to gene flow caused by highways. 

US 180 serves as the border between GMUs 7E and 7W and US 89 runs up the middle of GMU 

7E. Our STRUCTURE results, FST values, and haplotype network suggest that US 180 is not a 
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significant barrier to gene flow. Once we split the GMU 7E samples into populations east and 

west of US 89, we saw greater differentiation of the eastern samples from GMU 7W (FST = 

0.072; GST = 0.260) and border-line differentiation between samples east and west of US 89 

within GMU 7E (FST = 0.049; GST = 0.146). A previous study of pronghorn genetic structure in 

GMUs 7E and 7W (Sprague 2010), conducted upon samples collected between 2006-2009, 

found strong evidence of fragmentation by US 89. Subsequently, modifications to highway 

fencing in this region were made between 2010 and 2016 with the intent of increasing pronghorn 

population connectivity (Scott Sprague, AGFD, personal communication). Our samples from 

GMUs 7E and 7W were collected in 2014, four years into the fencing removal effort. Comparing 

the two studies, the dissolution of population structure associated with US89 is likely a result of 

highway fencing removal. Our observed lack of structure may be due to direct movement of 

adult individuals across US89 but we believe our results are indicative of gene flow given that 

four years is sufficient time for at least one generation (if not two) to have passed since fencing 

removal began.  
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Conclusions and Further Conservation Recommendations 

Local extirpations and prolonged population decline have necessitated conservation intervention 

to support persistence of pronghorn populations in Arizona. A variety of management actions 

have been taken to boost population numbers of the two endemic subspecies, including: captive-

breeding, translocation, predator abatement, and habitat rehabilitation (Arizona Game and Fish 

Department 2013). When population numbers of endangered species reach critically low 

numbers, wildlife managers often decide between two courses of action, (1) preserve population 

distinction that may represent local adaptation at the risk of increasing inbreeding or (2) merge 

populations to avoid inbreeding and risk the loss of local adaptation (Frankham et al. 2011).  

In the case of pronghorn, managers weighed the options and chose to merge populations. It was 

determined that formation of a viable captive breeding herd required sourcing founders from 

Arizona as well as Sonora, Mexico. Our analyses indicate that this management decision has 

resulted in a captive population with stable levels of genetic diversity, relatively low levels of 

inbreeding, and the retention of previously observed differentiation from A. a. americana. The 

effects of translocation, population bottlenecks, and genetic drift over the course of the last 

century prohibit an accurate assessment of historical levels of differentiation between the 

subspecies that may be of greater ecological relevance. It may be possible to assess the historical 

distribution of genotypes from museum specimens, however, the relevance of historical 

distributions to the current availability of suitable pronghorn habitat is unclear. Success of 

translocations may be linked to the degree of historical migration between the source and 

destination populations and this could be measured from more extensive species-wide genetic 

study. More intensive investigation of historic and current migration patterns will also help to 

identify where fencing removal efforts may have the greatest impact. Lacking detailed species-

wide genetic information, a tangible measure of the ecological relevance of genetic differences 

between populations is in the observed success of translocations and reintroductions. Observed 

genetic differentiation has so far not prohibited successful inter-state translocations. Thus, while 

local translocations are preferable due to the lower risk of outbreeding and reduced financial 

cost, inter-state translocations are a viable option should local sources of breeding stock be 

unavailable. Furthermore, recent successful reintroduction of A. a sonoriensis from the captive 

herd indicates that the population has not lost local adaptation to a significant degree despite an 
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extreme population bottleneck. At present, it is unknown how diversity in the rehabilitating 

Arizona population compares to wild populations in Mexico. To enhance the continued success 

of the reintroduction effort, the current relationship between A. a. sonoriensis from Mexico and 

the U.S. should be explored to assess if population connectivity would benefit the health of the 

subspecies as a whole.   

Increases in fitness are thought to occur as a result of heterosis when immigrant genes are 

brought into local populations even at low levels (Tallmon et al. 2004a). Our analyses indicate 

that the current genetic landscape of A. a. americana is strongly influenced by translocation 

history, rather than local adaptation. To best avoid inbreeding and further decline of the 

subspecies, efforts should be made to regain connectivity between fragmented populations of 

pronghorn in Arizona. We observed a rapid renewal of connectivity between pronghorn 

populations associated with the removal of highway fencing. Continued improvements in 

connectivity can be achieved via additional highway fence removal, local translocations, habitat 

rehabilitation, and the creation of wildlife corridors where possible.  
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Tables and Figures 

Table B. 1: The translocation history of pronghorn game management units (GMU) 

sampled in this study 

Details on the source population, number of individuals, and translocation destination are given 

if available. Data were obtained from the 2013 Arizona Pronghorn Management Plan and 

personal communication with Anne Justice-Allen of the Arizona Game and Fish Department. 
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Table B. 2: Details for each microsatellite locus surveyed in this study 

Two multiplexes (ONE and TWO) were utilized in addition to assaying three loci individually. 

Repeat sizes, 5’ labeling, final concentrations in nM, total number of alleles observed at this 

locus in this study, and original citation are reported for each locus. 
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Table B. 3: Primers designed to amplify short sections of the pronghorn mitochondrial 

control region  

Primer pairs Anam5, Anam6, and Anam7 amplify 150, 189, and 285 bp fragments, respectively. 

Coordinates on the pronghorn mitochondrial genome are given with respect to the genome 

published by (Hassanin et al. 2012). 
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Table B. 4: Summary statistics for each subspecies, for the A. a. sonoriensis north and 

south semi-captive pens, and for A. a. americana game management units 

For each subspecies and population, we report the number of individuals genotyped (N), the 

average number of alleles observed per locus (NA), Shannon’s Diversity Index (SDI), observed 

heterozygosity (HO), expected heterozygosity (HE), and the total number of private alleles (NP) 

observed as unique to the population and greater than 0.05 frequency. 
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Table B. 5: Pair-wise FST and GST estimates by AMOVA for A. a. americana GMUs 

All values are significant at p < 0.001 based upon 9999 permutations. An asterisk (*) indicates 

moderate differentiation (0.05-0.15) as measured by FST. 

 

1  0.206 0.188 0.129 0.269 0.232 0.222 0.222 

21  0.060*  0.102 0.305 0.153 0.230 0.234 0.153 

19A  0.061*   0.040  0.141 0.163 0.128 0.145 0.163 

3A  0.093*   0.112*   0.099*  0.260 0.160 0.163 0.260 

7W  0.077*   0.041   0.054*  0.117*  0.087 0.260 0.223 

7E  0.069*   0.070*   0.041   0.102*  0.024    

7E E of 89  0.117*   0.097*   0.068*  0.113*   0.072*   0.146 

7E W of 89  0.064*   0.071*   0.045  0.114*  0.020  0.049  

 1 21 19A 3A 7W 7E 7E E of 89 7E W of 89 
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Figure B. 1: Map of study area 
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Figure B. 2: Map of A. a. americana sampling sites 

A. a. americana samples were collected at sites within six Arizona Game Management Units 

(GMU). GMU boundaries are approximated and labeled. Black dots represent collection sites of 

one or more individual samples. Sampling sites along I-17 fall in both GMU 19A and GMU 21. 

A blue dashed line shows US 89 through GMU 7E. 
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Figure B. 3: Inbreeding estimates in pronghorn 

We estimated the inbreeding coefficient (FIS) and 95% confidence intervals with the program 

diveRsity. FIS was calculated for (A) each A. a. americana GMU, (B) A. a. americana as a 

subspecies, and (C) on an annual basis for A. a. sonoriensis from 2010-2014. 
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Figure B. 4: PCoA of pronghorn genetic data  

We performed PCoA on the entire pronghorn dataset (a) and the A. a. americana data (b). 

Individual pronghorn are plotted by the first two principal coordinates with the percent of 

variation explained by each coordinate given on the axis. 95% confidence ellipses are shown for 

subspecies in (a) and GMUs for (b). Founders of the CPNWR semi-captive herd are highlighted 

in (a).  
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Figure B. 5: STRUCTURE results  

Estimated pronghorn population structure from Bayesian STRUCTURE analyses using 14 

microsatellite loci. Vertical bars represent individuals partitioned into K colored segments 

denoting estimated membership fractions. a) Results for K=2 from analysis of two pronghorn 

subspecies. A black vertical line separates the two subspecies. c) Results for K = 3 through 5 

from analysis of A. a. americana individuals. Dashed vertical lines separate game management 

units (GMU). GMU 19A samples collected along interstate 17 are designated with (*). GMU 7E 

samples collected east of US89 are designated with (ϕ). Delta K calculated using the Evanno 

method (Evanno et al. 2005) is plotted for the subspecies analysis (c) and for the analysis of A. a. 

americana (d).  
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Figure B. 6: Isolation by distance in A. a. americana 

Plot of the correlation between genetic and geographic distances for A. a. americana individuals. 

Genetic distance was calculated following the method employed in GENALEX using the function 

gd.smouse in the R package PopGenReport. Geographic distance was calculated as simple 

Euclidean distance. A two-dimensional kernel density estimation was applied to display sample 

density. The least square regression is depicted with a dashed line. A Mantel Test of the two 

distance matrices supports significant but weak correlation (r = 0.20, p < 0.001).  
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Figure B. 7: Haplotype Network for A. a. americana 

The relationship between observed mitochondrial haplotypes is depicted with a haplotype 

network. Each circular node (A-I) represents a haplotype. Solid lines indicate a relationship 

between haplotypes. Each tick mark on the solid line indicates a single DNA sequence difference 

between haplotypes. The circles are colored according to the GMU in which it was found. The 

proportion of the node occupied by a given GMU is not intended to be proportional to relative 

frequency of that GMU in the node. 
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Abstract  

For several decades, wildlife conservation researchers and wildlife managers have relied on 

measures of genetic diversity as indicators of a population’s robustness to environmental 

perturbation. Recent advances in the study of the epigenetic response to environmental stimuli 

prompt the introduction of epigenetic analyses in the realm of conservation science. We 

conducted the first conservation epigenetics study to measure epigenetic and genetic diversity in 

two subspecies of pronghorn, the wide-ranging Antilocapra americana americana and the 

endangered A. a. sonoriensis. We performed parallel analyses of MS-AFLP and microsatellite 

markers to compare the effectiveness of these methods in delineating subspecies. We found the 

MS-AFLP assay to be relatively limited in its ability to resolve differences between subspecies. 

We discuss our findings in the context of expectations of epigenetic variation in free-ranging 

mammals and the future of epigenetic applications in conservation.  
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Introduction 

Worldwide biodiversity has decreased over the last century due to anthropogenic threats such as 

climate change, over-harvest, introduced species, and habitat loss. Efforts to conserve the Earth’s 

biodiversity in the face of these threats hinge upon our ability to predict the response a species 

will have to changes in the environment. Wildlife managers draw upon knowledge of ecology, 

demography, and genetics to conduct population viability analyses (PVA), which direct decision 

making and the distribution of funds regarding threatened and endangered species (Boyce 1992; 

Frankham et al. 2014). The applied field of conservation genetics has successfully adopted well-

tested theory and, increasingly, powerful genome-probing technologies from the study of 

genetics in model species (Allendorf et al. 2010; Ouborg et al. 2010; Ekblom & Galindo 2011; 

Funk et al. 2012). Genomic technologies have been hailed as the solution to many of the field’s 

most perplexing problems, including improved estimates of inbreeding and the detection of 

adaptive variation. However, progress in translating the findings of genomic studies into 

improvements in predictions of species response has been limited (Shafer et al. 2015). 

Meanwhile, it is has become increasingly clear that epigenetics play a large role in phenotypic 

variation and population response to environmental change (Bossdorf et al. 2008; Richards 2008; 

Richards et al. 2010; Ledon-Rettig 2013). In the context of biological diversity conservation, 

epigenetics is the study of molecular modifications that carry the potential to affect a gene’s 

expression that may (or may not be) heritable despite not being associated with changes to the 

gene’s DNA sequence. 

Riding a wave of studies in plants (reviewed in Robertson & Richards 2015), the field of 

ecological epigenetics has recently been flooded with studies of natural animal populations and 

this provides support for the benefit of monitoring population epigenetic processes in animal 

species of conservation concern. From the handful of population epigenetic studies in animals, 

several themes have emerged. First, it is generally observed that the amount of epigenetic 

variation exceeds genetic variation within a population. Epigenetic divergence is typically 

greater than genetic divergence between populations (Liu et al. 2012; Schrey et al. 2012; Skinner 

et al. 2014; Smith et al. 2016, but see Foust et al. 2016). This is particularly true in clonal and 

introduced species with inherently low genetic diversity (Massicotte et al. 2011; Bonasio et al. 

2012; Schrey et al. 2012; Liebl et al. 2013) and may also be true of endangered species. Second, 
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epigenetic marks have been identified that distinguish phenotypically distinct individuals in 

cases where genetic differences are either unclear or absent: in migration behavior of rainbow 

trout (Oncorhynchus mykiss) (Baerwald et al. 2016), caste occupation in ants (Bonasio et al. 

2012), maturation timing in Atlantic salmon (Salmo salar) (Moran & Perez-Figueroa 2011), 

resource availability in baboons (Papio cynocephalus) (Lea et al. 2016), and exploratory 

behavior in great tit (Parus major) (Verhulst et al. 2016). Third, epigenetic differences can be 

observed in response to environmental change. Environmentally-induced epigenetic divergence 

has been observed in honey bees (Apis mellifera) in response to consumption of royal jelly 

(Kucharski et al. 2008), water fleas (Daphnia ambigua) in response to predation (Walsh et al. 

2015), reef-building coral in response to heat stress and ocean acidification (Dimond & Roberts 

2016) and extensively in a variety of species in response to toxicants (reviewed in 

Vandegehuchte & Janssen 2014).  

Key to the advancement of the field of ecological epigenetics is the development of a theoretical 

framework in which to analyze epigenetic data. As of yet, the evolution of such a framework has 

been hindered by the sheer variability in the prevalence and role of epigenetic mechanisms 

between taxa. DNA methylation is the best studied epigenetic mechanism in an ecological 

context. The amount of genomic cytosine methylation in insects alone ranges from non-existent 

to levels approaching the more extensive genomic methylation seen in vertebrates (Zemach et al. 

2010). DNA methylation has largely been regarded as a suppressor of gene expression since the 

mid-1970s (Holliday & Pugh 1975; Riggs 1975). However, mounting evidence suggests a more 

complicated relationship between DNA methylation and gene expression (reviewed in Jones 

2012).  

The power of epigenetic markers to explain and predict responses to ecologically relevant 

phenomena such as species interactions, climate change, and changes to population genetic 

makeup relies on the ability to translate findings between study systems. Therefore, it is essential 

to test the generality of conclusions made from ecological epigenetic studies. Epigenetic 

diversification has been studied as a driver behind successful species invasions in plants 

(Richards et al. 2012). In animals, epigenetic variation has been proposed as a compensation 

mechanism within introduced populations of house sparrow (Passer domesticus) (Schrey et al. 

2012; Liebl et al. 2013). Colonization of new habitat requires a species to cope with novel 
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environmental factors often in the face of reduced genetic variation due to a founder effect. 

Likewise, threatened and endangered endemic species suffer genetic variation loss and must 

often cope with environmental change. It is possible that some populations that emerge from the 

brink of extinction will do so through epigenetic diversification.  

Despite advances in the field of ecological epigenetics, our understanding of basic properties of 

epigenetic variation and regulation remains limited. For epigenetic monitoring to become a 

feasible population management tool, we must better understand the interaction between the 

environment, the genotype, and the epigenotype as well as the stability of epigenetic changes and 

their rate of accumulation and the extent to which we can translate findings between studies of 

divergent taxa. We must also assess the advantage of new epigenetic monitoring tools relative to 

established genetic monitoring methods. The vast majority of ecological epigenetic studies have 

focused on DNA methylation utilizing a variety of methods (Schrey et al. 2013). Methylation-

sensitive amplified fragment length polymorphism (MS-AFLP) has been used extensively in the 

study of non-model organisms because it is economical and does not require a reference genome. 

However, MS-AFLP has numerous limitations (Schrey et al. 2013). Most notably, it screens 

anonymous loci, it is difficult to translate results between labs due to variations band calling, and 

there exists no consensus on band scoring protocol. Studies implementing MS-AFLP in natural 

systems generally report higher levels of epigenetic variation relative to genetic variation (but 

see Foust et al. 2016), however, these studies rarely report these levels relative to other measures 

of genetic variation more commonly used in conservation genetics.  

Pronghorn (Antilocapra americana) are well-suited for the study of conservation epigenetics due 

to the wealth of physiological, historical, and environmental data that has been collected over the 

course of this species management. Four pronghorn subspecies (A. a. americana, A. a. 

sonoriensis, A. a. mexicana, and A. a. peninsularis) are currently recognized (Lee Jr et al. 1994) 

Two of these subspecies, A. a. sonoriensis and A. a peninsularis, have undergone dramatic 

reductions in population size in the last century due to overgrazing, urban expansion, agricultural 

development, and unregulated hunting (Cancino et al. 1998; Laliberte & Ripple 2004; Brown & 

Ockenfels 2007). As a result, the remaining A. a. sonoriensis and A. a peninsularis populations 

have low levels of genetic diversity (Klimova et al. 2014) relative to the more wide-ranging A. a. 

americana subspecies (Appendix C). As an initial inquiry, we performed parallel analyses of 
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microsatellite and MS-AFLP data collected from populations of A. a. sonoriensis and A. a. 

americana to compare measures of diversity derived from these two marker systems.   
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Methods 

Study Species 

A. americana is the last remaining North American member of the artiodactyl family 

Antilocapridae. This study focuses on the two subspecies found in Arizona, A. a. americana and 

A. a. sonoriensis. A. a. americana is the most wide-spread subspecies and was historically found 

commonly throughout the plains of western North America. More recently, populations of A. a. 

americana have become more fragmented with many areas suffering local extirpations (Lee Jr et 

al. 1994). The range of A. a. sonoriensis, although more limited, once encompassed 

southwestern Arizona, southeastern California, northeastern Baja California, and northwestern 

Sonora, Mexico (Arizona Game and Fish Department 1981). Prompted by critically low 

population numbers throughout the first half of the 20th century, A. a. sonoriensis was listed as 

Endangered in 1967 (United States Fish and Wildlife Service 1967). In 2004, a semi-captive 

rearing program was instituted at the Cabeza Prieta National Wildlife Refuge (CPNWR). The 

captive herd has steadily grown and release activity has since been established.  

Sampling and DNA Extraction 

In collaboration with the Arizona Game and Fish Department and the Sonoran pronghorn 

recovery team, we collected blood samples from semi-captive A. a. sonoriensis individuals each 

December in the years 2009 through 2014 at CPNWR (Figure C. 1). We received blood samples 

from wild A. a. americana collected in September through January of the years 2010 through 

2014 at sites across central Arizona (Figure C. 1). In total, we sampled 176 A. a. sonoriensis and 

92 A. a. americana individuals. Approximately 1 mL of whole blood was stored in either TES 

buffer (100 mM Tris, 100 mM EDTA, 2 % SDS; 2-parts blood to 1-part buffer) or collection 

tubes containing EDTA. In order to maximize DNA yield, we employed a high-recovery 

extraction protocol. In this protocol, we lysed the samples overnight at 55° C with agitation in 

650 uL lysis buffer (50 mM tris pH 8.0, 50 mM EDTA, 25 mM sucrose, 100 mM NaCl, 1.0% 

SDS) and 25 uL 10 mg/ml proteinase K. We then used a standard 

phenol:chloroform:isoamylalcohol (25:24:1) extraction protocol utilizing light and heavy Phase 

Lock Gel tubes (5 PRIME, Gaithersburg, MD, USA) to isolate DNA from the lysate. We 
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precipitated DNA with 3 M NaOAc and isopropanol and then performed ethanol washes to 

further purify the DNA before re-suspending in low TE, pH 8.  

MS-AFLP 

We performed MS-AFLP assay following previously described methods (Xu et al. 2000). In the 

original AFLP assay (Vos et al. 1995), DNA is digested with an infrequent cutter enzyme such 

as EcoRI and a frequent cutter such as MseI. In AFLP, genomic sequence differences between 

individuals generate fragments of differing sizes. MS-AFLP replaces the frequent cutter enzyme 

with a pair of enzymes that differ in their sensitivities to DNA methylation. The isoschizomers 

HpaII and MspI recognize and cut a CCGG motif. MspI does not cut when the outer cytosine is 

methylated while HpaII does not cut if the inner or both cytosines are methylated. The MS-

AFLP assay enables scoring of non-methylated (score – 0) and methylated (score – 1) sites 

(Table C. 1). Hypermethylation of both cytosines in the motif as well as mutation of the motif 

itself can result in the absence of a fragment in both enzyme digests. Although non-CG 

methylation in mammals is rare relative to CG methylation (Bestor 2000; Ziller et al. 2011; 

Lister et al. 2013; Meng et al. 2015), we chose to interpret this case as non-informative because 

we cannot distinguish between epigenetic versus genetic variation resulting in an absence of a 

fragment with these two methylation-sensitive enzymes. 

We performed parallel restriction enzyme digests with EcoRI/HpaII and EcoRI/MspI 

combinations. To enable quantification of error rates, we included negative controls and 

duplicated ten samples per subspecies as technical replicates. To avoid systematic bias, we 

randomly distributed samples from the two subspecies among five blocks, which we then carried 

through the MS-AFLP protocol sequentially. We digested 200 ng of genomic DNA with 20 units 

of EcoRI, either 10 units of HpaII or 20 units of MspI (all enzymes obtained from New England 

Biolabs), and 1X NEB CutSmart Buffer in 40 µL reactions for 3 hours at 37º C. We then 

deactivated the restriction enzymes by incubation for 20 minutes at 65º C. We prepared linker 

adapters as described in (Xu et al. 2000). We ligated linker adapters to the digested fragments in 

reactions containing 200 units of NEB T4 DNA ligase, 1X NEB ligation buffer containing 100 

mM ATP, 0.5 µM EcoRI adapter, 5 µM HpaII/MspI adapter, and 10 µL of the ligation reaction 

in a final volume of 20 µL at 37º C for 3 hours.  
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We performed a pre-selective amplification step in PCR mixtures containing 0.5 units of NEB 

Taq polymerase, 1 X NEB buffer, 0.3 µM each EcoRI pre-S and HpaII/MspI pre-selective 

primers (Table C. 2), 200 µM each dNTP, 1.5 mM MgCl2, and 5 µL of ligation reaction in a 

final volume of 20 µL. We ran these pre-selective PCRs with the following conditions: initial 

denaturation at 96º C for 5 minutes; 20 cycles of denaturation at 96º C for 30 secs, annealing at 

56º C for 1 min, elongation at 72º C for 1 min; and final elongation at 60º C for 30 min.  

We designed four fluorescently labeled EcoRI primers and three unlabeled HpaII/MspI primers 

(Table C. 2). By multiplexing four labeled primers with each unlabeled HpaII/MspI primer (12 

total primer combinations), we achieved high peak resolution from a reduced pool of fragments 

and increased the number of peaks resolved without significantly increasing cost. For each 

unlabeled HpaII/MspI primer, we assembled PCR mixtures with 0.5 units of NEB Taq 

polymerase, 1 X NEB buffer, 0.01 µM or 0.03 µM of each labeled EcoRI primer (Table C. 2), 

0.3 µM unlabeled HpaII/MspI primer (AC/GT/TA), 200 µM each dNTP, 1.5 mM MgCl2, and 5 

µL of the pre-selective reaction (diluted 1:10 with H2O) in a final volume of 20 µL. We ran these 

selective PCRs with the following conditions: initial denaturation at 96º C for 5 minutes; 12 

cycles of denaturation at 96º C for 30 secs, annealing decreasing by 0.7º C each cycle from 65º C 

to 56.6º C for 1 min, elongation at 72º C for 1 min; 23 cycles of denaturation at 96º C for 30 

secs, annealing at 56º C for 1 min, elongation at 72º C for 1 min; and final elongation at 60º C 

for 30 min. We detected MS-AFLP fragments on the ABI3730 DNA Analyzer platform. 

MS-AFLP Peak Calling 

There is no consensus regarding how best to filter and score fragments observed in MS-AFLP 

for downstream analyses in population epigenetic studies. We deemed manual curation infeasible 

given the sample size and number of fragments observed, and adopted the current standard of 

automated peak calling software. We called peaks in GENEMARKER 2.6.0 using an inclusive 

approach that has been illustrated to improve reconstruction of phylogenetic relationships 

between taxonomic groups from AFLP data (Holland et al. 2008). MS-AFLP scoring method 

selection affects estimation of divergence between taxonomic groups but does not appear to 

significantly affect the results of linear regression and PCoA analyses (Schulz et al. 2013). For 
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this reason, we caution against comparison of divergence estimations between studies utilizing 

different scoring methods.  

We called peaks in the GENEMARKER Run Wizard. In the raw data analysis, we selected 

“Smooth”, “Peak Saturation”, “Baseline Subtraction”, “Pull-up Correction”, and “Spike 

Removal”. We set the size-calling algorithm to Local Southern. We called peaks within a 

fragment size range of 100-600bp and intensity range of 50-30,000 intensity units. We set the 

local and global detection percentages to > 1 and selected the “Plus-A Filter”. To completely 

automate the scoring process, we set the peak evaluation criteria as “Reject < 1.00 Check < 1.00 

Pass”, thus accepting all peaks with a score greater than 1.00 and rejecting all others.  

We removed all monomorphic, singleton, and doubleton markers from the dataset and then 

calculated our overall technical error rate using two measures following previously described 

methods (Bonin et al. 2004; Pompanon et al. 2005; Holland et al. 2008). First, we calculated 

average Euclidean error as 
𝑁(0,1)+𝑁(1,0)

𝑁(0,0)+𝑁(1,0)+𝑁(0,1)+𝑁(1,1)
, where N(0,0) and N(1,1) represent the number of 

cases where both runs of the replicate pair were called as having no peak or having a peak 

present, respectively, and N(0,1) and N(1,0) represent the number of cases where the runs for the 

replicate pair disagreed. Next, we calculated Jaccard error as, 
𝑁(0,1)+𝑁(1,0)

𝑁(1,0)+𝑁(0,1)+𝑁(1,1)
. This second 

measure allows for comparison between datasets with dramatically different rates of (0,0) calls, 

which is a possible result of differences in sample size (Holland et al. 2008). In a preliminary 

analysis, we stratified the data by our randomized blocks and discovered significant block-

specific bias within the date generated from one block run with the AC unlabelled selective 

primer. We subsequently removed the markers from the AC primer from our dataset. 

Microsatellites 

We genotyped DNA extracted from blood samples at a total of 14 microsatellites using methods 

described in Appendix B. We performed microsatellite fragment analysis on the ABI3730 DNA 

Analyzer platform and called alleles in GENEMARKER. We eliminated samples that failed to 

amplify with more than 2 loci. To test for large allele drop out and the presence of null alleles, 

we ran MICRO-CHECKER 2.2.3 (Van Oosterhout et al. 2004). 
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Data Analyses 

We initially analyzed the MS-AFLP presence/absence matrix generated in GENEMARKER using 

the R package msap (Perez-Figueroa 2013). We classified all fragments exceeding a 5% error 

rate-based threshold as methylation-susceptible loci (MSL) or nonmethylated loci (NML). In 

msap, we performed analyses of molecular variance (AMOVA) (Excoffier et al. 1992) with 

10,000 permutations and estimated the amount of intra-subspecies variation as Shannon’s 

Diversity index (SDI). To complete further analyses of the MS-AFLP data, we exported the 

transformed matrices from msap. With the microsatellite data, we tested for deviation from 

Hardy Weinberg expectations (HWE) and calculated pairwise linkage disequilibrium (LD) in 

GENEPOP (Rousset 2008). With the microsatellite data, we estimated SDI and performed 

AMOVA to estimate standardized FST including statistical testing via 9,999 random permutations 

of the data in GENALEX 6.502 (Peakall & Smouse 2006; Peakall & Smouse 2012). We 

calculated genetic distance between all individuals for both datasets and performed principal 

coordinate analyses (PCoA) in the R environment. Genetic distances for the microsatellite 

dataset were calculated following Smouse & Peakall (Smouse & Peakall 1999) using the 

gd.smouse function in PopGenReport 2.0 while Euclidean distance was calculated for the MSL 

and NML datasets. We investigated evidence of population structure in microsatellite, MSL, and 

NML datasets with a Bayesian clustering algorithm in STRUCTURE 2.3.4 (Pritchard et al. 2000). 

We tested for K=1 through 10 with 20 iterations of each possible K. We employed the admixture 

model and assumed correlated allele frequencies. After an initial 50,000 burn-in generations we 

ran the analysis for 100,000 generations. We visualized STRUCTURE results and performed the 

best K estimation (Evanno et al. 2005) with CLUMPAK (Kopelman et al. 2015). 
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Results 

Summary of Datasets 

A total of 1384 markers met our scoring criteria, consisting of 18.8% +/+ (score 0 – 

unmethylated), 14.6% +/- and 21.4% -/+ (score 1 – methylated), and 45.1% -/- (uninformative) 

HpaII/MspI digest result comparisons. We report an average Euclidean error rate of 10.27% and 

average Jaccard error rate of 40.53%. These error estimates are qualitatively similar to those 

reported previously using the same error rate calculation (Holland et al. 2008). Analysis of the 

data with msap revealed 809 and 575 total polymorphic NML and MSL, respectively. We noted 

that the number of polymorphic fragments observed within each subspecies was highly affected 

by sample size. To enable comparison of the degree of polymorphism between subspecies, we 

randomly subsampled 92 individuals from the A. a. sonoriensis dataset to calculate measures of 

MSL and NML diversity. Adjusting for differences in sample size, differences observed between 

the two subspecies in the number of NML and MSL were not significant (2 = 2.93, d.f. = 1, p = 

0.0869). Qualitatively, the number of polymorphic NML within A. a. americana was greater 

(669) than within A. a. sonoriensis (586) while the numbers of polymorphic MSL within the two 

subspecies were more similar (474 and 481) (Table C. 3). Greater genetic polymorphism was 

observed in A. a. americana within the microsatellite dataset (Table 4). 

We removed a total of 12 individuals from the dataset for failing to amplify at greater than two 

loci. We found no evidence for null alleles or allelic drop out within our final dataset. We 

explored the potential for confounding effects of DNA methylation differences specific to age, 

sex, and sampling year by stratifying the data by these categories and performing tests of 

differentiation (FST). These tests showed no evidence of significant differentiation (data not 

shown), therefore, we made no further effort to account for variation in age, sex, or sampling 

year within our final dataset. 

Genetic and Epigenetic Variation  

In line with the differences observed between subspecies in the number of polymorphic NML 

and MSL, we noted an inverse relationship in our estimations of SDI between these two 
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components of the MS-AFLP data (Table C. 3). While we observed more total polymorphic 

NML (809) than MSL (575), our calculations of SDI indicate that MSL diversity is greater than 

NML diversity in both subspecies. SDI for the MSL component was slightly greater (0.444) for 

A. a. sonoriensis than for A. a. americana (0.432) while SDI for the NML component was 

greater (0.149) for A. a. americana than for (0.139) A. a. sonoriensis. These values are 

considerably lower than those estimated for SDI from the microsatellite dataset (1.236 and 1.740 

for A. a. sonoriensis and A. a. americana, respectively; Table 4). 

The maximum number of microsatellite alleles we observed per locus was 23 for A. a. 

americana and 8 for A. a. sonoriensis (Table 4). We observed 61 private alleles (unique to the 

population and > 0.05 frequency) in A. a. americana but just 33 for A. a. sonoriensis. We 

calculated AR of 9.29 for A. a americana and 4.79 for A. a. sonoriensis. HO was very similar 

between subspecies (0.64 for A. a. americana and 0.61 for A. a. sonoriensis) and neither 

observation significantly differed from HE. 

Subspecies Differentiation 

We estimated population differentiation with the codominant microsatellite dataset using FST and 

for the dominant NML and MSL datasets using the analogous statistic, ST. We observed 

moderate and significant differentiation (FST = 0.129; P < 0.0001) within the microsatellite 

dataset. The differentiation observed from the two classes of marker within the MS-AFLP 

dataset was less for NML (ST = 0.03032; P<0.0001) than MSL (ST = 0.04033; P<0.0001). 

We visualized differences in each marker sets’ ability to distinguish between subspecies using 

PCoA (Figure C. 2). For each dataset, the greatest separation between subspecies clusters was 

observed plotting the first two principal coordinates (PC). Only the microsatellite data produced 

non-overlapping 95% confidence ellipses of the two subspecies clusters. Subspecies divergence 

is well summarized within the microsatellite data by the first PC, which represents 25.54% of the 

variation in the dataset. The MSL and NML datasets produced relatively poor separation of 

subspecies clusters. The MSL produced marginally better resolved clusters with a higher 

proportion of variation (8.54%) being explained by the first PC relative to the NML (4.2%).  

Our STRUCTURE analyses resulted in K=2 having the highest support within the microsatellite 
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and MSL loci using the K method (Figure C. 3C). For the NML loci, the K plot was 

relatively flat (Figure C. 3C), which can be indicative of weak or absent structure within the 

data. The K method is based on the second order derivative of the maximum likelihood 

estimation (Evanno et al. 2005) and therefore cannot be used in isolation to compare support for 

K=1 versus K=2. In situations such as that observed for our NML data where support for K=2 is 

dubious using the K method, a substantial jump in the log-likelihood estimation between K=1 

and K=2 can be interpreted as support for K=2 when the estimated population clusters align with 

prior biological knowledge. Using both the K and log-likelihood methods, support for K=2 

from the microsatellite data is well justified and the two predicted populations strongly 

correspond to the two subspecies (Figure C. 3A). Subspecies differentiation at K=2 within the 

MSL and NML datasets was substantially less well resolved (Figure C. 3A). Relatively 

speaking, support for K=2 from the MSL data is more similar to that observed for the 

microsatellite data while structure within the NML dataset is virtually absent (Figure C. 3). The 

model underlying the analyses performed by STRUCTURE assumes that the putative populations 

are at Hardy-Weinberg equilibrium. DNA methylation inheritance may violate several of the 

basic Hardy-Weinberg assumptions, therefore, invalidating clusters derived from epigenetic data 

using STRUCTURE. STRUCTURE has been shown to be useful in delineating ecologically relevant 

population clusters from DNA methylation data (Smith et al. 2016; Cara et al. 2013; Guarino et 

al. 2015). However, STRUCTURE clusters derived from NML and MSL data were less clearly 

defined in highly admixed Rhododendron oldhamii populations (Huang et al. 2015). Admixture 

in pronghorn due to the species’ extensive translocation history (Rhodes Jr et al. 2001) in 

combination with noise introduced by PCR variability may have contributed to the poor 

resolution observed in our STRUCTURE analysis of the MS-AFLP data. 
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Discussion 

We measured epigenetic and genetic variation within and between pronghorn subspecies using 

MS-AFLP and microsatellite markers. We observed marked differences in the degree of 

subspecies differentiation estimated by the two marker systems, with far greater differentiation 

being estimated by the microsatellites. We observed subtle differences between the subspecies 

when comparing the MSL and NML components of the MS-AFLP dataset.   

Our estimation of subspecies differentiation between A. a. sonoriensis and A. a. americana was 

much more pronounced with microsatellites (FST = 0.129) compared to NML (ST = 0.03032) 

and MSL (ST = 0.04033) loci. Population structure strongly associated with microsatellite 

variation between the subspecies is virtually absent within the NML and MSL datasets (Figure 

C. 3). Although the MSL loci may violate HWE assumptions underlying the model employed by 

STRUCTURE, the accompanying results with the NML data suggest that the apparent lack of 

epigenetic structure is more likely a reflection upon noise within the MS-AFLP data itself.  

Measures of differentiation and population structure are likely to be influenced by peak calling 

methods (Schulz et al. 2013). We took care to select a peak-calling regime that would be most 

informative for population differentiation. However, it is possible that an alternative peak calling 

strategy could have been applied to these data to produce clearer differentiation. To explore this 

possibility, we applied more stringent peak-calling methods that resulted in datasets with lower 

error rates and re-calculated differentiation from these data. We observed non-significant 

differences between the results of these tests (data not shown) and the values we have reported. 

Although studies comparing microsatellites to AFLPs have found the two measures to produce 

generally congruent results (Nybom 2004) we observed relatively poor resolution of the MS-

AFLP assay in differentiating subspecies relative to the microsatellite loci. Our randomized 

block approach helped us to identify technical bias within the dataset, however, PCR variability 

within the MS-AFLP assay still may have clouded epigenetic variation within our sample set.   

PCoA analyses are more robust to differences in peak-calling methodology (Schulz et al. 2013). 

Our PCoA analyses revealed far greater separation of subspecies clusters within the 

microsatellite data compared to either the MSL or NML components of the MS-AFLP data. 
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Additionally, our estimates of SDI support far greater genetic diversity (as measured by 

microsatellites) compared to epigenetic diversity (as measured by the MSL component of MS-

AFLP) (Table C. 3). These results are inconsistent with the inverse pattern observed in other 

vertebrate species including bat (Liu et al. 2015), darter fish (Smith et al. 2016), and the clonal 

fish Chrosomus eos-neogaeus (Massicotte et al. 2011). It is unclear why we would observe low 

epigenetic diversity compared to genetic diversity and relatively poor epigenetic subspecies 

differentiation in pronghorn. The relative epigenetic homogeneity we observed could be a 

reflection of habitat homogeneity. This explanation seems unlikely because the Sonoran 

pronghorn are protected in part because of habitat usage differences between the two subspecies. 

Sonoran pronghorn occupy the Sonoran Desertscrub Biome, which is characterized by unique 

topography, vegetation, and lower rainfall patterns (USFWS 2015). It is possible that an 

epigenetic response to ecologically relevant habitat differences between the two subspecies is not 

present in the tissue we assayed (blood). It is also possible that the MS-AFLP technique is not 

sensitive enough to pick up differences specific to pronghorn. A previous study of DNA 

methylation in vertebrates employed MS-AFLP and opted to interpret the NML data component 

as a measurement of genetic variation and found greater epigenetic versus genetic variation (Liu 

et al. 2012). We found subspecies differentiation within the NML data to be less clear than 

within either the MSL or the microsatellite data. These results indicate that the NML component 

of MS-AFLP is not an appropriate proxy to genetic data and this may be a result of MspI’s 

sensitivity to DNA methylation at the outer cytosine. 

Comparing SDI estimates from MS-AFLP across subspecies, A. a. sonoriensis is more 

epigenetically diverse while A. a. americana is more genetically diverse. Although these 

differences are subtle, they may be an indication of a stronger underlying pattern that has 

previously been described as evidence of epigenetic compensation for genetic diversity loss in 

house sparrow (Schrey et al. 2012, Liebl et al. 2013). House sparrows are native to Europe and 

have been introduced repeatedly in North America and, more recently, in Kenya. A genetic 

survey of native and introduced populations found that the significantly differentiated Kenyan 

population exhibited reduced AR and HO relative to both the native populations and the earlier 

introduction sites (Schrey et al. 2011). Trends within our dataset of greater epigenetic diversity 

within the genetically less diverse A. a. sonoriensis subspecies are consistent with the findings in 
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house sparrow where epigenetic diversity was inversely correlated to levels of genetic diversity 

and inbreeding (Liebl et al. 2013). Captive breeding and release efforts for A. a. sonoriensis at 

CPNWR have been successful in boosting the total population size in Arizona for the subspecies 

from 21 to over 300 individuals in just ten years (United States Fish and Wildlife Service 2015). 

Epigenetic diversification may have been key to this population’s reintroduction success. The 

same could also be true of other species that have enjoyed relative success in the face of low 

genetic diversity.  

Inclusion of epigenomic analyses in conservation studies has the potential in increase our ability 

to detect, explain, and predict response to captivity and reintroduction. Additionally, the threat of 

global climate change necessitates the prediction of how populations will respond to changes 

such as seasonal length and timing, food and water availability, species interactions, and 

emerging infectious diseases. More accurate response modeling may result from a greater 

understanding of how epigenetic variation allows for flexibility of the phenotype in response to 

environmental variation. Phenotypic plasticity is a heritable trait that can vary among individuals 

between populations (Scheiner 1993; Pigliucci 2005). Species with low genetic diversity may be 

more or less at risk of extinction dependent upon the degree to which they are able to diversify 

via phenotypic plasticity. Therefore, it is vital to explore the possibility that reintroduction 

success is related to a species’ underlying phenotypic plasticity and one way of quantifying this 

characteristic is through measuring epigenetic diversity. It may be found that epigenetic diversity 

levels are a good predictor of reintroduction success and this relationship could be exploited to 

guide the allocation of resources to populations that would benefit most from such conservation 

efforts.  

Our investigation of epigenetic diversity and divergence of Arizona pronghorn provides a first 

glimpse into epigenetics of a species of conservation concern. Future epigenetic studies of 

pronghorn could be designed to determine if epigenetic differences are more prominent in tissues 

other than blood. Further epigenetic study could focus on elucidating variable epigenetic loci 

associated with conservation-related characteristics such as captivity, fecundity, and drought 

tolerance within A. a. sonoriensis. Comparison of the captive herd at CPNWR to the newly re-

established free-ranging populations would provide an opportunity to test if captive conditions 

alter epigenetic diversity. Recent advances in epigenotyping technology have issued 
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improvements in the resolution of epigenetic differences between samples. Two reduced genome 

representation methods, bsRADseq (Trucchi et al. 2016) and epiGBS (van Gurp et al. 2016) 

provide cost-effective, high throughput, high resolution, locus-specific, epigenotyping without 

the requirement of a reference genome. These technologies promise to bring the study of 

ecological epigenetics into the “omics” age at a low cost and we anticipate that they will more 

rapidly improve our understanding of the environmental epigenetic response. 
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Tables and Figures 

Table C. 1 Pattern scoring based on HpaII and MspI sensitivity to cytosine methylation  

The enzymes HpaII and MspI differ in their activity to cut (+) or not cut () the DNA motif 

CCGG depending on the presence of methylated cytosines. MS-AFLP data scoring was 

performed according to the interpretation of the enzyme digest banding patterns. In the described 

motifs, a lower-case “m” above the cytosine base denotes 5-methylcytosine. Enzyme activities 

are reported per REBASE (http://rebase.neb.com/rebase/rebase.html, accessed 24.02.2016).  
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Table C. 2 MS-AFLP primers 

Sequences, 5’ labeling, and final concentrations of primers used in pre-selective or selective MS-

AFLP PCR amplifications.  
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Table C. 3 Summary of MS-AFLP results with two pronghorn subspecies  

The number of observed polymorphic non-methylated (NML) and methylation sensitive (MSL) 

fragments and Shannon’s diversity index (SDI) calculated from these fragments for each 

subspecies. Both the number of observed fragments and the SDI calculations were found to be 

sensitive to population size. Therefore, sample size was controlled for through random 

subsampling of the A. a. sonoriensis population to equalize population size.  

 

 A. a. americana A. a. americana 

Number of Polymorphic NML 586 669 

Number of Polymorphic MSL 481 474 

SDI: NML 0.139 0.149 

SDI: MSL 0.444 0.432 
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Table C. 4 Summary of genetic diversity as measured with microsatellite markers 

Pronghorn genetic diversity estimates measured at 14 microsatellite loci. N = number of 

individuals genotyped at > 12 loci, AR = allelic richness, HO = observed heterozygosity, HE = 

expected heterozygosity, SDI = Shannon’s diversity index. 
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Figure C. 1 Map of study area 

Study sample region.  
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Figure C. 2 Principal coordinate analyses of subspecies differentiation 

The first two principal coordinates resulting from PCoA analyses are plotted for each dataset. 

The percentage of variation explained by each coordinate is given on the axis labels. A. a. 

americana and A. a. sonoriensis samples are shown in black and gold, respectively. 95% 

confidence ellipses for each subspecies are shown. (a) Methylation sensitive loci (b) non-

methylated loci (c) microsatellite loci.  

 

            

  

a) b) 

c) 
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Figure C. 3 Structure results for subspecies differentiation 

STRUCTURE multi-locus analysis of the three datasets. (A) The results of running CLUMPAK 

to visualize the population assignment of pronghorn individuals having run STRUCTURE 

assuming two populations, K=2. (B) Estimated log likelihood log (P(X|K)) versus K for each 

dataset (C) Estimated delta K, following Evanno method, for each dataset. MSL – MS-AFLP 

methylation sensitive loci, NML – MS-AFLP non-methylated loci. 
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Abstract 

Over the last century, pronghorn (Antilocapra americana) numbers have declined throughout 

much of their range due to habitat loss, population fragmentation, and over-harvest. Of the four 

recognized subspecies, two (A. a. sonoriensis and A. a. peninsularis) are currently listed as 

endangered and their continued persistence is largely the result of recent captive breeding and 

reintroduction efforts. Going forward, recovery team managers are looking to re-establish 

pronghorn from these captive populations to their native range. There is currently some 

uncertainty regarding the subspecies status of extirpated pronghorn populations that historically 

inhabited the region surrounding the US-Mexico border between California and Baja California. 

Should pronghorn populations be re-established in this region, it is unclear which subspecies 

should be selected for release. To address this uncertainty, we have performed genetic analyses 

of pronghorn museum specimens. Our analyses suggest that haplotypes currently associated with 

A. a. peninsularis were once distributed further north than expected given the current estimation 

of their historic distribution. 
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Introduction 

The rapid decline of the Earth’s biodiversity over the course of the modern era has been heralded 

as the sixth mass extinction (Ceballos et al. 2015). Increasingly, due to extensive habitat loss and 

local extirpation, species conservation relies on heavy-handed management activities including 

captive breeding and population translocation (Seddon et al. 2014). In North America alone, 

translocation action has been taken with varying success for at least 279 species since the 1970s 

(Brichieri‐Colombi & Moehrenschlager 2016). As the list of threatened and endangered species 

grows, more care is being taken in predicting the success of translocations to best allocate limited 

resources to the most imperiled species that have the highest likelihood of benefitting from 

translocation (Fischer & Lindenmayer 2000; Seddon et al. 2007; Armstrong & Seddon 2008; 

Batson et al. 2015). The majority of translocations are conducted with the intent of restoring a 

species to its native habitat (Brichieri‐Colombi & Moehrenschlager 2016). To hold true to this 

intent, careful consideration must be made in determining the species’ historic distribution.  

Pronghorn (Antilocapra americana) are among the many North American species currently 

undergoing captive breeding and translocation. Antilocapra americana is the only extant member 

of the once diverse Antilocapridae family, according to fossil records (McKenna & Bell 1997; 

Wilson & Reeder 2005). Pronghorn populations have been on a steady decline since the arrival 

of Europeans settlers due to habitat loss, over-hunting, (Laliberte & Ripple 2004; Cancino et al. 

1998) and more recently, climate change (Gedir et al. 2015). Four subspecies are currently 

recognized; A. a. americana (American), A. a. sonoriensis (Sonoran), A. a. peninsularis 

(Peninsular), and A. a. mexicana (Mexican) (Lee Jr et al. 1994). The American pronghorn is the 

most widespread with Sonoran, Peninsular, and Mexican pronghorn occupying more peripheral 

habitat. The Sonoran Desert contains the southwestern most tip of pronghorn habitat and it is 

here that Sonoran and Peninsular pronghorn have historically been observed (Medellin et al. 

2005; Nelson 1925; Lee Jr et al. 1994) (Figure D. 1). To a large extent, A. a. peninsularis and A. 

a. sonoriensis are isolated from one another by the Gulf of Mexico but their historic ranges are 

thought to overlap in the northeastern portion of Baja California, Mexico (Cancino et al. 1998).  

Due to long-term population depression and habitat loss, both the Peninsular and Sonoran 

subspecies are listed as endangered and provided protection in the United States and Mexico 
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(United States Fish and Wildlife Service 1967; SEMARNAT 2009). Dramatic population 

declines over the last century have necessitated conservation measures for both subspecies (Otte 

2006; United States Fish and Wildlife Service 2010; Cancino et al. 1995; Cancino et al. 1998; 

Cancino et al. 2005; SEMARNAT 2009). Captive breeding of Peninsular pronghorn commenced 

in 1998 at the Vizcaino Biosphere Reserve (VBR), Baja California, Mexico, with a total of 25 

wild individuals introduced over the course of the first five years of the program (Cancino et al. 

2005). Captive breeding of Sonoran pronghorn commenced in 2004 at the Cabeza Prieta 

National Wildlife Refuge (CPNWR), Arizona, USA, with the capture of 14 wild individuals 

introduced over the course of two years (United States Fish and Wildlife Service 2010; Otte 

2006). In 2011, a second captive Sonoran herd was established at Kofa National Wildlife Refuge 

(Kofa) with 13 individuals transferred from the CPNWR herd.  

Two protected Peninsular pronghorn herds have been established at VBR with current total 

numbers estimated between 500-550 individuals. Population numbers of wild Peninsular 

pronghorn outside of the reserve are believed to be less than 250 individuals (Cancino et al. 

2010). As an added protection, a small herd of 10-15 animals is housed at the San Diego Zoo. To 

date, no captive born Peninsular pronghorn have been released outside of the VBR. The Sonoran 

pronghorn captive population has also experienced significant growth since its inception. The 

size of the captive herd steadily increased from 25 individuals in 2006 to 115 individuals in 

2013(United States Fish and Wildlife Service 2015). Release efforts from the captive Sonoran 

population have successfully boosted the wild population in Arizona from a distinct population 

low of 21 individuals in 2002 to an estimated 202 individuals as of 2014 (United States Fish and 

Wildlife Service 2015). Across the border in Sonora, Mexico, two wild Sonoran pronghorn herds 

(one at Pinacate and the other at Quitovac) have persisted without captive breeding. Recent 

population estimates for the Pinacate and Quitovac herds place the wild populations at 122 and 

434 individuals, respectively (United States Fish and Wildlife Service 2015). With captive 

breeding protocols established and captive population numbers stabilizing, thoughts turn to 

expanding reintroduction efforts. Encouraged by the recent success in re-establishing a wild herd 

of Sonoran pronghorn at Kofa, management teams are conducting a search for suitable future 

release sites for both of the rehabilitating subspecies.  
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According to an extensive review of historical accounts, pronghorn were once abundant in 

California but were extirpated from all but the northeastern most tip of the state by the 1930s 

(Brown et al. 2006). While it is believed that the historic range of the Peninsular pronghorn was 

restricted to Baja California, no genetic analysis has been conducted to confirm this placement of 

the subspecies boundary. Should U.S. Fish and Wildlife recovery team managers seek to 

reintroduce pronghorn to sites within northern Baja California and southern California, it is not 

entirely clear which subspecies should be released. To investigate the historic subspecies status 

of extirpated populations of pronghorn in the Sonoran Desert flanking the US-Mexico border, we 

performed genetic analyses upon a collection of museum specimens from the southwestern most 

corner of the pronghorn’s range. We compared museum specimen haplotypes to available 

references from A. a. sonoriensis, A. a. peninsularis, and A. a. americana. Through these 

comparisons we assigned each museum specimen to a subspecies to gain better clarity of the 

historic subspecies status of pronghorn in southern California and northern Baja California. 
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Methods 

Sample Collection  

We received a total of 17 pronghorn museum specimens from several institutions (Table D. 1). 

The specimens were originally collected at sites within southern California, USA and Baja 

California, Mexico between 1903 and 1971 (Figure D. 1). In collaboration with the Arizona 

Game and Fish Department and the Sonoran pronghorn recovery team, we established a set of 

contemporary reference samples with the collection of blood samples from 176 A. a. sonoriensis 

and 92 A. a. americana individuals (Figure D. 1). We stored approximately 1 mL of whole 

blood in either TES buffer (100 mM Tris, 100 mM EDTA, 2 % SDS; 2-parts blood to 1-part 

buffer) or collection tubes containing EDTA. 

DNA Extraction 

We pulverized bone samples within a SPEX 6757 microvial chilled with liquid nitrogen using a 

6770 SPEX Freezer/Mill® (SPEX SamplePrep; Metuchen NJ, USA). For each sample, we 

performed the following grinding cycle: 3 minute pre-cool, 3-minute run time at 15 CPS, and a 

final 1-minute cool. To prevent cross-contamination, we thoroughly sterilized all grinding 

components and tools between runs with bleach and DNA-OFF™ (Clontech Laboratories, Inc.; 

Mountain View, CA, USA). We then added 400 L 0.5 M EDTA to a maximum of 50 mg of the 

powdered bone and agitated the tubes on a rocking platform at 4C to decalcify the sample. Over 

the course of five days, we refreshed the EDTA daily by pelleting the sample with centrifugation 

and replacing the spent EDTA with a new aliquot. We extracted DNA from hide and decalcified 

bone samples with a Qiagen DNeasy blood and tissue kit. For extraction of DNA from blood, we 

employed a previously described high-recovery extraction protocol. We lysed blood samples 

overnight at 55° C with agitation in 650 uL lysis buffer (50 mM tris pH 8.0, 50 mM EDTA, 25 

mM sucrose, 100 mM NaCl, 1.0% SDS) and 25 uL 10 mg/ml proteinase K. We employed a 

standard phenol:chloroform:isoamylalcohol (25:24:1) extraction protocol utilizing light and 

heavy Phase Lock Gel tubes (5 PRIME, Gaithersburg, MD, USA). We precipitated DNA with 3 

M NaOAc and isopropanol and performed ethanol washes to further purify the DNA before re-

suspending in low TE, pH 8. To minimize contamination of museum specimens with 
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contemporary reference DNA, we processed museum specimens and blood samples in separate 

laboratories and adhered to a strict unidirectional workflow design. To monitor for cross-

contamination, we included blank samples that we carried through all extraction protocol and 

PCR amplification steps.  

Genotyping 

Suspecting that our extractions from museum specimens contained highly fragmented DNA, we 

targeted three short sections of the mitochondrial control region covering a total of 624 base 

pairs. Using PRIMER3WEB v4.0.0 (Untergasser et al. 2012; Koressaar & Remm 2007), we 

developed primers to cover six sites known to be variable between A. a. sonoriensis and A. a. 

peninsularis (Klimova et al. 2014). We conducted sequencing PCRs in 25 uL volumes 

containing 20 ng of DNA and a final concentration of 1X Invitrogen Buffer, 0.05% BSA, 0.5 uM 

each of forward and reverse primer 200 uM dNTPs, 1 mM MgCl2, and 0.5 U Invitrogen Taq 

polymerase. We used the following cycling protocol for PCR: 95C for 5 min; 35 cycles of 95C 

for 60 secs, 56C for 60 secs, and 72C for 60 secs; then 72C for 10 min. We attempted 

sequencing of all museum specimens and A. a. americana samples. We sent PCR products to the 

University of Arizona’s Genomics Core (UAGC) facility for sequencing on the ABI3730 DNA 

Analyzer platform. Using SEQUENCHER v4.9 (Gene Codes Corporation, Ann Arbor Michigan), 

we edited raw sequences and aligned forward and reverse strands to A. a. peninsularis and A. a. 

sonoriensis haplotypes obtained from GenBank under accession numbers KF806592-KF806597 

(Klimova et al. 2014).  

Data Analyses 

To visualize differences between haplotypes, we created a haplotype network in POPART (Leigh 

& Bryant 2015) using a minimum spanning network model (Bandelt et al. 1999). We computed 

nucleotide diversity () using pegas in the R environment (Paradis & Potts 2012) and haplotype 

diversity (h) as: 

 

ℎ =
𝑁

𝑁 − 1
(1 −∑𝑥𝑖

2)

𝑖
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where N is the sample size and 𝑥𝑖  is the relative haplotype frequency of each haplotype. To 

compare diversity within A. a. americana to A. a. sonoriensis and A. a. peninsularis, we 

incorporated haplotype frequencies from (Klimova et al. 2014) and re-calculated  for the 

section of mitochondrial control region sequenced in this study. We calculated PT and F-

statistics via Analysis of Molecular Variance (AMOVA) with 9,999 permutations in GENALEX 

v6.502 (Peakall & Smouse 2006; Peakall & Smouse 2012). Using PhyML v.3.0 (Guindon et al. 

2010), we inferred a maximum-likelihood phylogenetic tree from the mitochondrial sequence 

data. To root our tree, we included in our alignment control region sequence from roe deer 

(Capreolus capreolus) obtained from GenBank (accession number Z70318). We selected default 

parameters under a HKY85 substitution model (Hasegawa et al. 1985) and calculated branch 

support with an approximate likelihood-ratio test (aLRT) (Anisimova & Gascuel 2006) in 

addition to bootstrapping from 100 replicates. We visualized the resulting tree with FigTree 

v.1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/). 

   

http://tree.bio.ed.ac.uk/software/figtree/
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Results 

Genetic Diversity 

Of the 17 museum samples we processed, we successfully assembled sequence covering the 

targeted mitochondrial control region section for 10 samples. We had successful amplification 

with either one or two of the three primer sets with another five samples (La Co B, Tres Pozos A, 

La Co C, ABDSP_B, and La Jolla) and failed to amplify any PCR product with the remaining 

two samples (La Co A and ABDSP_A). We discarded 8 A. a. americana samples for failure to 

amplify with all three primer pairs, leaving us with 84 A. a. americana sequences. After quality 

trimming, our final concatenated alignment from the ten full museum sequences and 

contemporary reference sequences covered a total of 423 bases of the mitochondrial control 

region. We observed a total of twelve variable sites, including six previously observed in 

pronghorn (Klimova et al. 2014). Within the A. a. americana samples, we observed ten distinct 

haplotypes (Figure D. 2; Table D. 3A). Of the ten haplotypes, five shared sequence identity with 

the haplotypes previously reported for A. a. sonoriensis and A. a. peninsularis (Figure D. 2). 

Five museum samples shared haplotypes with contemporary reference samples (Figure D. 2). Of 

these samples, two (Parker Dam A and Parker Dam B) were haplotype Aaa4, only otherwise 

observed in A. a. americana, and three were haplotype Aap1, otherwise observed in A. a. 

peninsularis and A. a. americana. Five additional museum samples exhibited three new distinct 

haplotypes (MS1-3; Table D. 3B). 

Subspecies Assignment of Museum Specimens 

We ascribed subspecies status to regions of the haplotype network (Figure D. 2). We assigned 

haplotypes to either A. a. sonoriensis or A. a. peninsularis if they were observed in the 

subspecies or if the next nearest haplotype in the network was observed in the subspecies. Using 

this metric, we did not assign Aaa1 or MS1 to a subspecies as they differed equally from 

observed A. a. sonoriensis or A. a. peninsularis haplotypes. We then used the topology of the 

haplotype network to assign museum specimens to either A. a. sonoriensis or A. a. peninsularis 

(Figure D. 2; Table D. 4). For those specimens that failed to amplify with one or more control 

region primer sets, we based our subspecies assignment on the available diagnostic sequence 
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data (Table D. 3C; Table D. 4). Three specimens, La Co B, La Co C, and Tres Pozos A could 

not be assigned to any single haplotype given the amount of sequence obtained. These specimens 

were assigned to the subspecies of the closest matching haplotypes.  

Subspecies Differentiation 

Haplotype and nucleotide diversity are considerably higher in A. a. americana relative to either 

of the two endangered subspecies (Table D. 5). In our sampling of A. a. americana, we observed 

five of the six haplotypes previously observed in either A. a. peninsularis or A. a. sonoriensis at 

frequencies between 0.024 and 0.277 (Table D. 6). Three of the haplotypes unique to A. a. 

americana (Aaa3, Aaa4, and Aaa5) grouped with the A. a. sonoriensis haplotypes using our 

subspecies assignment metric while only one (Aaa2) grouped with A. a. peninsularis. Aaa1 (the 

unassigned haplotype; Figure D. 2) and Aaa2 were both found at relatively low frequency 

(0.012) in Americana. Of the A. a. sonoriensis haplotypes also observed in A. a. americana, 

Aas2 had the highest frequency in A. a. americana (0.277) but relatively low frequency in A. a. 

sonoriensis (0.078). Of the A. a. peninsularis haplotypes also observed in A. a. americana, Aap2 

had the higher frequency in both A. a. americana and A. a. peninsularis. Of the museum 

specimen haplotypes observed in at least one of the three subspecies, Aap1 had a frequency of 

0.267 in A. a. peninsularis and 0.048 in A. a. americana while Aaa4 had a frequency of 0.157 in 

A. a. americana.  

The topology of our maximum likelihood tree supports the distinction between A. a. sonoriensis 

and A. a. peninsularis as well as our subspecies classification of the haplotypes found in the 

museum specimens (Figure D. 3). Branch support, however, was generally low and several 

polytomies were present in the tree. Poor support within our tree is likely the result of having 

been limited to sampling so few variable sites within the highly degraded DNA of the museum 

specimens. Our tests of subspecies differentiation resulted in a strong signature of differentiation 

between all three subspecies (Table D. 7). Antilocapra a. americana is more differentiated from 

A. a. peninsularis (PT = 0.301) than from A. a. sonoriensis (PT = 0.165) and the two 

endangered subspecies are highly differentiated (PT = 0.610).   
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Discussion 

We investigated the historic distribution of pronghorn subspecies in northern Baja California, 

Mexico, and southern California, USA using museum specimens dating from 1903-1971. 

Altogether, we were able to assign 14 specimens to either A. a. peninsularis or A. a. sonoriensis. 

Excluding the samples with relatively poor mitochondrial sequencing success, our museum 

samples grouped into two subspecies with consistent geographic fidelity. Museum specimens 

sampled in Mexico grouped with A. a. peninsularis while those sampled in the U.S. grouped 

with A. a. sonoriensis. These findings suggest that the historic range of A. a. peninsularis 

encompassed the region directly south of the U.S.-Mexico border. Unfortunately, DNA 

degradation within the specimens collected in LA County, La Jolla, and ABDSP prohibited a 

firm subspecies assignment within this region. Of the six specimens collected in the southern 

California, two yielded no genotypic data and four yielded limited genotypic data. From this 

limited data, we assigned three samples to A. a. sonoriensis and one to A. a. peninsularis. Given 

these results, we tentatively assign this area to A. a. sonoriensis. Our results do not exclude the 

possibilities that the two subspecies ranges historically overlapped in southern California or that 

genotypes were once distributed in a more clinal pattern throughout the Sonoran Desert.  

Current genetic diversity levels in A. a. sonoriensis and A. a. peninsularis are depressed relative 

to historic levels and both subspecies have undergone recent population bottlenecks (Klimova et 

al. 2014). Therefore, we opted not to take current haplotype frequencies into account when 

assigning museum samples to subspecies. Our tests of population differentiation with 

mitochondrial sequence data indicate that both endangered southern subspecies are distinct from 

A. a. americana. Our estimates of differentiation between A. a. americana and A. a. sonoriensis 

are greater than earlier estimates (Stephen et al. 2005), likely due to changes in population 

structure within the captive A. a. sonoriensis herd over the course of the last decade. Our 

estimation of differentiation between A. a. sonoriensis and A. a. peninsularis differs slightly 

from that made by Klimova et al. (2014) using the same samples due to having surveyed fewer 

loci in our final alignment of the mitochondrial control region. 

Our results are consistent with recent divergence of A. a. peninsularis and A. a. sonoriensis from 

A. a. americana as a result of fragmentation of a once contiguous population in conjunction with 
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subsequent drift in small populations. Although translocation of pronghorn around the western 

U.S. is common practice (O’Gara et al. 2004), we are not aware of any translocations between 

subspecies. Therefore, despite fluctuations in divergence estimates over the last decade, there is 

little concern that the subspecies distinction is diminishing due to captive breeding practices.  
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Implications for Future Management  

Our analyses of pronghorn museum specimens indicate higher genetic similarity of the extirpated 

population in Baja California just south of the U.S.-Mexico border with A. a. peninsularis. 

Samples collected north of the historic range of A. a. sonoriensis on the border of Arizona and 

California display more genetic similarity with A. a. sonoriensis. Unfortunately, we were unable 

to strongly resolve the subspecies status of samples collected in southern California. From the 

limited data we were able to collect, we observed some evidence that this region may have had 

more genetic similarity with A. a. sonoriensis. Given the recent divergence of the two subspecies 

and the continued uncertainty concerning southern California, we advise that our results be 

interpreted by wildlife management in conjunction with knowledge of each subspecies’ ecology 

and information regarding the changing landscape of potential pronghorn habitat within southern 

California. 
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Tables and Figures 

Table D. 1: Summary of museum and archeological specimens 

FMNH – Field Museum of Natural History, UWMB – University of Washington Burke 

Museum, USNM – U.S. National Museum (Smithsonian), MVZ – Museum of Vertebrate 

Zoology at Berkeley, ABDSP – Anza-Borrego Desert State Park, SDNHM- San Diego Natural 

History Museum 
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Table D. 2: Mitochondrial sequencing primers 

Primers designed to amplify short sections of the pronghorn mitochondrial control region. Primer 

pairs Anam5, Anam6, and Anam7 amplify 150, 189, and 285 bp fragments, respectively. 

Coordinates on the pronghorn mitochondrial genome are given with respect to the genome 

published by (Hassanin et al. 2012). 
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Table D. 3: Summary of variable mitochondrial control region sites 

Twelve variable sites were found within the 423 base pair alignment generated by concatenating 

three sections of the mitochondrial control region. (a) Reference haplotypes for A. a. americana 

(Aaa), A. a. sonoriensis (Aas), and A. a. peninsularis (Aap) (b) unique haplotypes found in 

museum specimens (c) haplotypes for museum specimens with incomplete coverage of the 

sequenced region. Gaps are indicated with “” and missing sequence is indicated with grey 

shaded “N”. 
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Table D. 4: Subspecies assignment of museum specimens 

Using mitochondrial haplotypes, we have assigned each museum specimen to either A. a. 

sonoriensis or A. a. peninsularis. (*) – For several specimens, subspecies assignment was made 

using fewer than 11 variable mitochondrial control region sites and the available sequence 

matched more than one haplotype.   
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Table D. 5: Nucleotide and haplotype diversity  

Comparison of nucleotide diversity () and haplotype diversity (h) within three subspecies of 

pronghorn calculated from 423 bases of the mitochondrial control region. Nucleotide frequencies 

for this 423 base pair region for A. a. sonoriensis and A. a. peninsularis were calculated from 

published haplotype sequences and frequencies (Klimova et al. 2014). N = sample size, H = 

number of haplotypes, HU = number of unique haplotypes,  = nucleotide diversity, and h = 

haplotype diversity.  
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Table D. 6: Haplotype frequencies 

For each unique haplotype, we report the observed frequency in A. a. americana. For 

comparison, frequencies within A. a. sonoriensis and A. a. peninsularis are presented as 

previously reported in (Klimova et al. 2014). Where dashes occur for a subspecies, there is no 

record of the haplotype.  
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Table D. 7: Subspecies differentiation 

PT from mitochondrial sequence data. All values are significant at p < 0.001 based on 999 

permutations. 

 A. a. americana A. a. sonoriensis 

A. a. sonoriensis 0.165 -- 

A. a. peninsularis 0.301 0.610 
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Figure D. 1: Map of museum specimens and reference populations 

The historic and current distributions for A. a. sonoriensis and A. a. peninsularis are depicted as 

well as the collection sites for all samples included in this study. The distributions were modeled 

after (Cancino et al. 1998) and (United States Fish and Wildlife Service 2010) with the addition 

of the newly re-established population of A. a. sonoriensis at the Kofa National Wildlife Refuge 

to the northwest of the subspecies’ range. Museum specimen sampling regions are numbered 

with the associated region titles appearing in the legend. 
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Figure D. 2: Haplotype network 

The relationship between observed mitochondrial haplotypes is depicted with a haplotype 

network. Each square node represents an observed haplotype. Black circles represent inferred 

haplotypes. Solid lines indicate a relationship between haplotypes. Each tick mark on the solid 

line indicates a single DNA sequence difference between haplotypes. The squares are colored 

according to the subspecies in which they were found. Museum sample haplotypes are indicated 

in black and the identities of the museum samples are indicated within the accompanying boxes. 

Shaded ellipses denote sections of the network containing haplotypes used to infer subspecies 

status of museum samples [A. a. sonoriensis (purple) and A. a. peninsularis (green)]. The 

proportion of the square node occupied by a color is not intended to represent relative haplotype 

frequency.  

  



155 

Figure D. 3: Maximum likelihood phylogeny  

Phylogenetic tree for pronghorn haplotypes based on 423 bp section of the mitochondrial control 

region. Bootstrap values resulting from 100 replicates are presented above the branch for nodes 

exceeding boostrap values of 50. Additionally, results of an approximate likelihood ratio test are 

presented below the branch. The scale bar indicates the number of nucleotide changes per site. A 

double slash mark on a branch indicates that the branch has been truncated for compact tree 

visualization. Haplotypes originally observed in A. a. sonoriensis and A. a. peninsularis are 

highlighted with purple and green rectangles, respectively. 
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