
Introduction: Polyploidy, or whole-genome duplication (WGD), is an important evolutionary 
force in angiosperms 1. WGDs may arise within a single individual or by crossing between 
individuals of a single species (autopolyploidy) or from hybridization between two distinct species, 
with the retention of chromosome sets from both parental species (allopolyploidy). Unlike 
allopolyploids, autopolyploids were traditionally considered very rare in nature and maladaptive 
2,3; however, recent studies have revealed the importance and frequency of autopolyploids 4,5. 

For both auto- and allopolyploids, multiple origins from genetically divergent diploid 
parents seem to be more common than single origins 4. Multiple origins may be temporally and 
spatially segregated and may play an important role in increasing the genetic diversity of a 
polyploid species. However, little work has been done to unravel the consequences of multiple 
origins in an autopolyploid system. If the origins are spatially segregated, and gene flow among 
the polyploids is initially limited, then the genomic and ecological trajectories of the independently 
formed polyploid populations could differ 6. For example, selection will favor niche or range shifts 
in a polyploid compared to its diploid progenitor as an escape from minority cytotype exclusion, 
or negative frequency-dependent selection; it is unknown if the strategy may differ with separate 
origins. Divergence between an autopolyploid population and its local diploid progenitor, repeated 
across all independent origins, could generate a highly heterogeneous assemblage of autopolyploid 
populations; however, data to evaluate this prediction are lacking. Despite the potential importance 
of multiple origins, their impact has largely been overlooked in naturally occurring multi-cytotype 
autopolyploid species. Moreover, some multi-cytotype autopolyploid species may occur as mixed-
ploidy populations, with diploids, autotetraploids of possibly independent origin at the same 
locality, and triploids, which may be a stepping-stone to autotetraploidy or the result of crossing 
between the diploid and autotetraploid. 

For this study, I will focus on Galax urceolata (Diapensiaceae), which is endemic to the 
southern Appalachians of the United States and includes diploid, triploid, and autotetraploid 
cytotypes. Galax urceolata is considered one of the best examples of autopolyploidy in nature 3. 
Galax (which is monotypic) is morphologically and phylogenetically distinct from all other genera 
in Diapensiaceae in the eastern United States. Therefore, the tetraploid cytotype has long been 
considered an autotetraploid 7. Notably, there are no known morphological, flavonoid, or allozyme 
differences between cytotypes 7–9. Ecological niche models revealed that these cytotypes slightly 
overlap in climatic niche space 10. Both diploids and tetraploids are self-incompatible and have 
overlapping flowering phenology, as well as shared pollinators 11. Based on microsatellite markers, 
it is estimated that a minimum of 46 independent autotetraploid formations and 31 triploidy events 
have occurred within Galax urceolata, among the highest reports known for recurring polyploidy 
12. 

Objectives: I will investigate the evolutionary and genomic trajectories of autotetraploid 
populations of independent origin in Galax urceolata to evaluate the overall impact of multiple 
origins in autopolyploid systems. I will focus on (1) the population genetic and demographic 
history among cytotypes, as well as (2) ecological comparisons, specifically the microbiome and 
soil chemistry, among the cytotypes. Specifically, I will address the following questions: (1) How 
do the separate origins, with varying levels of secondary contact, differ in genetic relatedness to 
their diploid progenitor? (2) Do separate origins differ in ecological trajectory, in terms of 
microbial associations and soil chemistry? For the current proposal, I will focus on fieldwork to 
obtain samples of both plants for molecular analysis and soil for chemical and microbiome 
analysis. 



Methods: To address both questions, I will sample 10 individual plants from each of 20 
previously studied populations (e.g. 12), including populations consisting of single cytotypes and 
those with every combination of cytotypes. Multi-ploidy sympatric and parapatric populations will 
allow for inference of multiple origins. Populations will be selected based on known locations 
from previous studies, and ploidal levels of samples will be confirmed with flow cytometry. I am 
requesting funding for sample collection and flow cytometry.  

For question 1, I will investigate genetic relatedness between individuals of inferred 
separate origins and that of the potential progenitors. Separate origins can be identified using a 
combination of chromosome evolution models on a phylogeny inferred using a lynch distance 
matrix 12 and comparison of genetic markers between diploid and polyploid populations. The 
relatedness coefficient will be estimated based on previously developed methods 13. I will compare 
the empirical estimates of relatedness to relatedness estimated based on simulated populations with 
varying levels of gene flow to determine the potential demographic history of each origin. I will 
generate high-throughput sequence data, using target enrichment methods, for individuals 
sampled. Recent advances in sequencing and bioinformatics allow allelic dosage to be inferred for 
polyploids based on paralog detection 14,15. Based on these data, I will investigate whether 
population cytotype composition and mode of contact (primary or secondary) are associated with 
shifts in relatedness. I aim to determine the extent of gene flow among separate origins and among 
cytotypes. Additionally, all inferences will be compared to previously generated microsatellite 
data 12 as high-throughput sequences are thought to allow more accurate estimates of introgression 
16. 

To address question 2, I will extend my study of ecological trajectories beyond the 
environmental variables of temperature, precipitation, and elevation, as included in my previous 
comparison of abiotic ecological niches among cytotypes 10. Here, I will characterize differences 
in the rhizosphere ecology among Galax urceolata cytotypes. Below-ground species, specifically 
taxa in microbial communities, drive productivity in at least some plant species 17. Despite the 
known ecological connection between soil microbes and plants, we lack an understanding of the 
effects of WGD on these relationships 18. Overall, only slight ecological differences have been 
noted between the three cytotypes of Galax urceolata 10, and the mechanisms utilized by newly 
formed polyploids to escape minority cytotype exclusion are therefore unclear. Recurrent 
formation of triploids and tetraploids may have led to a geographic mosaic of species and 
community interactions among the hypothesized independent origins 18, and this diversity may be 
expressed in divergent interactions with mycorrhizae and soil bacteria. Therefore, I will investigate 
the microbial communities associated with each cytotype through genomic sequencing of soil and 
root samples from each population. Additionally, I will investigate whether or not fine-scale niche 
differences exist among the cytotypes with regard to total vegetation cover, soil pH, soil nitrogen, 
and soil phosphorus. 

Intellectual Merit and Broader Impacts: To date, no studies have investigated the 
population genomics of a naturally occurring autopolyploid with multiple origins. This study will 
provide novel insight into the implications of multiple origins and and subsequent gene flow 
between individuals of separate origins for shaping the geographic and cytogenetic structure of 
autopolyploid species. Proper assessment of genetic diversity within a lineage is also needed to 
inform conservation priorities and potential population management strategies; Galax is endemic 
to a narrow climatic zone in the forests of the Appalachians and is considered threatened in parts 
of its range.  



Additionally, there is a lack of recorded cytotypes among herbarium specimens of Galax; 
of the over 630 herbarium specimens for Galax, only 24 specimen records include ploidal level. 
The lack of recorded cytotype has limited our understanding of the distribution, phenology, and 
impact of climate change on this complex due to the few individuals that can actually be included 
in these analyses 7–11. Therefore, to better understand how autopolyploidy impacts evolution and 
ecology, and to prioritize conservation of populations in this group, it is vital to collect and deposit 
specimens with their appropriate cytotype recorded. This is particularly crucial given the difficulty 
in obtaining flow cytometry estimates of ploidy from dried herbarium specimens. Therefore, I am 
requesting funding to support field collection efforts to address the two main goals of my research 
and to provide resources for additional study. With the additional specimens I obtain, I will 
carefully investigate morphology, phenology, as well as the impact of climate change on the Galax 
cytotypes. These additional analyses will also stress the importance of continuing to collect 
herbarium specimens for understanding biodiversity 19. 

Additionally, I will make data publicly available using chromosome databases (CCDB 
and IPCN), digitized specimen repositories (iDigBio and SERNEC), trait databases (e.g., TRY), 
and genomic data repositories (NCBI). Herbarium specimens and DNAs/tissues will be 
accessioned into the Florida Museum of Natural History at the University of Florida. 

Finally, the combination of cytotype distributions, improved inference of multiple 
origins, population genomic data, rhizosphere associations, morphology, and phenology will 
contribute to new assessments of conservation priority for cytotypes and populations of Galax 
urceolata. 

Budget Justification: The budget for this project includes the cost of travel from 
Gainesville, FL, to Highland, NC, to collect plants in the field for this study. I will rent a car to 
travel to Highlands, NC, as well as to populations between Highlands and Lynchburg, VA. 
Within this range, at least one population of each cytotype combination has previously been 
identified. The goal of this trip is to collect leaf samples for flow cytometry and DNA 
sequencing. Additionally, soil cores will be collected for both barcoding and soil chemistry 
analyses. I will also collect voucher specimens from each population. Additional funding is 
currently being sought from other granting agencies. To date, I have received $300 towards this 
total cost from the UF Biology Department. 
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