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OBJECTIVE 1 RESULTS
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1)What are the best approaches to disentangle gene tree discordance resulting from gene 
flow and ILS, when genome-scale data are available?   

2)Do sources of gene tree discordance impact the phylogenetic resolution, relationships, and 
species monophyly in Primula sect. Primula? 

3)Do areas of low recombination and smaller effective population size, such as the S-locus 
supergene in Primula, exhibit less ILS and gene tree discordance? 

•Utilizing genome-scale data, such as whole genome resequencing (WGR), provides 
unprecedented marker density and enables detecting and disentangling reticulate evolution 
across entire genomes.  

•Analyses that draw upon different facets of data and rely on 
disparate methods to identify introgression aid in informing how 
confounding biological signals can be integrated in 
phylogenomics.  

•Primula sect. Primula (primroses, Primulaceae) 
represents an ideal model to test the power of WGR for 
investigating sources of phylogenetic discordance. 

•Hemizygous S-locus supergene (Fig.1) 
•Chromosome-level genome of P. veris  
•Seven species 
•Documented gene flow between species 

•We generated WGR data for 157 Primula sect. Primula accessions 
to examine the role that introgression, recombination, and 
incomplete lineage sorting (ILS) play in the evolutionary 
history of this clade. 
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Figures 

Fig. 1 Heterostyly in Primula veris and models for the origin of the S locus. 

A. Top: Short-styled (S) and long-styled (L) morphs differ by having male (anthers) and female 

(stigma) sexual organs reciprocally positioned in their flowers. Bottom: The S locus (red) is 

hemizygous in S-morphs (S haplotype), absent in L-morphs (s haplotype); the location of CFB genes is 

indicated in yellow. B. Structure of the S locus in the S-morph, with gene orientations indicated by 

pointed ends. Top: dominant S haplotype containing five genes (red) and two copies of CFB in each 

flanking region (yellow); bottom: recessive s haplotype with only two copies of CFB. Superscripts on 

genes stand for: T=Thrum (S-morph), P=Pin (L-morph), L=Left, R=Right, 1=gene copy 1; 2=gene copy 2. 

c. Two models for the origin of the S locus involving its four duplicated genes. Segmental duplication 

model (top): the paralogs of S-locus genes were originally clustered (1), then duplicated as a single 

segment and inserted into a different genomic region, here called pre-S-locus region (blue) (2), 

forming a proto-S-locus (yellow) (3); intervening genes were then lost and recombination suppressed, 

forming the S locus (4). Stepwise duplication model (bottom): the paralogs of S-locus genes were 

originally unlinked (1), duplicated asynchronously and independently inserted into the same region 

(blue) (2), forming a proto-S-locus (3); recombination among these genes was then suppressed, 

forming the S locus (4).  
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FIGURE 1. Short-styled (S) and long-styled (L) 
morphs of P. veris. The S-locus (red) is 

hemizygous in S-morphs (S haplotype), 
absent in L-morphs (s haplotype). Figure 

adapted from Potente et al. 2021.
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FIGURE 3. The optimized topology encompasses all highly supported hybridization edges across different 
analyses, and represents the most complete evolutionary hypothesis for Primula sect. Primula. 

Dashed lines represent reticulations at different phylogenetic depths. Hybridization edges: 
SNaQ (purple), QuIBL (light blue), ADMIXTURE (pink), and/or Dsuite (dark 

blue). Percentages indicate the average percentage of alleles 
derived from a given hybridization edge.
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FIGURE 2. MSC phylogeny with pie charts showing 
the proportion of 5,674 genome fragment trees that 

are in concordance (green), discordance (purple), 
support the second most common topology (orange), or 

have less than 70% BS support (grey) at that node.

FIGURE 5. Overview of Primula sect. Primula with 157 ingroup specimens. UPPER) ADMIXTURE plot showing genetic clusters. For P. veris (orange), P. vulgaris (yellow), and P. elatior (purple) subspecies name shown in white boxes and species name shown 
below. For other specimens (in teal) species names are shown in white boxes. LOWER) Maximum likelihood phylogeny inferred from IQ-TREE with 1,375 concatenated low-copy nuclear loci. Tips correspond to name in ADMIXTURE plot and are colored by 
species. Branches <95% bootstrap are collapsed, and all other branches recovered with >95% support.

CONCLUSIONS
•We have presented the first completely resolved species phylogeny for 

Primula sect. Primula.  

•Our results demonstrate that gene flow and introgression can be persistent 
features during evolution, yet phylogenetic resolution is possible through 
full genomic data and a combination of population and species-level 
analyses.  

•As genome-scale data becomes increasingly accessible, focus should shift 
towards a more complete understanding of the biological processes 
operating in the evolution of different lineages.  

•Selecting analyses that encompass multiple aspects of data and 
understanding how these analyses both differ from and complement each 
other are paramount to this endeavor.

OBJECTIVE 2 RESULTS
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OBJECTIVE 3 RESULTS
•The S-locus trees were more similar to each other than trees 

obtained from other regions in the genome (Fig. 4). 
•The S-locus has been less impacted by discordance due to 

suppressed recombination and smaller effective population size.

FIGURE 4. Comparison of Robinson-Foulds (RF) distances for genome fragment (GF) 
trees in the S-locus (red) and all other regions (white) of the first chromosome. The GF 
trees in S-locus are significantly (p<0.001) more similar to each other than those in other 
regions of the first chromosome.

•The ML tree and MSC tree supported 
the same relationships at shallow 
nodes (Figs. 2,5).  

•Six species were strongly 
supported as monophyletic, P. 
elatior was non-monophyletic.  

•P. elatior had the most 
admixture (Fig. 5). 

•High discordance was detected 
at most nodes, but was more 
pronounced at deeper nodes (Fig. 
2).  

•Our results, supported by multiple 
analyses, recovered six hybridization 
events during the evolution of Primula 
sect. Primula (Fig. 3).

•Four different methods were used to detect reticulations at different timescales and signal 
strengths (Fig. 3). 

•Results from multiple analyses were synthesized into an optimized topology that 
encompassed all highly supported hybridization edges across different analyses (Fig. 3). 

•Hybridization plays a more significant role than ILS in explaining gene tree 
discordance.  

•Examining entire genomes in conjunction with targeting different 
facets of the data with complementary analyses produced a 

more complete picture of evolution.


