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MATERIALS AND METHODS 
Collection 

 Aphids were collected on susceptible (Dowling) and pyramid resistant plants 
(Rag1/Rag2) in 8 states across the Midwest (Figure 2). A live plant assay was used to 
identify the collected aphids to biotype (Figure 1D). DNA was extracted from aphids 
belonging to biotype 1 (fully avirulent) and biotype 4 (fully virulent) (Table 1). 

 
 
DNA pooling and analysis 

 The DNA from five aphids from each biotype (1 and 4) and geographic location 
combination was pooled and then sequenced on an Illumina MiSeq (300bp paired-end 
reads). Sequence reads were cleaned/assembled using CLC Genomics Workbench. 
Then Popoolation2 was used to isolate single nucleotide polymorphisms (SNP) 
markers, calculate pool-adjusted allele frequencies and FST (a measure of genetic 
differentiation between populations) values for each SNP marker. 

 All SNPs with FST values >5x the mean were considered outliers, and were 
treated as candidate markers associated with biotypic virulence. The statistical 
significance of candidate markers was calculated via population randomization tests 
and Cochran-Mantel-Haenszel repeated tests of independence. BLAST2go was used 
to identify genes within 2000bp of candidate markers. Candidate markers are 
currently being verified via Sanger resequencing of field collected aphids 

RESULTS 
Outlier analysis 
• FST analysis identified 3,007 outlier SNPs potentially associated with virulence 
• Reduced to 84 SNPs after permutation and independence tests 
 

Spatial and Functional Clustering of Outliers 
• 84 SNPs grouped spatially within the genome into 59 ‘clusters’  

• 500-5000bp regions of genome 
• 22 spatial clusters were within 2,000bp of a gene with known function 

• Most of these clustered within 3 major functional categories (Table 2) 
• 4 clusters - Transposable Elements  
• 8 clusters - Transcription factors / Epigenetic regulation 
• 5 clusters - Muscle structure 

Field verification 
• Completed resequencing has identified biotype specific sequence variants within 

Piggy-back transposons (Figure 3) 
• Work is ongoing, and more sequencing is required to verify all functional clusters 

CONCLUSIONS 
Soybean aphid  
• Multiple spatial and functional sites of divergence suggest that virulence is a 

complex phenotype governed by multiple genes. 
• A large proportion of outlier SNPs associated with genetic mechanisms that can 

be induced during periods of environmental stress. 
• Transposable elements, transcription factors, and epigenetic modifiers 
• Suggests virulence may be the product of changes in gene regulation  

induced by environmental stress. 
• Resequencing has found outliers exist as verifiable genetic variants in the field. 

• Further work is required to isolate true variants from false positives. 
 

Further applications 
• Virulence associated genes were successfully identified using population samples 

as small as 5 individuals. 
• Small sample sizes could be used to identify adaptive alleles in wild populations 

• Resistance, vector efficiency, dispersal, host preference, etc. 
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INTRODUCTION 
Genome Wide Association Studies (GWAS) 

 GWAS are used to identify gene alleles associated with adaptive traits. 
GWAS compares the allele frequency of 10’s or 100’s of genetic markers 
between phenotypically distinct populations, to identify variants that are 
associated with the trait of interest. To have high confidence in these associations 
a large number of individuals (40+) must be sampled and sequenced for each 
phenotype/population. Large sample sizes can be difficult to collect when the 
studied trait is rare or difficult to measure (resistance for example) and expensive 
to sequence. Recent models suggest that high confidence results can be 
produced from small sample sizes if a large number of markers are sequenced 
(100’s or 1,000’s) per sample (Willing et al. 2012, Flagel et al. 2014) . 

Here we use a high-density GWAS approach with small populations to 
identify alleles associated with virulence in the soybean aphid. 

 

 Soybean aphid is a significant pest of soybean in the northern Midwest. 
Aphid resistant soybean varieties expressing Rag (resistance to Aphis glycines) 
genes were bred Virulent biotypes capable of overcoming the plant’s defenses 
evolved quickly for both commercialized Rag genes (Rag1 & Rag2) (Table 1). 
Virulence is influenced by multiple interacting genes, environmental conditions 
(Hough et al 2016), and obviation by other aphids (Varenhorst et al 2015). As 
such, it’s extremely difficult to gather a large sample of a single biotype.  

Figure 1: Comparative aphid population growth on A) HPR and B) 
susceptible soybean. C) Susceptible (left) and HPR (right) soybean after 
aphid exposure. D) Live plant assay in the lab. Photo: K. Tilmon, 2011. 

Figure 2: Collection locations of paired soybean aphid sampling  

Table 2: Primary gene function clusters of SNP outliers. Note: Outliers that 
produce non-synonymous mutations are marked with an X 
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Aphid	  response	  to	  resistance	  gene	  

Biotype	   Rag1	   Rag2	   Rag1	  &	  Rag2	  

1	   avirulent	   avirulent	   avirulent	  

4	   Virulent	   Virulent	   Virulent	  

Table 1: Relative virulence of biotypes compared in this research 

Biotype 1 

Biotype 4 

Figure 3: Biotype specific sequence variants found in aphid PiggyBac transposon 


