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S1. GATK best practices pipeline and vcftools iterative filtering 

Haplotype Caller was used to create the genomic variant call format (gvcf) files for every sample 

(both colony and individual) [1]. Then GATK’s GenomicsDBImport was used to create two 

intermediate databases, one for colony samples and one for individual samples. This was followed by 

the creation of a vcf per chromosome, one for colony samples and one for individual samples, using 

GATK’s GenotypeGVCFs. The per chromosome vcfs were merged into one vcf containing all samples 

and all sites using GatherVcfs [1]. Using GATK’s SelectVariants command, indels were removed and 

only SNP variants were kept. 

After GATK best practices a robust filtering method for ddRADseq data designed by O’Leary et 

al., (2018)[2] was performed which mitigates errors in downstream data analysis that can be caused by 

allelic dropout. (Table S12)

Table S12. The GATK hard filtering thresholds and the O’Leary et al (2018) RADseq filtering pipeline.

Filter name and 

programme Filter description Threshold 

QualByDepth (GATK) 
Variant confidence divided by the unfiltered depth. Filtered at 

GATK recommended value. 
< 2 

Quality (GATK) 
Variant quality confidence. Filtered at GATK recommended 

value. 
< 30 

FisherStrand (GATK) 
Phred-scaled probability of strand bias. Filtered at GATK 

recommended value. 
> 60



StrandOddsRatio 

(GATK) 

Strand bias test that compensates for where FisherStrand filter 

penalises variants at the end of exons. Filtered at GATK 

recommended value. 

> 3 

RMSMAppingQuality 

(GATK) 

Root mean square mapping quality over all reads at each site. 

Filtered at GATK recommended value. 
< 40 

MappingQualityRankSu

mTest (GATK) 

Rank sum test for mapping qualities. This compares mapping 

qualities of the reads supporting the reference allele at the 

alternate allele. Filtered at GATK recommended value. 

< - 12.5 

ReadPosRankSumTest 

(GATK) 

The rank sum test for site position within reads. This compares 

whether positions of the reference and alternate alleles are 

different within the reads. Filtered at GATK recommended 

value. 

< - 8.0 

--remove-indels 

(vcftools) 

Remove any insertions or deletions in the data, leaving only 

SNPs 
All removed 

--maxDP and –minDP 

(vcftools) 

Filters sites based on read depth, removing any below the 

minimum threshold and above the maximum threshold.  
>5 and <500 

--minQ (vcftools) Retain sites with quality value above this threshold. >20 

--max-missing (vcftools) 
SNPs excluded based on a proportion of missingness across all 

samples 
>0.5 

--missing-indv (vcftools) Samples excludes based on a proportion of missing SNPs  <0.9 

--max-missing (vcftools) 
SNPs excluded based on a proportion of missingness across all 

samples 
>0.6 

--missing-indv (vcftools) Samples excludes based on a proportion of missing SNPs  <0.7 

--max-missing (vcftools) 
SNPs excluded based on a proportion of missingness across all 

samples 
>0.7 

Data filtering continued 

--missing-indv (vcftools) Samples excludes based on a proportion of missing SNPs  <0.5 

--missing-indv (vcftools) Samples excludes based on a proportion of missing SNPs  >0.25 

--max-missing (vcftools) 
SNPs excluded based on a proportion of missingness across all 

samples 
<0.95 

Filter_monomorphic.py  Custom python code that removed any monomorphic sites All removed 

 

S2. ABBA BABA calculations and information 

 

The ABBA BABA approach was developed in a series of papers [3–6]. ABBA and BABA patterns are 

calculated using allele frequencies at fixed sites in the outgroup [5,7]: 



𝐴𝐵𝐵𝐴 =  (1 − 𝑃1) × 𝑃2 × 𝑃3 × 1 − 𝑃𝑜 

𝐵𝐴𝐵𝐴 = 𝑃1 × (1 − 𝑃2) × 𝑃3 × 1 − 𝑃𝑜 

Paterson’s D is calculated using the sum of ABBA and BABA patterns across all SNPs:  

𝐷 =  
∑(𝐴𝐵𝐵𝐴) −  ∑(𝐵𝐴𝐵𝐴)

∑(𝐴𝐵𝐵𝐴) +  ∑(𝐵𝐴𝐵𝐴)
 

When D deviates from zero it can be indicative of introgression between populations. An excess of 

ABBA patterns (introgression between P2 and P3) and would result in a D value > 1 and an excess of 

BABA sites (introgression between P1 and P3) will result in a D value <1. In this study significant 

positive D values would indicate introgression between, putative A. m. mellifera honey bees (P2) from 

the South West of England and C lineage honey bees (P3) (Figure 2). To test whether the D statistics 

significantly varies from zero, Z-scores and P-values were calculated (results in supplementary tables 

S2 and S3) [3–6]. 

The related f statistic used to estimate over all proportion of admixture was calculated: 

𝑓 =  
∑(𝐴𝐵𝐵𝐴) −  ∑(𝐵𝐴𝐵𝐴)

∑(𝐴𝐵𝐵𝐴) +  ∑(𝐵𝐴𝐵𝐴)
 

Where: 

𝐴𝐵𝐵𝐴𝑛𝑢𝑚𝑒𝑟𝑎𝑡𝑜𝑟 =  (1 − 𝑃1) × 𝑃2 × 𝑃3𝑎 

𝐵𝐴𝐵𝐴𝑛𝑢𝑚𝑒𝑟𝑎𝑡𝑜𝑟 =  𝑃1 × (1 − 𝑃2) × 𝑃3𝑎 

𝐴𝐵𝐵𝐴𝐷𝑒𝑛𝑜𝑚𝑖𝑛𝑎𝑡𝑜𝑟 =  (1 − 𝑃1) × 𝑃3𝑏 × 𝑃3𝑎 

𝐵𝐴𝐵𝐴𝐷𝑒𝑛𝑜𝑚𝑖𝑛𝑎𝑡𝑜𝑟 =  𝑃1 × (1 − 𝑃3𝑏) × 𝑃3𝑎 

To calculate the D statistic and f statistic in the pooled data, colony level allele frequencies were 

calculated at each SNP using the AD and DP fields from the info column in the vcf file, this is the 

same method employed for pooled data by poolfstat [8]. The individual worker RADseq calculations 

were performed in the software package Dsuite [9]. For the individual analysis Dsuite performs 



another related f statistic, the f 4-ratio [6]. The f 4-ratio, just like f, estimates the proportion of 

admixture between P2 and P3 but here the result is a ratio where represents the admixture from P2 to 

P3 and 1-α the admixture from P3 to P2 (Figure S1) 

Figure S1. Overview of South West England ddRADseq samples and subspecies standards bioinformatics 

workflows. Samples were processed based on the sampling approach 

The admixture ratio (α) between P2 and P3 is calculated by again splitting P3 into two groups, P3a 

and P3b and replacing P2 with P3b to compare observed ABBA BABA patterns to patterns of 

complete admixture. Specifically, if P3 were to be split into P3a and P3b, P3a and P3b represent the 

same subspecies and the admixture would be a proportion of 1.0, total admixture. Dsuite [9] 

calculates the f4 ratio as: 

𝑓4𝑟𝑎𝑡𝑖𝑜 =  
∑(𝑃3𝑎 − 1) ×  ∑(𝑃2 − 𝑃1)

∑(𝑃3𝑎 − 1) ×  ∑(𝑃3𝑏 − 𝑃1)
 

Dsuite splits P3 by randomly sampling alleles from P3 at each SNP. D suite also calculates normalised 

Z scores and P-values.  

To test for significance Z-scores are generated using block jack-knifing, which accounts for the non-

independence of linked sites. During block jack-knifing data are divided into blocks of a particular 

genomic distance or number of SNPs, and the D-statistic is calculated for each of these blocks. Then, 



the overall D is compared to the standard error of D resulting from the blocks, and a Z-score is 

calculated. Importantly, RADseq data can contain linked groups of SNPs and this can confound the 

standard error of jackknife block. Additionally, implementing Z-scores assumes that the data is 

normally distributed, but often, D statistics resulting from jackknife blocks may not be. To obtain an 

approximately normally distributed standard error the variation of D over the blocks is calculated, 

multiplied by the number of blocks and the square root of that number is taken [3–5]. From this a Z-

score is calculated: 

𝑍 𝑠𝑐𝑜𝑟𝑒 =  
𝐷

𝑛𝑜𝑟𝑚𝑎𝑙𝑙𝑦 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑  𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐸𝑟𝑟𝑜𝑟 𝑜𝑓 𝐷
 

 and then a p-value to estimate significance: 

𝑝 𝑣𝑎𝑙𝑢𝑒 = 2 × 𝐿𝑜𝑔 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑢𝑚𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑖𝑠𝑡𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 (−𝑍 𝑠𝑐𝑜𝑟𝑒) 

 

S3. Sense check of SNP array results  

To sense check the SNP array results a comparison of the ADMIXTURE Q values for the subspecies 

standards were compared back to the results from Henriques et al (2018). These subspecies standard 

data were generated by Pinto et al (2014) and examined in Munoz et al., (2015) and Henriques et al., 

(2018)[10–12].  

 



Figure S2. Comparison of results for subspecies standards that accompany the SNP array. ADMIXTURE Q value 

results from this experiment plotted against the results from the Henriques et al (2018).   
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