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Microbial Genome Wide Association Studies 
 

Background 

Genome Wide Association Studies (GWAS) are hypothesis-free methods for identifying genetic 

variations associated with particular phenotypic traits within a population (Juran and Lazaridis, 

2011;Visscher et al., 2017). Microbial genome-wide association studies (mGWAS) are a new and 

exciting research field that is adapting human GWAS methods to understand how variations in 

microbial genomes affect host or pathogen phenotypes (Power et al., 2017).  

Given the availability of large panels of bacterial genomes combined with phenotypic data in public 

databases, GWAS have shown promising results for genetic marker discovery and as emerged as a 

fundamental task in bacterial genomics (Falush, 2016). GWAS will provide microbiologist with an 

enhanced insight into genotype to phenotype correlations, including complex traits such as virulence, 

persistence, biofilm formation, epidemicity, host preference and antibiotic resistance (Laabei et al., 

2014;Brynildsrud et al., 2016;Lees et al., 2017;Jaillard et al., 2018;Fritsch et al., 2019). 

 

Principle and methods 

GWAS aim to identify the genetic basis of phenotypic traits using the variation that exists within natural 

populations. The genome sequence and phenotypic properties are determined for a collection of 

strains. Statistical tests are performed to see if particular genetic variants are more common in strains 

that have the phenotype than in those that do not. Genetic variants that are associated with traits are 

candidates to explain the variation in the trait that is seen within the population (Visscher et al., 2017). 

The most common methods are based on single nucleotide polymorphisms (SNPs), defined by aligning 

all genomes of the studied panel against a reference genome, and on the gene presence/absence of a 

collection of genes. However, the use of a reference genome becomes unsuitable when working on 

bacterial species with a large accessory genome. Focusing on the effects of SNPs alone will miss the 

acquisition of genes potentially introduce by recombination. On the other hand, methods focusing on 

genes are unable to cover variants in noncoding regions and some poorly studied species still lack a 

representative annotation. A third approach has relied on k-mers (all nucleotide substrings of length k 

found in the genomes) which can account for diverse genetic events such as the acquisition of SNPs, 

insertions/deletions and recombinations. While k-mers can reflect any genomic variation in a panel, 

they do not themselves represent biological entities (Power et al., 2017). 

Bacterial association mapping is technically challenging due to the unique characteristics of bacterial 

populations. In comparison to human GWAS, the confounding factors of the microbial GWAS include 

genome selection, homologous recombination events, population structure, as well as genome wide 

significance (Vila Nova et al., 2019).  

To determine best practices for microbial GWAS, it is essential to compare current GWAS methods in 

terms of their performance across a range of realistic effect sizes, recombination rates and sample 

sizes. For this end, Saber et al., recently developed a bacterial GWAS simulator (BacGWASim) to 

generate bacterial genomes with varying rates of mutation, recombination and other evolutionary 

parameters, along with a subset of causal mutations underlying a phenotype of interest (Saber and 

Shapiro, 2020). This simulator could be very useful to assess the performance and optimize different 

GWAS pipelines. 
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Tools and Pipelines 

Following the first tool computing GWAS with a correction of Eukaryotic population structure based on SNPs (PLINK) in 2007 (Purcell et al., 2007), several computational 

tools and methods following different approaches have been developed to facilitate the discovery of novel mutations that are associated with the phenotypes of interest. 

Traditional microbial-based GWAS tools can be broadly categorized into four categories: (a) phylogeny, (b) non phylogeny, (c) hybrid tools that implement a combination 

of statistical and phylogenetic methods and (d) machine learning . For example, CCTSWEEP and VENN use phylogenetic trees to find correlations between SNPs that are 

statistically significant (Habib et al., 2007), GWAMAR implements various statistical methods such as mutual information, odds ratio, hypergeometric test and weighted 

support to associate the  phenotypes with point mutations (Wozniak et al., 2014) while the machine learning approach of PhenotypeSeeker identifies phenotype-specific 

k-mers, generates phenotype prediction model and predicts the phenotype from sequencing data (Aun et al., 2018). With the growing number of different GWAS 

softwares available, the choice of tool, methods or workflows presents a major challenge to biologists. Here we present in Table 1 a summary of bioinformatics tools and 

pipelines available for microbial GWAS and highlight their advantages and limtations.  

 

 
Table 1: summary of bioinformatics tools and pipelines available for microbial GWAS



                         

 

5 
 

 

Applications  

Over the last 10 years, microbial GWAS had been implemented to explore a diversity of interesting 

phenotypes. A summary of microbial GWAS applications is presented in Table 2.  

Successulf GWAS include the identification of genomic and metabolic signatures in Salmonella enterica 

that were associated to different animal sources (Vila Nova et al., 2019) and the detection of genes 

encoding vitamin B5 biosynthesis in Campylobacter isolates that were responsible for adaptation to 

cattle (Sheppard et al., 2013). Another food pathogen was also investigated by Fritsch et al., 2018  who 

identified a number of genes and SNPs, as well as specific phylogenetic sub-lineages that were 

associated to cold adaptation of Listeria monocytogenes. 

In another study, Laabei et al., identified a large number of loci that was significantly associated with 

toxicity of methicillin resistant Staphylococcus aureus (Laabei et al., 2014) while Galardini et al., 

characterized genetic determinants responsible for extra-intestinal virulence in Escherichia coli 

(Galardini et al., 2020).  

Another pan-genome-wide association study identified prophage sequences as being associated with 

decreased carriage duration of Streptococcus pneumoniae, potentially by disruption of the 

competence mechanism (Lees et al., 2017). Furthermore, mGWAS was used by Davies et al., to 

determine vaccine candidate coverage from 2083 Group A Streptococcus genomes (Davies et al., 

2019). 

Microbial GWAS also provide new opportunities to develop insights into the biological mechanisms 

that underlie antimicrobial resistance. GWAS is a promising tool for identifying common genetic 

variants associated with antibiotic resistance and rare mutations in candidate gene that can also be 

associated with resistance phenotypes. Sevaral studies have been used to detect novel mutations 

associated with drug resistance in Mycobacterium tuberculosis (Farhat et al., 2013;Wozniak et al., 

2014;Jaillard et al., 2018). In another study, Alam et al., successfully applied GWAS in Vancomycin-

intermediate Staphylococcus aureus and recovered known mutations of the rpoB gene and also 

identified rare mutations in a set of candidate genes (walKR, vraSR, graSR, and agrA) associated with 

intermediary phenotype (Alam et al., 2014). Few other GWAS studies also identified genes acquired 

by horizontal transfer in Staphylococcus aureus (Jaillard et al., 2018) and Staphylococcus epidermidis 

(Brynildsrud et al., 2016).  

 

 
Table 2: Summary of microbial GWAS 
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GWAS - RADAR – WP1 context 

In WP1, we focused our work on the analysis of plasmid as they represent the most important vector 

for AMR dissemination. We first constructed a curated database of unique complete plasmid 

sequences including a bioinformatic pipeline allowing for systematic classification of plasmids (Douarre 

et al., 2020). We then used this specific database to conduct a benchmark on plasmid prediction tools 

to identify S. enterica plasmids from short reads and we developed a pipeline for the complete 

exploration of the plasmidome including identification, reconstruction and annotation of plasmids. 

Finally, the resistome of the plasmids were identified by aligning all reconstructed plasmid sequences 

against the Resfinder database (manuscript in preparation).  

We successufuly applied this novel workflow on a collection of 2863 S. enterica genomes (Salmonella 

network Anses) and identified 225 plasmids carrying AMR determinant conferring resistance to all the 

main classes of antibiotics. Working with this particular collection of S. enterica genomes was 

interesting beause of the heterogeneity of the dataset (different sources, serovars). However 

phenotypic data associated with resistance were not available and the predicted phenotype could not 

be confirmed. For the same reason GWAS could not be perfomed on this dataset and compared to our 

genotypes results.  

Globally, we believe that searching resistance markers encoded by plasmid in a large dataset is easier 

and faster through a reference-based method than through a pangenome approach. Moreover, 

several studies previoulsy reported a strong correlation between the genotype identified using 

alignment-based program (BLAST-RESFINSDER) and the predicted phenotype. Even though GWAS can 

detect acquired genes responsible for a resistant phenotype, it stands out from other workflows by its 

ability to detect of novel or rare mutations explaining an unknwown phenotype.  
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