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Ying & Yang of Computational Genomics

• Molecular typing – DNA sequences as passive 
(markers) of evolutionary lineages

o Its about evolution!

• Computational phenotyping – determination of 
the genomic basis of phenotype (e.g. virulence, 
antimicrobial resistance)

o Its about function! 

Molecular
typing

Computational
phenotyping
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Learning Objectives
1. Consider your work in this class in the larger context of the course history

2. Understand the fundamentals of molecular epidemiology and typing

3. Understand pre-NGS molecular typing

4. Understand implications of NGS revolution for molecular typing

5. Familiarity with specific NGS-based methods for molecular typing

6. Sense of what the future may hold for molecular epidemiology and typing
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Outline
• Computational genomics class: goals and accomplishments

• Molecular epidemiology & typing in the NGS era

• Bacterial sequence typing

• Implications of NGS for molecular epidemiology & typing

• NGS-based typing methods: stringMLST, STing, others

• Future vision
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Computational genomics education @ Georgia Tech
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Past Course Accomplishments
Year Organism(s) #Genome(s) Platform Goal(s)

2009 Neisseria meningitidis 1 454 • Fully assembled and annotated genome
• Develop genome analysis pipeline and protocol

2010 Neisseria meningitidis 2 454 • Fully assembled and annotated genomes
• Develop genome analysis pipeline and protocol
• Develop multiple-strain database

2011 Haemophilus haemolyticus, Haemophilus
influenzae

6 454 • Distinguish between pathogenic and commensal strains of Hhae and NTHi
• Annotate the genetic basis of virulence in Hhae and NTHi

2012 Haemophilus haemolyticus, Haemophilus
influenzae

6 454 • Identify genomic regions for PCR primer design
• Gain deeper understanding between pathogenic and commensal strains of Hhae and 

NTHi

2013 Vibrio navarrensis, 
Vibrio vulnificus

9 454 Illumina • Exploit similarities and differences in the proteins, RNA, and regulatory regions of 
Vibrionaceae family

• Infer the effect of selection on the evolution of members in the Vibrionaceae family

2014 Neisseria menigitidis 25 Illumina
PacBio

• Identify genetic markers associated with epidemic
• Examine the genetic relatedness of N. meningitidis serogroup C (published previously) 

to serogroup W strains
• Determine capsule switching between the two serogroups

2015 Neisseria menigitidis,
Haemophilus haemolyticus,
Haemophilus influenzae

53 illumina • Develop genome-based typing tool to determine the strain, serogroup/serotype, and 
genotype

• Identify recombination within Hi cap locus
• Discover the mechanism of NTHi

2016 Haemophilus haemolyticus,
Haemophilus influenzae

64 Illumina • Develop a typing scheme for various strains  of non-typeable Haemophilus influenzae
(NTHi)

• Determine the evolutionary relationship between typeable and non-typeable Hi.

2017 Salmonella enterica 50 Illumina • Devised an approach to distinguish sporadic from outbreak strains
• Develop automated methods to discover genomic determinants of virulence

Year Organism(s) #Genome(s) Platform Goal(s)
2018 Klebsiell spp.

(could be scores of 
different species)

252 Illumina • Distinguish between susceptible and 
heteroresistant strains/species

• Discover genomic determinants of antibiotic 
resistance

• Development of a predictive webserver: data in -> 
knowledge out
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Student Presentation at CDC
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Partners in Public Health



Molecular epidemiology and typing: Neisseria
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Applications of MGIP for molecular epidemiology



Molecular epidemiology and typing: Haemophilus
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Molecular Epidemiology

• Molecular – “use of molecular biology techniques”

• Epidemiology – “the study of the distribution and determinants of disease occurrence in human 
populations”
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Application of Molecular Techniques to Epidemiology
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Application Method Technique
Identification Conventional Culture

Enzyme-linked immunosorbent assay (ELISA), Enzyme immunosorbent assay (EIA)
Monoclonal antibodies

Nucleic acid based DNA hybridization for known genes, Direct sequencing of one or more regions
Multilocus sequence typing (MLST)

PCR* based Amplification of a single target specific to a pathogen, Ligase chain reaction (LCR)
Protein based Western blot or immunoblotting

Typing Conventional Serotype
Antibiotic susceptibilities

Nucleic acid based Plasmid profiles
Restriction fragment length polymorphism (RFLP)
Pulsed field gel electrophoresis (PFGE)
Segmented RNA gel electrophoresis, Ribosomal RNA gel electrophoresis
Direct sequencing of one or more regions
Multilocus sequence typing (MLST)

PCR based Amplification of a single target specific to a pathogen
Targeting known repetitive sequences (enterobacterial repetitive intergenic consensus 
sequences (ERIC), repetitive extragenic palindromic sequences (REP), double repetitive element 
(DRE), BOX, insertional sequence (IS), polymorphic guanine/cytosine-rich repetitive sequences 
(PGRS))
Random primers (randomly amplified polymorphic DNA (RAPD), arbitrary primed PCR (AP-PCR))
Restriction endonuclease of a single amplified product
Amplified fragment length polymorphism (AFLP)

Protein based Multilocus enzyme electrophoresis (MLEE)
Gene expression Reverse transcriptase PCR

Microarray technologies



Traditional Testing Flow
Isolate arrives in laboratory

Isolate is logged into laboratory log book 
and given an “M” number and  streaked 
on an agar plate for overnight

Slide agglutinationbiochemical testing, 
heme and NAD factor 
requirements,  

Species specific PCR

The isolate is stored at -80C and official 
results are reported out in a time frame 
not to exceed 30 days.

Perform oxidase test 
and Gram stain

Perform molecular typing
Serogroup/serotype 
specific PCR

One laboratorian 1-2 weeks 
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From 
Xin Wang (CDC)



Isolate is logged into laboratory log book and 
given an “M” number and  streaked on an agar 

plate for overnight

WGS by Illumina

Phenotype 
encoding genesSpecies SG/ST genotypes

One laboratorian; 2-3 days

WGS based workflow

???

From 
Xin Wang (CDC)
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Comparison of Cost

*Estimation based on 8 PCR tests for 20 individual genes and median income for CDC laboratory technologist of $40,213 .

Traditional 

Genome-based

One laboratorian

One laboratorian

1-2 weeks

2-3 days

$300-$500

$800-$2000
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Sequence Typing

• Sequence typing - identifying different types of organisms within a species

• Critical for epidemiological surveillance and outbreak control

• Human pathogens of one species can comprise very diverse set of organisms

• Critically important that the typing technique have enough discriminatory power needed to 
distinguish all epidemiologically unrelated isolates.
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Desirable properties of any bacterial typing system

• Universal - applicable to all bacteria

• Natural - reflecting genealogical relationships 
while retaining the capacity to describe closely 
related organisms with distinct properties

• Understandable

• Expandable – account for incomplete 
knowledge and flexible to changes in the 
knowledge

• Portable

• Technology independent

• Readily available to the entire community

• Scalable

• Able to accommodate a wide range of 
variation

• Broadly accepted by those who use them and 
open to contributions

• Backwards compatible, where possible (locus-
based=granular)

Maiden et al. Nat Rev Microbiol. 2013. 11(10):728-36
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Multilocus Sequence Typing (MLST)

• MLST is a conventional gene-based approach for sequence typing

• Entails sequencing of 7 housekeeping genes from around the genome to accurately type the 
bacteria

• Popular and widely used in the pre-NGS era due to its good trade-off between sequencing and 
resolution

• Limited resolution for NGS era

• Older method – but has a lot legacy sequence type information and is still being used in many 
public health labs
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Multilocus Sequence Typing (MLST)
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Allele Profiles

• Alleles with good power of discrimination are used for devising the MLST technique

• Good power of discrimination: Similar enough to group same strains together, distant enough to 
distinguish different strains
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Cost Reduction of Genome Sequencing
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Computational Genomics Pipeline
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Computational Genomics Pipeline

1/25/2018 29Genomic Approaches to Molecular Epidemiology



Computational Genomics Pipeline
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Computational Genomics Pipeline

• Rapid, automated annotation on big machines

• Tight integration of multiple layers & components

• Still too slow and expensive for molecular epidemiology
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Genomic Methods Must Scale

• Genomic approaches must scale to tens, hundreds, thousands of samples entailed by outbreak & 
epidemiological studies

• Must understand difference between research grade bioinformatics/genomics and what is needed 
for molecular typing & epidemiology
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Genomic Research Methods Do Not Scale

• Methods based on genome assembly, gene prediction & functional annotation pipelines do not 
scale (e.g. CG-pipeline)

• Methods based on ortholog detection do not scale (e.g. ANI)

• Remain powerful and highly useful research tools

• But should not be shoehorned into molecular typing & epidemiology
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Genomics-to-Marker Discovery Cycle
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Sequencing

Assembly

Deep
Computational
Analysis

Marker
Discovery

Marker-based Typing

Extraction
of new strains



Genome based marker discovery with 
H. haemolyticus
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All-against-all genome comparison among 26 Haemophilus genomes 
and identification of core genes exclusive to H. haemolyticus



Present / absent gene flanked by conserved 
regions
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purT



PCR based validation of marker 
discriminatory power
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No. of isolates/No. of total (%)

purT + - + -

hpd - + + -

H. haemolyticus 174/180 
(96.7%)

0/180
(0.00%) 4/180 (0.02%) 2/180 (0.01%)

H. influenzae 3/167 
(0.02%)

155/ 167 
(92.8%) 2/167 (0.01%) 7/167 (0.04%)



Genomic Methods Must Find Their Level

• Tools and approaches need to be tuned to:
• The organism being studied
• The level of relatedness being assessed

• Binary MLST scheme designed for N. meningitidis as it evolves faster via recombination than via 
point mutation

• SNP typing will outperform K-mer based methods for highly clonal organisms (B. anthracis) & for 
distinguishing close levels of relatedness
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Typing Schemes at Different Levels

39
Maiden et al. 2013. Nat Rev Microbiol. 11:728-36
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Other MLST-like Typing Schemes

• MLST is based on the 7 house keeping loci

• They may not always provide enough discriminatory power – e.g., if they are very conserved

• Other methods in existence include:
• Ribosomal MLST (rMLST) – based on 53 loci
• Antigen MLST (aMLST) – based on few antigen loci (3-4)
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Comparative results of different MLST schemes
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Whole genome analysis and MLST

• Whole genome sequence analysis and comparison can help with the selection of loci to be used in 
MLST schemes in order to yield maximum discriminatory power

• This approach can also be used to tune the loci selection to the particular question that is being 
asked – i.e. to customize the level of resolution

• Many groups have successfully developed MLST-like typing schemes using similar approaches 
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Building Custom Typing Scheme

• BIGSdb is a great resource that can help you develop typing schemes considerably fast
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Building Custom 
Typing Scheme

44

Maiden et al. 2013. Nat Rev Microbiol. 11:728-36
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Utility of whole genome typing approaches

Approach Gene-by-gene based SNP based WG alignment based (ANI)

Linking to historical & 
epidemiological data

Yes No;
Varies with reference genome

Yes

Approach standardization Yes No;
# of SNP sites can change

Yes

Portable Yes No;
Varies with reference genome

Yes

Scalable Yes Yes Limited

Between species comparison Limited Limited Yes

Existing resources Yes No No

Expertise required Low High Medium

Shared advantages of the three approaches:
• Universal
• Natural
• Understandable
• High resolution

Shared disadvantages of the three approaches:
• Requires some form of manual curation
• Existing methods require substantial computational 

processing
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Average Nucleotide Identity

• ANI was first introduced in 2005 by Konstantinidis
& Tiedje as the ANI between gene pairs

• Later in 2007 Goris et al. provided a more practical 
approach for computing ANI

• They demonstrated correlation between DDH and 
ANI by comparing 28 strains with 124 DDH values

• They showed that the 70% DDH cut off for species 
delineation corresponds to 95% ANI cut off

• ANI has since been employed in numerous 
research publications to compare genomes of 
different prokaryotes

1/25/2018 Genomic Approaches to Molecular Epidemiology 47
Goris et al. 2007. Int J Syst Evol Microbiol. 57:81-91



Average Nucleotide Identity – Goris et al.

• Using the genome sequence, there are two methods by which the ANI can be computed: 
• ANIb
• ANIm

• ANIb was the original method proposed by Goris et al.

• The method tries to mimic DDH as much as possible

• It fragments the query genome first into 1020 nt long sequences and then computes the similarity 
against the subject genome using BLAST, hence the name ANIb

• Fragments showing less than 30% sequence identity over 70% of their length were discarded
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Average Nucleotide Identity – Goris et al.
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Query Subject Identity Coverage

Region_i1 Region_j1 100% 100%

Region_i2 Region_j2 80% 90%

Region_i3 Region_j3 20% 60%

Average
Average Nucleotide 
Identity (ANI) value

Query Genome

Subject Genome

Fragment into 
1020 nt



Solving the Issue of Scale

• Two approaches to resolving the issue of scale

• Novel genome analysis methods
• Methods based on reference assemblies & SNP calling can scale
• K-mer (word) based methods can scale

• Cyclical genome analysis approach
• Research grade genome analysis to identify novel markers
• More standard (higher throughput) marker based methods
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In silico DNA aptamers

• Also known as … K-mers, substrings, l-tuples, n-mers, n-grams etc.

• K-mers are sequence substrings of length k

• e.g., DNA 1-mers (monomers) are A, C, G, T; 2-mers (dimers) are AA, AC, AG, AT, CA, CC, CG, CT, GA, 
GC, GG, GT, TA, TC, TG, TT etc …

• These are used in numerous tools and application areas in bioinformatics

• Well known k-mer applications – BLAST, genome assemblers, genome mappers, kraken 
(metagenomics)
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Methods for Identifying an Isolate’s MLST

Traditional Methods
• Traditional methods for performing MLST 

entails performing Sanger sequencing on each 
loci followed by allele number designation

• With 2nd generation sequencing technologies, 
it is cheaper to sequence the whole genome 
over sequencing each loci
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Methods for Identifying an Isolate’s MLST

Traditional Methods
• Traditional methods for performing MLST 

entails performing Sanger sequencing on each 
loci followed by allele number designation

• With 2nd generation sequencing technologies, 
it is cheaper to sequence the whole genome 
over sequencing each loci

Contemporary Methods
• Once the genome has been sequenced, it 

undergoes quality control and genome 
assembly followed by sequence alignment and 
allele identification

• Depending on the sequencing depth, this can 
take a few hours per sample
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Next generation MLST methods

• The contemporary process is not ideal for an outbreak scenario
• Process runtime unwieldy for large number of samples
• Requires certain level of computational familiarity with the process – process bottleneck

• A more desirable method will yield MLST directly from sequence reads

• i.e., a method that can directly identify the ST from the reads with minimum expertise and time
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??



stringMLST

• stringMLST is designed to address this specific need – accurate ST detection directly from sequence 
reads

• stringMLST works on a k-mer based approach that entails direct string matching from reads

• It is an accurate and rapid typing method with minimum dependence and computational familiarity

• Works directly from NGS sequence reads: no QC, no assembly, no mapping, no alignment needed
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stringMLST
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stringMLST

• stringMLST algorithm is based on two simple concepts:
• Direct k-mer matching
• Lookup tables

• It also incorporates a few smart steps to: 
• Maximize accuracy
• Increase speed
• Minimize user input

• End result: We can type an isolate from its read in under 60 seconds with ~100% accuracy
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Algorithm
overview
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Algorithm overview

59

No k-mer match found k-mer match found
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Our stringMLST performance evaluation

• We ran the following tests were performed to evaluate stringMLST’s performance:

• Multi-species comparative test – ST prediction of 10 known isolates from 4 species (=40 isolates) 
compared against four other tools (CGE/MLST, offline CGE/MLST, SRST, SRST2)

• Large-scale accuracy test – ST prediction of known 1,002 Neisseria meningitidis isolates

• For each test, the number of correctly predicted alleles, STs and runtime was recorded

• 418 different STs evaluated
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stringMLST performance results

Comparative Test

Tool Name Type Input
% Correct Run time 

(sec)Alleles STs
stringMLST K-mer Reads 100.0 100.0 45
CGE/MLST BLAST Reads 99.6 97.5 2,922
SRST2 Mapping Reads 98.6 92.5 1,887
SRST BLAST Assembly 95.0 77.5 2,386
Offline CGE BLAST Assembly 96.1 80.0 170
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Accuracy Test (stringMLST; k=35)

#Isolates3 #Alleles
#Correctly Predicted

Run time (sec) Memory 
(GB)STs Alleles

1,002 7,014 1,000 (99.8%) 7,012 (99.97%) 40.7 0.67



Comparative test 
results (MLST 
scheme)
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Independent performance evaluation: User testimonials
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Independent performance evaluation: Tool comparison
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https://github.com/andrewjpage/docker_mlst/tree/master/results/coverage



Limited resolution of MLST

• Standard MLST still remains a popular approach in molecular epidemiology and genomic typing

• The approach suffers from the drawback of limited resolution provided from 7 genes

• 7 genes based typing methods were a good trade-off in sequencing and resolution.  Sequencing is 
no longer a limiting factor.

• Consequently, a number of newer typing methods have been proposed such as “super-MLST” 
(rMLST, cgMLST, wgMLST), SNP typing, whole genome alignment and comparison
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stringMLST for higher resolution typing schemes

• Thus we asked can stringMLST scale?

• i.e., Can stringMLST work on bigger gene sets? 53 genes (rMLST)? Or ~1600 genes 
(cgMLST)?
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Performance on higher resolution typing schemes

Larger-scale Schemes (stringMLST vs BLAST)

#Isolates #Alleles
#Correctly Predicted Processing Rate 

(Kb/sec) Scheme
Alleles %

20 1,060 1,009 95.2 516.7 rMLST
20 31,919 28,976 90.8 43.0 cgMLST
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Slight loss of accuracy – but this can be expected and is tolerated with many loci



stringMLST scaling issues

• rMLST and cgMLST phylogenies from stringMLST
are concordant with MLST results 

• Implying, stringMLST can work for larger loci 
schemes.

• The biggest issue with stringMLST was the time 
and memory consumption (=> 100GB!!)

• stringMLST was developed with smaller scheme 
in mind and it wasn’t optimized for larger 
scheme testing
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stringMLST scaling issues

• rMLST and cgMLST phylogenies from stringMLST
are concordant with MLST results 

• Implying, stringMLST can work for larger loci 
schemes.

• The biggest issue with stringMLST was the time 
and memory consumption (=> 100GB!!)

• stringMLST was developed with smaller scheme 
in mind and it wasn’t optimized for larger 
scheme testing
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stringMLST - Conclusions

• stringMLST helped establish a proof of concept for exact k-mer matching in molecular 
typing

• The method is fast, lightweight and scalable in terms of the number of genomes to be 
analyzed

• Caveat – stringMLST is only as good as the database its running on … must be current

• However, it’s scalability, in terms of the number of loci, is limited to a small set

• The algorithm in its current state, scales in an exponential manner which is not good
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stringMLST
public repository
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PubMLST database is 
downloaded and 

bundled once a week

Constantly updated and 
maintained

Aroon 
Chande

Lavanya
Rishishwar



STing – Sequence Typing

1/25/2018 Genomic Approaches to Molecular Epidemiology 72



STing – Sequence Typing

• To address the specific shortcomings of stringMLST

• The core algorithm data structure was changed from hash tables (lookup tables) to suffix trees

• Suffix trees are data structures that help in quickly determining the membership of an input string

• Database size and search time are substantially reduced (polynomial vs. exponential)

• They are used in some of the popular bioinformatics tools – BWA, MUMmer

1/25/2018 Genomic Approaches to Molecular Epidemiology 73



1/25/2018 Genomic Approaches to Molecular Epidemiology 74

Outline
• Computational genomics class: goals and accomplishments

• Molecular epidemiology & typing in the NGS era

• Bacterial sequence typing

• Implications of NGS for molecular epidemiology & typing

• NGS-based typing methods: stringMLST, STing, others

• Future vision



Possibility of real-time, read-based 
molecular typing
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Possibility of real-time, read-based 
molecular typing
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Possibility of real-time, read-based 
molecular typing
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Portable genome based typing with cloud analytics
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Additional Slides



Genome Based Typing with H. haemolyticus

• CDC received a few reports of H. haemolyticus (Hhae) associated disease

• Could represent a case of an emerging pathogen

• Difficult to distinguish from non-typeable H. influenzae (NTHi) using conventional methods

• Want to develop typing scheme to see if previous disease cases associated with NTHi can actually 
be attributed to Hhae
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Analytical framework for H. haemolyticus typing
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Rapid species / strain discrimination at low genomic 
coverage
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Complete Genome



Rapid species / strain discrimination at low genomic 
coverage

1/25/2018 Genomic Approaches to Molecular Epidemiology 83

Coverage: 35x



Rapid species / strain discrimination at low genomic 
coverage
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Coverage: 10x



Rapid species / strain discrimination at low genomic 
coverage
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Coverage: 5x



Rapid species / strain discrimination at low genomic 
coverage
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Coverage: 1.8x
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