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PhD context

• 2 different projects:


1. Exploring drug resistance using HIV MSAs and ML


2. Improving long-read mapping


• Both linked by sequence alignment 


• Ignore the chronological order for thematic coherence
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Introduction
Biological sequences

• Sequences are just a succession of characters


• Sequences encode life


• Foundation of bioinformatics and modern biology 

5

ATGGTGCACCTG⋯
DNA

MVHLTPEEKSAV⋯
ProteinRNA

AUGGUGCACCUG⋯→ →
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Introduction
Sequencing

• Sequencing  technique for reading the biological sequence


• A read  approximate subsequence of the original sequence


• Many technological advances since Sanger in 1977


• Long Reads: PacBio 2011, ONT 2014


• Sequencers make mistakes:


• Substitutions 


• Indels

⇔

⇔

6

Sanger 10.1073/pnas.74.12.5463
PacBio 10.1126/science.1162986

ONT 10.1038/nnano.2009.12

Illumina 10.1016/0378-1119(94)90226-7

ATG  ACG→

ATG  AG→ATG  ATCG→

https://doi.org/10.1126/science.1162986
https://doi.org/10.1038/nnano.2009.12
https://doi.org/10.1016/0378-1119(94)90226-7
https://doi.org/10.1073/pnas.74.12.5463
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Introduction
Sequence alignment

• Alignment  finding homologies between sequences


• Alignment  successive operations to go from one sequence to another


• Hard problem  Often rely on heuristics

⇔

⇔

→

7

multiple alignmentpairwise alignment
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What is read-mapping ?

• Special case of sequence alignment


• Finding where a short subsequence comes from in a (or several) long 
sequence 

• Usually a sequencing read is mapped to a reference genome


• Fundamental task in many analyses pipelines

9
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Why long reads ?
A rich information source

10
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Why long reads ?
A high error rate

• Errors complicate downstream mapping (Gusfield, 1997)


• Long reads plagued by errors (Dohm et al., 2020): 


• Short indels


• Particularly in homopolymers  

AAA  AAAAAAA→

11

Illumina PacBio ONT

Length 100 - 200 10,000 - 60,000 12,000 - 2.5 106

Accuracy 99.9 % 85 - 92% 87 - 98%

Gusfield 10.1093/nargab/lqaa037
Dohm 10.1145/270563.571472

Stats 10.1038/s41576-020-0236-x

https://academic.oup.com/nargab/article/2/2/lqaa037/5843804?login=false
https://doi.org/10.1038/s41576-020-0236-x
https://dl.acm.org/doi/pdf/10.1145/270563.571472
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• HPC transforms sequences  

HPC(AAATTTGGGCCCAAA)  ATGCA   . 
  

• Empirically improves analyses, no guarantee it's the best 

• Can we find functions that improve long read mapping more than HPC ? 

→

What is homopolymer compression ?

12
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A formal definition of HPC
Deriving Mapping-friendly Sequence Reductions (MSR)

• Let us define  and  the empty character


• 





• HPC(x)  applying  on a sliding window of size 2 along x and 
concatenating outputs.


• Different  = MSR

Σ = {A, C, G, T} ε

∀(x1, x2) ∈ Σ2

gHPC(x1 ⋅ x2) = {x2 if x1 ≠ x2

ε if x1 = x2

→ gHPC

g

13
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MSRs as directed graphs

• Each  function can be visualised as a directed graph defined by a mapping 
between  inputs and  outputs


• HPC as a directed 
graph (n=16 inputs k=5 outputs) 

• There are  functions  



• Cannot all be tested

g
|Σℓ | |Σ | + 1

516

g : Σ2 → Σ ∪ {ε}

14

T
AT
CT
GT

A
CA

TA
GA

ε

TT

CC
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GG

G
AG
CG
TG

C
TC

AC
GC



Luc Blassel − PhD Defense - December 2nd 2022

Reducing the search space

• 2 space-reducing strategies:


1. MSRs must commute with the reverse complement operation 

2. We define equivalence classes, based on RC symmetries

15
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Reducing the search space

16

MSRs

MSRs

MSRs
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Evaluating MSRs
Datasets

• Simulate ONT reads, with nanosim, on 4 references:


• Whole human genome, CHM13hTERT human cell line by the T2T


• Whole Drosophila melanogaster genome, Adams et al. (2022) 

• Whole Escherichia coli genome, Blattner et al. (1977) 

• Synthetic human centromeric sequence, Mikheenko et al. (2020)  
tandemtools mapper test data

17

Can MSRs improve mapping of simulated reads?

T2T 10.1126/science.abj6987
Dmel 10.1126/science.287.5461.2185 

Ecoli 10.1126/science.277.5331.1453
Nanosim 10.1093/gigascience/gix010

Tandemtools 10.1093/bioinformatics/btaa440

https://doi.org/10.1126/science.287.5461.2185
https://doi.org/10.1126/science.277.5331.1453
https://doi.org/10.1093/gigascience/gix010
https://doi.org/10.1126/science.abj6987
https://doi.org/10.1093/bioinformatics/btaa440
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Evaluating MSRs
Evaluation Pipeline

• For each (MSR, reference) pair (and no MSR i.e. raw):


1. Transform the reference and reads with the MSR


2. Map transformed reads to transformed reference with minimap2


3. Evaluate mapping with paftools mapeval

18

Minimap2 10.1093/bioinformatics/bty191

https://doi.org/10.1093/bioinformatics/bty191
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Evaluating MSRs
Comparing to HPC

19

We compare MSRs to HPC at mapq 60
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Results
Across whole human genome

20

Many MSRs are better than HPC60

A) Whole Drosophila genome B) Whole E. coli genome
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Results
Centromeric sequence

21

Mapping to centromeres is hard, 
best not to apply any function
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Take home message

• Some MSRs are better than HPC 

• In some cases, the mapping error rate goes from  to  

• MSRs are easy to implement in existing aligners,  
i.e. cheap performance gains

10−3 10−6

22
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Perspectives

• MSRs work on simulated data  How do we evaluate on real datasets ?  
(fraction of mapped reads, mismatch rate, …) 


• Explore higher-order MSRs (  and ):


• Reduce the search space


• Explore search space better:


• Define objective function and optimise


• “Learn” MSRs

→

N(3) ≈ 3 ⋅ 1021 N(4) ≈ 1085

23
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What is HIV ?

• Human Immunodeficiency Virus,  
discovered in 1983


• Transmission: sexual contact, blood


• 40M total deaths, 650k in 2021


• 40M living with HIV in 2021 

• Global health problem

25

Numbers: WHO HIV Fact sheet, 2022

UNAIDS Global AIDS Update 2022 report cover

https://www.who.int/news-room/fact-sheets/detail/hiv-aids
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How does HIV work ?

• HIV is a Retrovirus


• Genetic information contained in RNA


• Key proteins:


• Reverse Transcriptase RT


• Integrase IN 

• Protease PR

26
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How do we treat HIV ? 

• Antiretroviral Therapy (ART) 


• Most drugs target RT, IN or PR  RTI, INI or PI→

27
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What are DRMs ? 

• Resistance arises in response to treatment pressure


• Drug resistance mutations (DRMs) have been found for every drug


• To mitigate DRM effects:


• Treatment switching


• Combination therapy

28

Cost 10.1371/journal.ppat.1006895
Reversion 10.1093/infdis/jit345

https://doi.org/10.1371/journal.ppat.1006895
https://doi.org/10.1093/infdis/jit345
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Why study DRMs ? 

• In lower-income countries, access to treatment is not easy 


• In higher-income countries, transmission to and within  
treatment-naive populations 


• DRMs limit treatment options at population level

30
Fig A. Zhukova

Transmission 10.1097/QAD.0000000000000768
Transmission 10.1093/cid/cit694

Access 10.4081/idr.2013.s1.e5

https://doi.org/10.1097/QAD.0000000000000768
https://doi.org/10.1093/cid/cit694
https://doi.org/10.4081/idr.2013.s1.e5
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How do we find DRMs ?

• Test statistical association to treatment for each mutation


• Multiple testing correction  usually decrease in statistical power 


• Epistasis and groups of mutations worsen problem

→

31

Power 10.1038/nrg3706

Fisher ( )

Naïve Treated

https://doi.org/10.1038/nrg3706
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Using machine learning to find DRMs 

• Encode each mutation as binary feature


• Train model to discriminate experienced from naive sequences


• Important model features might be DRMs


• Treatment status is a proxy

32

ML
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What models do we use ?

• Random Forest, can capture complex interaction between features 

• LASSO Logistic Regression, class-specific weights & feature selection 

• Naive Bayes, simple and statistical interpretation 

• All classifiers are easy to train and easy to interpret

33
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What do we learn from ? 

• UK Drug Resistance Database:


• 55,000 RT sequences


• Subtypes B 68% & C 32%


• Naive 75% & Experienced 25%

34

• African dataset:


• 4,000 RT sequences


• 24 subtypes


• Naive 58% & Experienced 42%

UK http:///wwwww.hivrdb.org.uk/
Africa 10.1097/QAD.0000000000001233

http://www.hivrdb.org.uk/
https://doi.org/10.1097/QAD.0000000000001233/
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Confounding factors

• Unbalanced classes in training data


 Use adapted performance metrics


• Sequences are evolutionarily related (i.e. not independent)


 Separate subtypes during training & testing 

• Known DRMs have very strong signal 

 Remove known DRM signal

→

→

→

35

Pitfalls 10.1038/s41576-021-00434-9

https://doi.org/10.1038/s41576-021-00434-9
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Removing known signal
DRM features

36
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181V 181K 182D 182F 184V 184E 187K

Seq 1 1 0 0 0 0 0 0

Seq 2 0 0 1 0 0 0 0

Seq 3 0 0 0 0 1 0 0

Seq 4 0 1 0 0 0 1 1

Seq 5 0 0 0 1 0 0 0

Removing known signal
DRM features & DRM sequences

37

Known Known
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Classifier performance
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Results
Classifier performance

• High accuracy with all signal

• Significantly better than random  
when removing DRM features

• No signal left when also removing 
DRM sequences 

• Probably means that all primary  
DRMs are known

38
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Results
Finding new DRMs

• We studied the most important features:


• Across different training settings


• Across different classifiers


• We identified 6 potential DRMs:


L228R  E203K  D218E  L228H  I135L  H208Y 

• These potential DRMs are most likely accessory mutations

39
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Results
New ?

40
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Take home message

• We found 6 new potential DRMs


• Most likely accessory mutations


• All primary resistance mutations are probably known

41
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Perspectives

• Experimental confirmation of DRMs


• Search for complex epistasis with more refined models


• Deep Learning  black box


• Neural Network interpretation is an active field


• Fine-grained knowledge with more metadata

→

42
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Transformers and their embeddings

M V H L T P E  

transformer 
encoder

44

↓

↓

0.12 1.45 3.155 0.482 3.45 0.215 1.245
1.23 4.54 0.254 2.456 0.48 4.5 0.548
… … … … … … …

0.689 0.54 21.45 0.248 0.154 2.486 2.54
12.45 8.24 5.47 5.15 2.48 3.48 0.58[ ]

ProtTrans 10.1109/TPAMI.2021.3095381
ESM2 10.1101/2022.07.20.500902

https://doi.org/10.1109/TPAMI.2021.3095381
https://doi.org/10.1101/2022.07.20.500902
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Using embeddings for alignments

• With embedding we can learn custom parameters for sequence alignment 

• DEDAL learns a custom substitution matrix, for aligning 2 sequences


• Better pairwise alignments on remote homologs than standard methods

45

DEDAL 10.1101/2021.11.15.468653

https://doi.org/10.1101/2021.11.15.468653
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Alignment as a translation task

• Translate “Unaligned language” to “aligned language”


 AAG | ACGG 

transformer 

AAAC-GGG 

AA-G 
ACGG

46

BetaAlign 10.1101/2022.07.22.501063

↓

↓

↓

https://doi.org/10.1101/2022.07.22.501063


Luc Blassel − PhD Defense - December 2nd 2022

Caveats

• Main problem is scaling up


• Self-attention mechanism is very memory hungry 

• Approximations


• Other mechanisms


• Inference time can be long 

47
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Conclusion

• Improving sequence alignments: 


• We improve long-read 
mapping


• Better than Homopolymer 
compression


• Centromeres are hard

49

• Learn from sequence alignments: 


• Searching for resistance in HIV 
 sequence classification


• Found potential new resistance 
mutations


• Primary resistance mutations 
are known

⇒

• Learning sequence alignment is an exciting perspective
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Scientific output

50

First Author

Co-first Author Middle Author
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Thank you all!
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Andreace F. Chikhi R. Denti L. Duitama-Gonzales C. Dufresne Y. Lemane T. Vicedomini R.

Cadet-Diaby F.Holtz A.Carcano A.Medvedev P.
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Reducing the search space
Reverse complements

52

T
GC
GG
GT

A
AA

AG
AC

ε

TT

TC
TA

TG

G
CG
CT
GA

C
CC

AT
CA

 
 

 

 

 

x = TAAGTTGA
fr(x) = TACGTCC

RC(x) = TCAACTTA

fr(RC(x)) = TTCCTA
RC( fr(x)) = GGACGTA

TA

ε

CG

GC

AT

TT AA

CT AG

GG CC

GT AC

TG CA

TC GAGA

GAAT

GACG

GAGC

GATA

 
 

 

 

 

x = TAAGTTGA
f(x) = TCAGGTG

RC(x) = TCAACTTA

f(RC(x)) = TCACCTG
RC( f(x)) = CACCTGA

Random SSR     ❌fr RC-core-insensitive SSR     ✅f
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Reducing the search space
Equivalence classes

• Reverse complement symmetries: 

•  and 


• 


• We can define equivalence classes from them

A ⇔ T G ⇔ C

{A, T}pair ⇔ {G, C}pair

53
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Reducing the search space
Equivalence classes

54

TA

ε

CG

GC

AT

TT AA

CT AG

GG CC

GT AC

TG CA

TC GAGA

GAAT

GACG

GAGC

GATA

AT

ε

GC

CG

TA

TT AA

CT AG

GG CC

GT AC

TG CA

TC GAGA

GAAT

GACG

GAGC

GATA

GC

ε

TA

AT

CG

TT AA

CT AG

GG CC

GT AC

TG CA

TC GAGA

GAAT

GACG

GAGC

GATA

A ↔ T
C ↔ G

{A, T} ↔ {C, G}
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Evaluating MSRs
Evaluation Pipeline

• Mapping quality (mapq) is a measure of how confident the aligner is in its 
read placement. 0 (worse)  mapq  60 (best)


• mapeval gives results for mapq thresholds  
i.e. sets of mapped reads with mapq  than a given value


• mapeval reports for each threshold:


• Number of reads mapped 

• Mapping error rate 

≤ ≤

≥

55
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Results
Repeated regions of the genome

56

MSRs are still better than HPC60 
but performance gap is smaller
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What are DRMs ? 

• Resistance arises in response to  
treatment pressure


• Drug resistance mutations (DRMs) have  
been found for every drug


• DRMs often incur a fitness cost


• To mitigate DRM effects:


• Treatment switching


• Combination therapy
57

Cost 10.1371/journal.ppat.1006895
Reversion 10.1093/infdis/jit345

https://doi.org/10.1371/journal.ppat.1006895
https://doi.org/10.1093/infdis/jit345
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Preparing our data
Encoding scheme

Seq 1 …IVQYMDDL… 
Seq 2 …IYDYMDDL… 
Seq 3 …IYQYVDDL… 
Seq 4 …IKQYEDDK… 
Seq 5 …IYFYMDDL…

58

181V 181K 182D 182F 184V 184E 187K

Seq 1 1 0 0 0 0 0 0

Seq 2 0 0 1 0 0 0 0

Seq 3 0 0 0 0 1 0 0

Seq 4 0 1 0 0 0 1 1

Seq 5 0 0 0 1 0 0 0

180 185



Luc Blassel − PhD Defense - December 2nd 2022

Results
Did we find accessory RAMs ?

• Relative risk between new RAMs and known DRMs 
 Overrepresentation of RAMs in sequences with DRMs→
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Results
Structural argument

• L228R close to active site and NNIBP


• I135L close to NNIBP entrance 
 
 
 

• NNIBP  NNRTI


• Active site  NRTI

→

→
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