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Analysis and application of microbiological
data: Variants monitoring, lineage assignment
and risk-prewarning for viral pathogens
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* Principal investigator, 2022-Current, CNCB/BIG, CAS

Director of Bioinformatics Services Department of the China
National Center for Bioinformation

Deputy Director of National Genomics Data Center

Focus: Multi-omics data integration, analysis and mining

Achievements: ~70 publications on PNAS, NAR, Mol Plant,
Genome Biol, GPB, etc.
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Research Direction and Achievements

Genomic
Variation

Data Resources

GVM: Genome variation map (Nucleic Acids Research 2018** 2021%)

GWAS Atlas: Genome-wide association (Nucleic Acids Research 2020* 2023*)
RCoV19 (YiChuan 2020*, Genomics Proteomics Bioinformatics 2020% 2023*)

CGil: Chloroplast Genome Information Resource (Plant Biotechnol J 2022*)

OPIA: Open plant image archive (Nucleic Acids Research 2024*)

Algorithm and Tools

Heterogeneity analysis of allele expression regulation (PNAS 2016**)

Integration analysis of genotype and multidimensional phenotypic traits (Genome Biol 2020*)

Variation based machine learning classification and identification (Genomics Proteomics Bioinformatics 2020*)
Algorithm software for rapid construction of haplotype networks (Brief Bioinform 2023*)

High risk variants warning model based on machine learning (Adv Sci 2024*)

Application Platform

+ Spatiotemporal dynamic monitoring platform for COVID-19 (Genomics Proteomics Bioinformatics 2020%, 2023*)
Species identification based on chloroplast molecular markers (Mol Ecol Resour. 2023*)

SoyOmics (Mol Plant 2023*)

SugancaneOmics (Plant Communication 2025%)

Immune big data resource management platform “First Author, *Corresponding Author
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4 Pathogen Variants Monitoring and
Risk Pre-warning

Genomic Data Integration and Analysis
for Precision Medicine
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.. Studies about pathogens
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Shuhui Soag ', Cuiping Li ™", Lu Kang "™, Dongmei ‘I'iln hahe

Nazish Badar ™", Wentai Ma ", Shilei Zhao """, Xuan Jiang ', Chun Wang '+
Yongqgiao Sun ', \\m’k Li', \Ieng lm Shuanghi Li', Qiuhui QI' Aamer lkram
Muhammad Hulml Mmb Umair Ihlnn ﬂlurrm Fatima Bamol
Bing Zhang ', Hua Chen " \ID-GII! Yang ', ;\mlr All Abbasi ",

Mingkan Li "™ Yongbiao \nt" “*, Yiming Bao "
R Seet b atiien
ADV;
RESEARCH ARTICLE Mﬁ&
) T i vl maachoes oy

Machine Learning Early Detection of SARS-CoV-2 High-Risk
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McAN: a novel computational algorithm and platform
for constructing and visualizing haplotype networks
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Outline

OTwo algorithms

O McAN: haplotype network construction

Database

O HiRisk-Detector: high-risk variants pre-warning mode

HiRisk-Detector | MCcAN

Early warning Evolution Tracing |
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Part 1

Data Resources for SARS-CoV-2(RCoV19)
and Monkeypox Virus (MpoxVR)



RCoV19: Resource for Coronavirus 2019

RCoV19 RCoV/19 is an open-access information resource @ Visitor Statistics

Resource for Coronavirus 2019 that provides valuable data‘on,thergenomigs,

mutations, and variants of SARS-,: V-2.7 1 ,049,252
Q search t : PAGE VIEWS

Data ta | 358,101
Submission @ ooafnoau i USERS
181
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Users across the world
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Zhao et al., 2020, Yichuan; Song et al., 2020, Genomics Proteomics & Bioinformatics; Gong et al. 2020, Zoological Research



https://ngdc.cncb.ac.cn/ncov/

Standardized integration of global SARS-CoV-2
genome information

‘ GenBank \ ‘ CNGBdb \

RCoV19 )

As of May 28, 2025, more than 17 million non-redundant genome sequences have been released
globally, involving 182 countries/regions and covering more than 9100 sampling sites. The genome
sequence data of SARS-CoV-2 grew rapidly in the past years, and continues to increase slowly
(increasing by ~1000 sequences every day) .
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Data integration: automated curation and standardization
of integration models

PN =
AN~ Meta data |m= .
Collectiof =L GenBank EpiCoVIM  NMDC CNGBdb  GenBase

— iy
Genome sequence I m SICAL * CNGB pepal, ®
— ( 7N w‘ ’ — BFEDE ¢

Host
Collection date: yyyy-mm-dd / * Homo sapiens
Standardization Submission date: yyyy-mm-dd E.

'l

......

Location: Country / Province / City Environment
Vero cell culture
Meta data Genome sequence
Virus name ; . : :
D é QQ(\ Location Unifying letter case V' Related ID
Assessment
Genome N(s) | Degenerate | Gap(s) | Mutation(s) | Mutation Sequence
completeness base(s) Density quality
Complete <=15 <=50 <=2 <=Expected+1 <=0.25 High quality
Partial >15 >50 >2 >Expected+1 >=0.25 Low quality
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Global distribution of SARS-CoV-2 sequences

50004651 16929831 17056997 3337 13077 9444

CORONAVIRUS SEQUENCES ISOLATES SARS-COV-2 SEQUENCES SUBMITTING LABS ORIGINATING LABS LOCATIONS

Distribution Map of Virus Sequences

Confinent Country/Region Genome « Complete Genome Human Genome Human Complete Monitoring
i Sequences Sequences Sequences Genome Sequences report
Noreth
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Europe &8 Unted Kmpdom o)
Eurepo M Gormany 180764 -
Europe L] France 300028 4963 T 598001 [:1
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Asiay - 10 =
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https://ngdc.cncb.ac.cn/ncov/release_genome

Assessment of genome integrity and quality

1. #of Ns 3\ #of Gap(G) 5.+ Density of variants
3 o Ge= within 20bp (D
N<152>G G<=2 P ( ) Nuc.Completeness Sequence Length Sequence Quality @ Quality Assessment @
e« N>155R « G>2 « D<0.25>G
. D>=0.25>R Complete 29834 [ vigh | 00000
Complete 29782 [ high | 00000
. . . . . Complete 29782 00000
Compl 29782 ow
2. # of degenerate 4+ #of variants (S) ompee 00000
of variants
bases (X) ' Complete 29782 [ uan 00000
. X<=50>G " S<=Exp>G
. X>505R « S>Exp 2R

~48% complete & high quality

[ 1] iati
— Data Release Statistics

41266539 13485509 13544463 3214 13104 8303

CORONAVIRUS SEQUENCES ISOLATES SARS-COV-2 SEQUENCES SUBMITTING LABS ORIGINATING LABS LOCATIONS
Genomics Proteomics & Bioinformatics (2020)
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Search module for all released sequences

Found: 1 to 20 of 13,544,463 entries.

(& Reset

Collapse identical
sequences @

View the latest data

Accession ID

Lineage @

WHO Label

Country/Region

Host

Nuc.Completeness

Quality Assessment

;' CNCB-NGDC

Deselect Al

Show 20

Select Column -~

- entries

Select All

Accession ID

EPI_ISL_15048165

EPI_ISL_15048175

EPI_ISL_15048172

EPI_ISL_15048146

EPI_ISL_15048173

EPI_ISL_15048170

EPI_ISL_15048190

EPI_ISL_15048189

EPI_ISL_15048192

EPI_ISL_15048184

Data Download -

Virus Strain Name @

hCoV-19/USA/MD-ASC-210799925/2022

hCoV-19/USA/MD-ASC-210799934/2022

hCoV-19/USA/KY-ASC-210799970/2022

hCoV-19/USA/IN-ASC-210799894/2022

hCoV-19/USA/AR-ASC-210799931/2022

hCoV-19/USA/FL-ASC-210799966/2022

hCoV-19/USA/GA-ASC-210799959/2022

hCoV-19/USA/MI-ASC-210799958/2022

hCoV-19/USA/IL-ASC-210799963/2022

hCoV-19/USA/MA-ASC-210799946/2022

Genome Annotation

BLAST

Related ID

Data Source

GISAID

GISAID

GISAID

GISAID

GISAID

GISAID

GISAID

GISAID

GISAID

GISAID

https://ngdc.cncb.ac.cn/ncov/genome/search

Lineage @

BA 521

BA5.2

BA5.2

BA5.6

BA 521

BA5.1

BA5.1.1

BA521

BAS55

BAS55

5

Next

Nuc.Compl

Partial

Partial

Partial

Partial

Complete

Partial

Partial

Partial

Complete

Partial

High (6707419)
Data Source
GenBank (6167520)
GISAID (13191390)
NMDC (287)
CNGBdb (87)
Genome Warehouse (744)
WHO Label
Omicron (5472370)
Delta (4587830)
Alpha (1197831)
Gamma (129903)
Epsilon (78676)
lota (47315)

Beta (44367)

Mu (17299)
Lambda (10597)
Lineage

BA.2 (1241472)
B.1.1.7 (1184778)
BA.1.1 (1077992)
AY.4 (890667)

BA.1 (465956)



https://ngdc.cncb.ac.cn/ncov/genome/search

World's Largest and Most Comprehensive Public Resource
for SARS-CoV-2

[ RCoV19 ] O 5 Key Functional Categories
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Processing worktlow and services

SeqQC

Evaluate the sequencing quaity
FastQCMuNQC

—

FASTQ /" Denovo Assembly ) Genome Phylogenetic Tree
reads SARS-CoV-2 .::;M assembly sequences maxmum Ikeshood method

a-TREE & RAXHL
BLASTN

Coronavins sequence camparnisan
BLAST+

Genome Annotation Lineage & Phylogenetic . ; R
SARS-CoV-2 gename annctation = PangoLineage Assigner & Phylogenatic . ) A

Placement
\\, VAPD J Pangolin & RAXML-EPA

. N\
Variation Analysis

, ldentification | cenomesovarianss
BWAGATK Variation dentification MUSCLE i Mutation

Analysis

Fastg-to-Vanants

Annotation
Varialon anmotation

\ VEP
o /

’( \
Haplotype Network | Genome Tracing __|

micimum-cos! arboresconce SARS-Cov-2 genome tracing

Processing workflow of the resource for coronavirus 2019 Statistics of platform users
* as of February 16, 2023

Zoological Research (2020

2 CNCB-NGDC



/s CNCB-NGDC



Part 2

MCcAN: A Novel Algorithm for Haplotype
Network Construction



Haplotype network

Haplotype network is a powerful tool to trace the origin and evolution of epidemics.

A haplotype 1s a group of Tracking the evolution of SARS- Tracking the evolution of SARS-
. « g . CoV-2 (global) CoV-2 (local)
variants/genes within an

organism that was inherited

together from a single parent &
¢
- - : ® ®«’° g/
Haplotype Biological meaning &/& ‘
network N
Vertex/node Haplotype % .,
Edge Evolutionary

relationships
Size of vertex # sequences

*¥i203g2

4951 .
(Epslion)

Length of edge # different mutations

Haplotype network of L/S clades of SARS-CoV-2 Haplotype network of SARS-CoV-2 from
Diamond Princess
Medical Review (2022) PNAS (2020)
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Haplotype network
BINEN FsHmEFS], TREEMT:

fHEL: TCAGACTTACCTACGTACCTATTGCACCCAATTTACGTACTAGACGA
B2 TCAA.ACTTACCTACTTACCTATTGCACCCAATTTAOGTACTAGACGA
m™E3: TCAAACTTACCTACTTACCTATTGCACCCA,T’I‘TTAGG’I‘A;C'I‘AGACGA
m™E4 TCA,AACTTACCTAGT’I‘ACCTATTGCACCCAT’I‘TTAGG’I‘AG’I‘AGACGA
f%&5: TCAAACTTACCTACTTACCTATTGCACCCAATTTACCTACTAGACGA

. BERBEEL KR
£z HEBL (EROD) : G-G-A-G-C

m a3 (BRI : A-T-T-G-C » .y ) . ERER
= FE4 (THR4D) : A-T-T-G-G = mE D =21
&5 (TR3)) : A-T-A-C-C 85 B TEEER

«  "Ahaplotype is a group of variants/genes within an organism that was inherited together from a single parent” . Haplotype
networks are often used in phylogeographic studies to display genetic variation within a species or a group of closely related
species,
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The state-of-the-art algorithms

Challenge: The traditional haplotype network construction algorithms, such as MJN, TCS,

MSN, and RMST, can not quickly process massive virus genome data.
For example, it takes more than 3 days to construct a haplotype network of 1000 SARS-CoV-2 sequences via MJN.

complexity

: .. Add unsampled 22 1999
MJN (Median Joining Network) nodes O(m?2) Mol Biol Evol
Add unsampled 5 1992
TCS (Templeton Method) nodes O(m?>) Genetics

Running time

MSN (Minimum Spanning Faster than other 3 Memory costs o(m?) 1999
Network) algorithm e Collection date Mol Biol Evol
RMST (Randomized minimum less alternative links o(m?) 2018
spanning tree) than MSN Methods Ecol Evol

; CNCB-NGDC




Overview of McAN algorithm and platform

Data & hypothesis Four criteria for network construction Optimization problem

Mutation spectrum history  Large ancestry haplotypes

1004ASC) & large e of citegrrg
.\ ™
804A->CY; 300(C->T) ° min. Z wy €ij -)XU '
X, F
(e

* McAN algorithm

Minimum cost arborescence network (McAN)

algorlthm Constmcts haplotype network by Simplity ‘ 10UASCY 200IC>T) 30UT >C) . @ wiak wmoun ol Abstract .
dtegermy s. t.Zx‘, =1,Vj € V\r,
considering mutation spectrum history, node size ot e e ik i Z
. . . : : 202052 :::’:::m a000ars Xijp=m-— 1,
and sampling time simultaneously. ‘ st
- Ay < x;; €101}
[ & wou % 2020817 4
' 4 offspeing appears later .
* Platform
Algorahm
Haplotype network MCcAN tools & platform McAN algorithm design

MCcAN platform provides a user-friendly web

sasicnisd Producing an optimal solution of
server as well as an off line tool, allowing users to , 0 i Ogithub BjoCode: [} /he oplirizaton probler
* » '.‘ ® ) b o i Step 1: sort all haplotypes, and
construct haplotype network, detect lincages and : A o o it it
’ “ ep 2: for each haplotype h.,

&2 : S}s""i‘m" wﬁ find j = n"(i) and put edge
Se D wmalics toalklt (s(/).s()) into arborescence.

\ it

visualize the results interactively online.

hitps /Ingde cncb ac cn/t/hapnet/

Schematic illustration for haplotype network construction by McAN.
Briefings in Bioinformatics (2023)




Performance on simulated and real data sets

* Speed up: MCcAN is at least 100 times faster than the state-of-the-art algorithms; takes only about
25 minutes (50 threads) for 5 million SARS-CoV-2 sequences.

* Memory saving: McAN consumed less than 10% of the memory of the other four state-of-the-
art algorithms.

* High accuracy: MCcAN's accuracy is almost as high as that of the state-of-the-art methods.

<10*
>3days A 3
| —&— Running time 7
ol 7 25 A—Speedup Algorithms AUC Memory cost (KB)
10 l o S el .- -
- ! “ I - '
=} - il 2 McAN 0.997 5,844
Q | -
§ 102h5 S MIN é
o ¥ P wTCS o MSN 0.998 59,960
& v ®— MSN £
g U oo 5 MJN 0.997 63,676
10°)
’ _______ R ey TCS 0.997 62,028
102 RMST 0.998 114,725
200 400 600 800 1000 ) ( )
Number of sequences Number of threads )
Accuracy and memory consumption of McAN, MJN,
Runtime of McAN, MJN, TCS, MSN, Running time of McAN on 4,990,399 TCS, MSN, MJN, and RMST on a dataset containing
MJN and RMST on SARS-CoV-2 SARS-CoV-2 sequences (multi- 1001 simulated sequences.
dataset (single thread). threaded).

Briefings in Bioinformatics (2023)
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Comparison with traditional algorithm

» Comparison of McAN algorithm with traditional methods in terms of
output network properties, time complexity, etc

Table S1. Comparison of different haplotype network construction algorithms.

Time complexity®

Algorithms? Output Distance matrix® Worst- or average-case Bestcase
MIN Undirected graph Yes 0(n?*?) (average-case) > 0(m?)
Dist + MSN Undirected graph Yes 0(m?) (worst-case) 0(m?)
Dist + MST Undirected tree Yes 0(m?) (worst-case) 0(m?)
Dist+ RMST | Undirected graph Yes 0(m?) (worst-case) 0(m?)
TCS Undirected graph Yes 0(m>) (worst-case) > 0(m?)
McAN Arborescence No 0(m?) (worst-case) O(mlog m)

Note: * MJN, median-joining networks; Dist, the step of calculating distance matrix; MSN, mmimum spanning network; MST, mimimum spanning

tree; RMST, randomized mmimum spanning tree; TCS, Templeton Crandall and Sing algorithm; McAN, minimum-cost arborescence haplotype

network. ® whether the method need to calculate and store the distance matrix of haplotype. ¢ n is the number of sequences, and m is the number of

haplotypes. The time complexity of each method includes the calculation of distance matrix of haplotypes 1f the method takes distance matrix of

haplotypes as mput.

4 *CNCB-NGDC




Tracing the evolution via McAN

MCcAN can be used to trace the evolution of a variety of viruses, including
SARS-CoV-2, Monkeypod virus, and Influenza A virus.

SARS-CoV-2 (local) SARS-CoV-2 (global) Monkeypox virus Influenza A virus
W S o Q ' 4 o ?

7C8 McAN
. -"'l'.;b{\‘ .. :
& h g 3 | | 02
-~ -%'* ? - % ‘.%?W ¢ 0
J‘.‘- R . . = o 8 Gw
Haplotype networks of SARS-CoV-2 Haplotype network of 130 SARS-CoV-2 The haplotype network on 44 whole Haplotype network of 21 human IAV
sequences from Diamond Princess (DP) lineages constructed by McAN. genome sequences of monkeypox sequences constructed by McAN.
dataset. viruses by McAN.

Briefings in Bioinformatics (2023)
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Service and sharing

* Platform: The McAN algorithm has been applied to the RCoV19 to provide services for

researchers.

* Open source: The McAN source code is available at BioCode in April 2022 and has been
downloaded about seven thousand times (as of May 17, 2024).

Haplotype network visualization Haplotype network platform Source code at BioCode
- ) >y LB & : ,-\.N
® .'. e " — ’ J pe oy ‘.. ",; gasanQs

‘9. ‘A s e——
S > ".t o, . s - o -

o e~ e e = | weac

‘e . MBIN © =3 - l:.: : _

https://ngdc.cncb.ac.cn/ncov/haplotype https://ngdc.cncb.ac.cn/ncov/online/tool https://ngdc.cncb.ac.cn/biocode/tools/BT00
/haplotype 7301

Briefings in Bioinformatics (2023)
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Functions [ ) [ )
The haplotype network will be constructed vie MeAN (minimumscost srborescancesbased
haplotype network), Please uplond SARS-CoV-2 sequance mutations (In customized genovar

format, gt or ver.gz) and the corresponding matadata, salect a specific dataset from Resouroe for

Coronavinie 2010 (RCoVI0), or combinad both of them, You can select a speoific datasel by

Nitaring sampling tUme, or sampling locations stc., of by sampling randomly In RCoV10. Basad on

constructed haplotype natwork, community lineages will ba determined by Newman's method ﬁég Viral Haplotype Network
Note that mutations In the FUTR and 5UTR will be filtered out

Seloct File Format P PLAY -‘Q §

. Mutation file format

VCF file format

Mutation File @  aquim m '

Upload mutation file ’ Choose Flla  No file chosen

Country Information

1]

Meta File @ requima m

Upload meta file Choose File | No file chosen

e o ! 3

JINDIAN OCEAN '

Leatiet | Map data @ Tianditu

Select a specific dataset in RCoV18 optional Virus Information

Start sampling date

Acc - Date Loci
2019.01-01 0 20210215 United Kingdomn
End sampling date EPI_ISL_1410155  2021-03-18 United Kingdom
2021-05-31 [ SL_1832565  2021.03-03 Sweden
Country j EPI_ISL 2021-04-02 Japan
China v 2021-05 ‘ >

Missing sampling date type

Random sampling count( 10 < N < 10000) . 20206 ' 2021.2

500 -~
@ ]
Parameter for constructing haplotype network optonal
P . 6 »
Minimum mutation rate(for selecting high-mutational-rate sites) ;, ’

Emalil (Rosults will be notifled via emall when the calculating time Is long) Optianal

Emall Subject

KN https://ngdc.cncb.ac.cn/ncov/online/tool/haplotype MCAN;}?1’%65_F%Z§E1-ZE;K, E%I,E\-Hﬁ%'l 730;}’(
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https://ngdc.cncb.ac.cn/ncov/online/tool/haplotype

HaploThread:
A Scalable Integrated Desktop Platform

aHanloThread - HaploBuilder N

‘l-lle Edit  Analyze View Window Help
n e @ .e @

Visualization

Properties
1~
[ 2 Visual  Group Node Ec4 » Network  Haplotype @ PaolblC " Shuffle | Stop  Screenshot  Export  Openin HaploViewer (Web)  Advanced >>
’ & By Country/Region . 5o A~ HHT-a
i B Network Reset . ® < 0
[ AR
0.25
5 § Name Background Count B
E ‘_% 1 China = 127 Y 0.5
! 3% 2 CruiseA = 8 Repulsion const |Se+07
i o 3 DP 34 Stiffness const |5
| 4 Europe = ] Damping const 2
5 Japan = 8 Time step 0.1
6 th America [} 14 e £ 0.1
7 Jceania - 9 : Total steps -1 &
gtherasia [} 70
«9 ... & g .' Frame
-0 3 <
. X .. . 7 .. . Frame rate 30 v
. " - e ;
o = o . i ..... . Total frames 150 =
° - . * e @, Motion thresh |10
- - > -
«® ® . ® . ’ .‘ ’ [~ Auto scale to fit in view Scale
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Haplotye network evolution dynamic tracking platform
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Part 3

HiRisk-Detector: High-risk Variants Pre-warning



High-risk variants of SARS-CoV-2

 Variants of the SARS-CoV-2

continue to emerge
(lineages
8-1.42718-“8)\ (mmaasm) Lahwmmxj wmeoocfm mam‘nu MB"‘&Q

some may affect the wvirus’s

properties, such as how easily it

spreads, the associated disease : : . Jan-2021 Nov-2021

severity, or the performance of

Alphl (suulnnoc B.1.617.2) (llneegeP 1) (inago B 1.525)

vaccines, therapeutic medicines,  |ueatsiin (uemaiasy g g

diagnostic tools, or other public
health and social measures.
Timeline that summarizes the emergence of SARS-CoV-2 variants

* Problem: automatically detect high-risk variants of SARS-CoV-2 e.g., VOC, VOI, and VUM

* Purpose: prioritize global monitoring and research, and inform the COVID-19 response
Viruses (2022)
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The lagged time for WHO determined high risk

Omicron
Mu
Delta
Theta
Kappa
Lambda
Eta
Gamma
lota
Zeta
Beta
Epsilon

Alpha
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Methods of high-risk variants detection

Name of organization/method Characteristic

WHO
Semi-automatic « Reliance on experts
method CbC « Relying on experts judgment
ECDC
VarEPS - Without the need for human
Automatic PYR, intervention

ek - : : « Machine learning
Predicting the mutational drivers of future

SARS-CoV-2 variants of concern « No platform is available

: : « High costs
. Enhanced fitness of SARS-CoV-2 variant of : T
Wet experiment concern Alpha but not Beta . ngh reliability .
« It will take a lot of time
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Early Mid Late Stage
Warning Window Can be alerted but

Period not detected
Earlier than More
WHO comprehensive Spread of
high-risk
variants

Small scale
diffusion

New variants Spread widely

Hidden
dissemination!

New outbreak of -
infectious diseases HiRisKADEeVOE /VOI epidemiological

surveillance

The development of
the epidemic
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Haplotype network and high-risk variants

* Since WHO defined Delta as VOI, the haplotype networks

of Delta exhibit unique

characteristics, e.g., out-degree and number of countries are increasing rapidly

‘0.

) & ® : .
20213 |O@e® < % &, T 4~
e ® 20214 [SRE". :
e Vi o
¢ e "®eve - " @e
F o4 2021.5 |@f el )
VOI: 2021.4.4 VOC: 2021.5.41
® . 0..
.’ - %
.
’ @
»

A schematic diagram of haplotype network evolution

* Hypothesis: haplotype network features have the potential to help predict the risk

of SARS-CoV-2 variants
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Verity the hypothesis

* Hypothesis confirmed: haplotype network features have the potential to help predict

high-risk variants

- el I e oo o | 00 [ as 100 - e VOCNOI
r 1 ' r 1 r 1 }‘-" s Others
75 oo o
0 VG.'W:_ = ‘ $
= :
o| - S, LA ettt m
I 50 S S ot ~'¢nv"“(?§f?3,
; ) Ga* S . =¥ gl
10! : i "x\';,‘f?ﬂm' R _ fs: v . /ﬁ-“s i
25 ";"“;f! e 3 Wf\‘v“y haproA
N Bt al :Q&Zﬁs !
A o X f e ) by
E { | f - S g i A
.‘ s . - 1 4 R -":" ® fim 3 ¢ ,‘:‘? ',f 4
10! ‘ 10 ¢ -25 ST 1 S N g '
= == | A : A ‘;\:} WOy "‘;i” . :p
i N . :]"' il I« , s ¥ Gk (55
: - =30 , 2 i""fi s
| . | . o ) ;
— - | 75 po 5 ol
. p— o 10t | - - . , 37 W
¢ 4 > 4 L & v o £ ~100
: : g~ = g f g ~100 -50 0 50 100

Differential analysis between features of VOC/VOI and other haplotypes Dimensionality reduction with tSNE.

3/4 of the samples show clear boundaries between VOC/VOI and others in 2D projections




Detecting high-risk variants based on haplotype
network features and machine learning

+ Label assignment: VOC/VOI (high-risk), .4
and other variants (low-risk) ””0,,* |

* K-fold cross-validation (k=5)

* Sclect the AI method and features that
achieve the best performance

 Method: random forest, LightGBM etc.

 Features: five of the seven features,
including betweenness, out-degree, depth, oosa] % Nombwotmavorces 000000049
geographic information entropy, and s VEEL R Y
weighted depth R

Combination of features
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Performance on testing set

The five haplotype network features are powerful to help detect high-risk variants
« ROC-AUC, PR-AUC, F1 score, accuracy, recall, and precision > 0.96

« TPR and TNR > 0.96, and FNR and FPR < 0.04

 Average prediction score: VOC/VOI = 0.97, others = 0.07

1.00
101 ?
5 0.8
0.99 1 5
J 0.8 4
o
>
0,98 1 g
0.981 3 0.9 8 06+
= &
3 T
0.97 1 2 ¥
0.969 g - o:a 3 04
-8
@
0.96 + £ 0.2 1
7~ P » -0.2
0.01.r7 <
._l._l-_l i
0.00 - VOC‘NDI Others VOC'NOI Olh'evs
ROCAUC PRAUC Flscore Accuracy Recall  Precision Predicted label WHO risk
Metrics
Six metrics including ROC-AUC, PR-AUC, F1 The normalized confusion matrix. Prediction score of VOC/VOI and the other
score, accuracy, recall, and precision on the variants.

testing set
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The Performance of HiRisk-Detector

High accuracy and precision Robust to sequencing intensity
a b
1.00
: ; u 1.2 1 ns
0.95 pos B : i ns
: e R ) z 08
o M v e @) 114 ns
0% o Sl i 2 0.90 A ' =
=: % & S Sampling rate ns
0.85 : 3 ®] — 100% -
s £ 04 & 0.85 1 : 1-°“§TT
0oso @ — 50%
; — 0
o -e PRAUC 02 0.80 A & 0.9 !
075 = ®» ROCAUC — 12.5% ¢
® -% Precision : b
0 N N RN R A P 2 S° 00 voC vol VUM Others ' ' ¥ ) ' T y ! ! ! ) v
P°F " g 20" 28 o i o WHO Risk
Date
1.20 4
"3 - - ) 1.00 A 1.15 L
Theta ® ++ I ns
Kappa z @ :+ N l 8 0.95 - 1.10 4 ns
Lambda O k=] ns
Ew e i i § Sampling rate | 1.05 ns
, e + + = & 1 — 100% | 400 {
Bz e + + | — 50% ' T
= Epsilon @ + + I- 085 A 25% 095 1 o
Omicron SF 0
Detta o+ | 0.80 - — 12.5% | 0.90 4 <
Gamma o+ @ Eariest high-quality .;Tqbwmm RCoV18 | . . . . . s r . .
+ Designed as VOC/MV 0, 0, 0,
Beta o 1 + -+ Du(e'i{eﬁ as high-risk va:aan (weekly) -I B Earfier Q\ '\ » {') ,\ @ {0’ '\ {9,9(5 100% SSO o ; 25% 12.5%
Alpha ® o+ Detected as high-risk variants (daily) BN Later fl, "], ampiing rate
Q Q Q Q
2020-11 2021-01 2021-03 2021-05 2021-07 2021-09 2021-11 0 100 v (9 Vv @ ‘L
Date Days earlier than WHO Date

Successfully identified all 13 types of VOC/VOI, with an average warning time 27 days earlier than When the sequencing intenSity decreases to actual values of 50%,

the time announced by the WHO The average risk scores of VOC, VOI, VUM, and other variants 25%, and 12.5%, there is no 5|gn|f|cant change In performance
) . indicators such as PR-AUC, ROC-AUC, and afél#gegd Science 2024
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An example of the HiRisk-Predictor Results

1.2

0.8

Risk Score
[
(o)}

0.4
0.2
0
«\9@{\ S R CR C  - CC O L
: . . N > . N .
Q}O 7] Q)\k %) @0 @(}' @0 @(}' O 7] Ko Q X PNy

https://ngdc.cncb.ac.cn/ncov/monitoring/risk
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Machine Learning Early Detection of SARS-CoV-2 High-Risk

Variants

Lun Li,* Cuiping Li, Na Ui, Dong Zou, Wenming Zhao, Hong Luo, Yongbiao Xue,*

Zhang Zhang,* Yiming Bao,* and Shuhui Song*

Therefore, raptd and early detection of sch

v v The severs acute resplrat d Irus 2 (SARS-CoV-2) has high.risk varants #s critical to gaide out
weolved many high-risk mhnh. resulting in repoated COVID-19 waves break response
° over the ptslyun. 'ﬂ-d'on. accurate arly-mnln. oﬂ‘;b.nﬁ variants is To effecrively address this challenge, the

vnhlior

and v, d
. .“r...,.

L4

m,mu

lhmch P
time-consuming and often lags behind the B and spread of these
nrhm In this stisdy, Hiftink-Detector » muldm lumlng algorithm based
onh ™ 1 k, is A, | d for Pt radly *" A, :
&Nmk SARS-C»V 2 vuhnh. Laveraging over 7.6 million Nﬂmudm and
camplete SARS.CoV-2 genomes and metadata, the effectiveness, rabustness,
and generalizability of HiRisk-Detector are validated. First, HiRisk-Detector is

global health community has developed
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monstor these variants. Currently, there
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Part 4

HaploNet-PathoLin: an automated Lineage Assignment
and Nomenclature System for Viral Pathogens Based on
Haplotype Network



Traditional virus classification and naming system

Home About Taxonomy Report Information Forums Help
v v v v v v

International Committee on Taxonomy of Viruses: ICTV

Official Taxonomic Resources

=
i+l
ICTV Taxonomy Browser Master Species List Virus Metadata Resource
Search and browse the virus taxonomy MSL: Spreadsheet of all current species VMR: Virus exemplars for every species

Lefkowitz EJ, Dempsey DM, Hendrickson RC et al. Nucleic Acids Res, 2018
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79

Abbreviation and color of
the sampling location

PPRD T-NOI-SHVS

The virus undergoes complex mutations and
differentiation during transmission, leading to
the emergence of numerous new mutant strains.
It 1s crucial to conduct scientifically accurate
intraspecific lineage 1dentification and
classification for these constantly evolving and
mutating viruses.

Li, T., Liu, D., Yang, Y. et al. Sci Rep, 2020




Research progress on SARS-CoV-2 lineages

Peking University Lu Jian team: Based on early virus sequence single nucleotide
variations (SNVs), identified three main lineages and 130 sub lineages, and named them
using a combination of letters and numbers.

@ Nonsynonymous
® Synonymous

C3037U, C14408U, A23403G L2 (108,833, 89.5%)

I._ UB782C, C28144U | L1 (7720, 6.3%)
—————seeesssssen S (4138, 3.4%)

Xiaolu Tang, Ruochen Ying, Xinmin Yao et al. Science Bulletin, 2021
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Research progress on SARS-CoV-2 lineages

A C
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Qin Luyao , Meng Jing , Ding Xiao et al. Frontiers in Microbiology, 2022
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Research progress on SARS-CoV-2 lineages

Pangolin system (Oliver team, Oxford University): a binary evolutionary tree based on viral
sequences, widely used for SARS-CoV-2 lineage partitioning

WHO announces simple, easy-to-
say labels for SARS-CoV-2
Variants of Interest and Concern

31 May 2021 | Departmental update {Reading time: Less than a minute (198 words)

WHO has assigned simple, easy to say and remember labels for key variants of SARS-CoV-2, the virus that

causes COVID-19, using letters of the Greek alphabet

These labels were chosen after wide consuitation and a review of many potential naming systems. WHO
convened an expert group of partners from around the world to do so, including experts who are part of

existing naming systems, nomendature and virus taxonomic experts, researchers and natonal authorities

WHO will assign labels for those variants that are designated as Variants of Interest or Variants of Concern by

WHO. These will be posted on the WHO website,

These labels do not replace existing scientific names (e.g. those assigned by GISAID, Nextstrain and Pango),
which convey impartant scientific information and will continue to be used In research

While they have their advantages, these scientific names can be difficult to say and recall, and are prone to
misreporting. As a result, people often resort to calling variants by the places where they are detected, which
15 stigmatizing and discriminatory. To avaid this and to simplify public communications, WHO encourages

national authorities, media outlets and others to adopt these new labels

See the new labels here

CNCB-NGDC
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Aine O’Toole, Emily Scher, Anthony Underwood et al. Virus Evolution, 2021
McBroome, J., de Bernardi Schneider, A., Roemer, C. et al. Nat Microbiol, 2024




Research progress on SARS-CoV-2 lineages

Nextstrain provides global and regional virus evolution dynamics through real-time analysis of GISAID data, supporting
lineage classification and visualization.
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https://nextstrain.org/sars-cov-2
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HaploNet-PathoLin

Move nodes Refine

Coarse grained clustering
based on monolithic of
haplotype networks

1 Z 2 k,k, 5( )
Q - Zm " uv zm Cu C’U

B 1’ lf Cy = Cyp
8(cy, cy) = {0’ otherwise

unpublish
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HaploNet-PathoLin

Fine-grained partitioning by breakpoint reassignment Fine-grained partitioning by small cluster integration.

", Raw cluster

O Cluster after integrating small-scale clusters

unpublish



HaploNet-PathoLin

Step0. Initial reference Data Preparation

lineage set construction Step2. Coarse-grained

> network partitioning
f Initial data set W A ¥ A WV (L, : :
Weighted network R R R e e O
c%nstruction Metadata and mutation Data - _‘,.;" L j;.
Coarse-grained network New data set ._’ ._. —®
partitioning - = . ~=—
[ Weighted network ]
Fine-grained network Zmz rl ey 6p)
partitioning

-

Leiden algorithm

Cluster community naming

| Initial reference lineage set | Step1. Weighted network construction

5 f Lepmpoas 5 )| Stepd. Dynamic adjustment of cluster structure | Jenpoe, < )
-------------------------------------------------- - LRy R <
" .. “ 'l' 7 ” \.
( R [ A ! - .
— i s I : - 3
o w— | ———— : % g
- S—— . N g - ~ “ o g
= _— e e = — 3 @ - . % @
||t = Rl ’ et
= Step7. Output files for Reference lineage set Clusters
lineage tracing and \ / \ J
Lineage nomenclature guidelines sequence lineages T
- Step6. Reference lineage set update
Step5. Dynamic naming of pathogen lineages = . .
P B EZREAE . : 2 unpublish
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HaploNet-PathoLin
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~ HaploNet-PathoLin
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HaploNet PatholLin successfully resolved the hidden
evolutionary branches within the "single" transmission
lineage (such as JN.1) in traditional classification through
high-resolution lineage subdivision, revealing the
"differential divergence" in virus adaptive evolution that is
difficult to detect by traditional methods.

These sub lineages exhibit a typical 4-6 month transmission
cycle, which is highly consistent with the real
epidemiological dynamics.
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HaploNet-PathoLin

Pangolin JN.1 vs HaploNet-PathoLin lineages Pangolin BA.2 vs HaploNet-PathoLin lineages
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