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ABSTRACT‌ ‌ 

Infectious‌‌diseases‌‌remain‌‌an‌‌unfortunate‌‌yet‌‌inherent‌‌part‌‌of‌‌human‌‌existence.‌‌More‌‌                       

than‌ ‌a‌ ‌thousand‌ ‌pathogens‌ ‌are‌ ‌capable‌ ‌of‌‌causing‌‌infections‌‌in‌‌humans;‌‌pathogens‌‌differ‌‌in‌‌                           

terms‌ ‌of‌ ‌their‌ ‌transmissibility,‌ ‌disease‌ ‌severity,‌ ‌treatability,‌ ‌geographic‌ ‌and‌ ‌demographic‌‌                   

distribution,‌ ‌and‌ ‌other‌ ‌aspects‌ ‌of‌ ‌their‌ ‌biology‌ ‌and‌ ‌epidemiology,‌ ‌posing‌ ‌various‌ ‌extent‌ ‌of‌‌                         

threat‌ ‌to‌ ‌public‌ ‌health.‌‌ ‌  

The‌ ‌field‌ ‌of‌ ‌epidemiology‌ ‌studies‌ ‌infectious‌ ‌diseases‌ ‌through‌ ‌a‌ ‌combination‌ ‌of‌‌                     

observational,‌ ‌experimental,‌ ‌and‌ ‌theoretical‌ ‌approaches;‌ ‌it‌ ‌investigates‌ ‌causes‌ ‌and‌ ‌factors‌‌                   

orchestrating‌ ‌the‌ ‌spread‌ ‌of‌ ‌infection‌ ‌and‌ ‌informs‌ ‌decisions‌ ‌of‌ ‌healthcare‌ ‌departments‌ ‌on‌‌                       

control‌ ‌and‌ ‌preventive‌ ‌measures‌ ‌to‌ ‌tackle‌ ‌current‌ ‌outbreaks‌ ‌and‌ ‌prevent‌ ‌future‌ ‌ones.‌‌                       

Incorporation‌ ‌of‌ ‌molecular‌ ‌data‌ ‌into‌ ‌existing‌ ‌epidemiological‌ ‌frameworks,‌ ‌coined‌ ‌as‌‌                   

molecular‌ ‌epidemiology,‌ ‌offers‌ ‌a‌‌novel‌‌dimension‌‌in‌‌understanding‌‌pathogen‌‌dynamics:‌‌the‌‌                     

underlying‌ ‌structure‌ ‌of‌ ‌an‌ ‌outbreak,‌ ‌together‌ ‌with‌ ‌evolutionary‌ ‌and‌ ‌epidemiological‌‌                   

processes‌ ‌shaping‌ ‌it,‌ ‌can‌ ‌now‌ ‌be‌ ‌explored.‌ ‌In‌ ‌this‌ ‌thesis,‌ ‌I‌ ‌demonstrate‌ ‌how‌ ‌methods‌ ‌of‌‌                             

molecular‌ ‌epidemiology‌ ‌can‌ ‌be‌ ‌used‌ ‌to‌ ‌study‌ ‌two‌ ‌human‌ ‌infectious‌ ‌diseases.‌ ‌ 

In‌‌Chapter‌‌3,‌‌molecular‌‌epidemiology‌‌is‌‌applied‌‌to‌‌a‌‌densely‌‌sampled‌‌HIV-1‌‌dataset.‌‌                         

We‌ ‌aimed‌ ‌to‌ ‌characterize‌‌the‌‌HIV-1‌‌epidemic‌‌in‌‌Oryol‌‌Oblast,‌‌a‌‌Russian‌‌geographic‌‌region‌‌                           

with‌ ‌a‌ ‌relatively‌ ‌small‌ ‌HIV-positive‌ ‌population,‌‌and‌‌collected‌‌viral‌‌genetic‌‌data‌‌covering‌‌at‌‌                         

least‌ ‌a‌ ‌third‌ ‌of‌ ‌the‌ ‌known‌ ‌part‌ ‌of‌ ‌the‌ ‌epidemic‌ ‌in‌ ‌Oryol‌ ‌Oblast.‌ ‌We‌ ‌identify‌ ‌multiple‌‌                               

introductions‌ ‌of‌ ‌HIV-1‌ ‌into‌ ‌the‌ ‌region‌ ‌and‌ ‌describe‌ ‌them‌ ‌in‌ ‌terms‌ ‌of‌ ‌their‌ ‌date‌ ‌of‌‌                             

introduction,‌‌the‌‌rate‌‌of‌‌growth‌‌represented‌‌by‌‌the‌‌reproduction‌‌number,‌‌and‌‌the‌‌composition‌‌                         

and‌ ‌association‌ ‌with‌ ‌various‌ ‌categories‌‌such‌‌as‌‌HIV-1‌‌subtype,‌‌transmission‌‌route,‌‌and‌‌sex.‌‌                         

To‌ ‌our‌ ‌knowledge,‌ ‌this‌ ‌study‌ ‌is‌ ‌the‌ ‌most‌ ‌detailed‌ ‌description‌ ‌of‌ ‌the‌ ‌HIV-1‌ ‌epidemic‌‌                           

conducted‌ ‌among‌ ‌Russian‌ ‌regions.‌ ‌ 
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In‌‌Chapter‌‌4,‌‌we‌‌analyze‌‌genetic‌‌data‌‌on‌‌SARS-CoV-2‌‌coming‌‌from‌‌the‌‌beginning‌‌of‌‌                           

the‌ ‌first‌ ‌epidemic‌ ‌wave‌ ‌of‌ ‌COVID-19‌ ‌in‌ ‌Russia‌ ‌in‌ ‌March-April‌ ‌2020.‌ ‌We‌ ‌identify‌ ‌and‌‌                           

describe‌ ‌multiple‌ ‌instances‌ ‌of‌ ‌viral‌‌introduction‌‌into‌‌Russia‌‌from‌‌abroad‌‌at‌‌the‌‌dawn‌‌of‌‌the‌‌                             

global‌ ‌SARS-CoV-2‌ ‌pandemic.‌ ‌Combining‌ ‌the‌ ‌phylogeographic‌ ‌approach‌ ‌with‌ ‌travel‌ ‌data,‌‌                   

we‌‌attempt‌‌to‌‌estimate‌‌the‌‌total‌‌number‌‌of‌‌introduction‌‌events‌‌and‌‌their‌‌geographic‌‌sources.‌‌                           

Using‌‌Bayesian‌‌phylogenetics,‌‌we‌‌unravel‌‌the‌‌dynamics‌‌of‌‌an‌‌outbreak‌‌at‌‌the‌‌Vreden‌‌hospital‌‌                           

in‌ ‌Saint‌ ‌Petersburg‌ ‌that‌ ‌took‌ ‌place‌ ‌in‌ ‌the‌ ‌spring‌ ‌of‌ ‌2020.‌ ‌ 

The‌ ‌results‌ ‌presented‌ ‌in‌ ‌this‌ ‌thesis‌ ‌prove‌ ‌the‌ ‌utility‌ ‌of‌ ‌molecular‌ ‌epidemiology‌‌                       

methods‌ ‌in‌ ‌revealing‌ ‌patterns‌ ‌of‌ ‌viral‌ ‌transmission‌ ‌for‌ ‌the‌ ‌two‌ ‌epidemics‌ ‌that‌ ‌affect‌ ‌Russia.‌ ‌ 

Keywords:‌‌ ‌molecular‌ ‌epidemiology,‌ ‌HIV-1,‌ ‌SARS-CoV-2,‌ ‌infectious‌ ‌diseases‌ ‌in‌ ‌Russia‌ ‌ ‌   
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COVID-19‌ ‌—‌ ‌coronavirus‌ ‌disease‌ ‌2019‌ ‌ 

CTL‌ ‌—‌ ‌cytotoxic‌ ‌T‌ ‌lymphocyte‌ ‌ 

DNA‌ ‌—‌ ‌deoxyribonucleic‌ ‌acid‌ ‌ 

HET‌ ‌—‌ ‌heterosexual‌ ‌transmission‌ ‌ 

HIV‌ ‌—‌ ‌human‌ ‌immunodeficiency‌ ‌virus‌ ‌ 

IDU‌ ‌—‌ ‌injecting‌ ‌drug‌ ‌users‌ ‌ 

LCA‌ ‌—‌ ‌last‌ ‌common‌ ‌ancestor‌ ‌ 

MRCA‌ ‌—‌ ‌the‌ ‌most‌ ‌recent‌ ‌common‌ ‌ancestor‌ ‌ 

MSM‌ ‌—‌ ‌men‌ ‌who‌ ‌have‌ ‌sex‌ ‌with‌ ‌men‌ ‌ 

NPI‌ ‌—‌ ‌non-pharmaceutical‌ ‌intervention‌ ‌ 

R‌e‌‌ ‌—‌ ‌effective‌ ‌reproductive‌ ‌number‌ ‌ 

RNA‌ ‌—‌ ‌ribonucleic‌ ‌acid‌ ‌ 

RT‌ ‌—‌ ‌reverse‌ ‌transcriptase‌ ‌ 

SARS-CoV-2‌ ‌—‌ ‌severe‌ ‌acute‌ ‌respiratory‌ ‌syndrome‌ ‌coronavirus‌ ‌2‌ ‌ 

SIR‌ ‌model‌ ‌—‌ ‌susceptible-infected-recovered‌ ‌model‌ ‌ 

SIV‌ ‌—‌ ‌simian‌ ‌immunodeficiency‌ ‌virus‌ ‌ 

‌   
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CHAPTER‌ ‌1:‌ ‌INTRODUCTION‌ ‌ 

Diseases‌ ‌affect‌ ‌our‌ ‌lives.‌ ‌A‌ ‌distinct‌ ‌proportion‌ ‌of‌ ‌the‌ ‌harm‌ ‌comes‌ ‌from‌ ‌infectious‌‌                         

diseases‌ ‌which‌ ‌are‌ ‌typically‌ ‌caused‌ ‌by‌ ‌viruses,‌ ‌bacteria,‌ ‌fungi,‌ ‌or‌ ‌protozoa.‌ ‌Infectious‌‌                       

diseases‌ ‌can‌ ‌be‌ ‌transmitted‌ ‌between‌ ‌people‌ ‌through‌ ‌direct‌ ‌or‌ ‌non-direct‌ ‌contact‌ ‌and‌‌                       

occasionally‌ ‌may‌ ‌result‌ ‌in‌ ‌outbreaks‌ ‌given‌ ‌the‌ ‌transmission‌ ‌rate‌ ‌is‌ ‌high‌ ‌enough.‌ ‌Thus,‌‌                         

investigating‌ ‌and‌ ‌monitoring‌ ‌infectious‌ ‌diseases‌ ‌is‌ ‌crucial‌ ‌for‌ ‌public‌ ‌health.‌ ‌ 

The‌ ‌field‌ ‌of‌ ‌epidemiology‌ ‌uses‌ ‌various‌ ‌methods‌ ‌to‌‌address‌‌these‌‌challenges;‌‌one‌‌of‌‌                         

them‌ ‌utilizes‌ ‌molecular‌ ‌data,‌ ‌setting‌ ‌a‌ ‌separate‌ ‌section‌ ‌of‌ ‌epidemiology‌ ‌called‌ ‌molecular‌‌                       

epidemiology.‌ ‌The‌ ‌simplest‌ ‌example‌ ‌of‌ ‌how‌ ‌molecular‌ ‌data‌ ‌can‌ ‌be‌ ‌used‌ ‌to‌ ‌study‌ ‌an‌‌                           

infectious‌ ‌outbreak‌ ‌is‌ ‌identifying‌ ‌how‌ ‌pathogen‌ ‌samples‌ ‌collected‌ ‌during‌ ‌the‌ ‌outbreak‌ ‌are‌‌                       

related;‌ ‌this‌ ‌can‌ ‌complement‌ ‌an‌ ‌incomplete‌ ‌history‌ ‌of‌ ‌contacts‌ ‌and‌ ‌shed‌ ‌light‌ ‌on‌ ‌the‌‌                           

dynamics‌ ‌of‌ ‌pathogen‌ ‌transmission.‌ ‌In‌ ‌the‌ ‌early‌ ‌days‌ ‌of‌ ‌molecular‌ ‌biology,‌ ‌various‌‌                       

experimentally‌ ‌determined‌ ‌biomarkers‌ ‌were‌ ‌used,‌ ‌for‌ ‌instance,‌ ‌endonuclease‌ ‌restriction‌‌                 

patterns.‌ ‌ 

As‌ ‌sequencing‌ ‌technologies‌ ‌evolved,‌ ‌it‌ ‌soon‌ ‌became‌ ‌apparent‌ ‌that‌ ‌nucleotide‌‌                   

sequences‌ ‌provide‌ ‌greater‌ ‌resolution‌ ‌compared‌ ‌to‌ ‌previously‌‌used‌‌biomarkers;‌‌additionally,‌‌                   

the‌‌growing‌‌amount‌‌of‌‌sequencing‌‌data‌‌propelled‌‌the‌‌development‌‌of‌‌computational‌‌methods‌‌                       

in‌ ‌bioinformatics‌ ‌and‌ ‌evolutionary‌ ‌biology.‌ ‌These‌ ‌changes‌ ‌have‌ ‌significantly‌ ‌advanced‌ ‌the‌‌                     

field‌ ‌of‌ ‌molecular‌ ‌epidemiology.‌ ‌Over‌ ‌the‌ ‌last‌ ‌20‌ ‌years,‌ ‌multiple‌ ‌studies‌ ‌have‌ ‌applied‌‌                         

molecular‌ ‌epidemiology‌ ‌to‌ ‌reveal‌ ‌and‌ ‌understand‌ ‌patterns‌ ‌of‌ ‌pathogen‌ ‌transmission‌ ‌and‌‌                     

evolution.‌ ‌ 

Sequences‌‌of‌‌pathogen‌‌samples‌‌can‌‌be‌‌used‌‌to‌‌construct‌‌viral‌‌phylogenies.‌‌From‌‌the‌‌                         

shape‌ ‌of‌ ‌the‌ ‌phylogeny‌ ‌and‌ ‌the‌ ‌distribution‌ ‌of‌ ‌various‌ ‌properties‌ ‌of‌ ‌samples‌ ‌across‌ ‌the‌‌                           

phylogeny,‌ ‌various‌ ‌inferences‌ ‌can‌ ‌be‌ ‌made‌ ‌about‌ ‌the‌ ‌dynamics‌ ‌and‌ ‌mode‌ ‌of‌ ‌pathogen‌‌                         
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transmission.‌ ‌However,‌ ‌the‌ ‌range‌ ‌of‌ ‌possible‌ ‌analyses‌ ‌is‌ ‌dependent‌ ‌on‌ ‌characteristics‌ ‌of‌‌                       

available‌ ‌data‌ ‌like‌ ‌sampling‌ ‌coverage‌ ‌and‌ ‌representativeness‌ ‌of‌ ‌the‌ ‌distribution‌‌of‌‌samples‌‌                       

across‌ ‌time‌ ‌and‌ ‌categories.‌ ‌The‌ ‌two‌ ‌pathogens‌ ‌studied‌ ‌in‌ ‌this‌ ‌thesis‌ ‌project,‌ ‌HIV-1‌ ‌and‌‌                           

SARS-CoV-2,‌‌differ‌‌in‌‌this‌‌respect.‌‌By‌‌means‌‌of‌‌this‌‌thesis‌‌project,‌‌I‌‌would‌‌like‌‌to‌‌illustrate‌‌                               

how‌‌methods‌‌of‌‌molecular‌‌epidemiology‌‌can‌‌be‌‌applied‌‌to‌‌study‌‌these‌‌two‌‌pathogens‌‌in‌‌the‌‌                             

context‌ ‌of‌ ‌the‌ ‌Russian‌ ‌population.‌ ‌ 

The‌‌first‌‌part‌‌of‌‌this‌‌thesis‌‌is‌‌focused‌‌on‌‌HIV-1.‌‌HIV-1‌‌is‌‌a‌‌virus‌‌that‌‌causes‌‌long-term‌                                 

infections‌ ‌in‌ ‌humans‌ ‌gradually‌ ‌impairing‌ ‌the‌ ‌adaptive‌ ‌immunity‌ ‌and‌ ‌progressing‌ ‌to‌ ‌AIDS‌‌                       

(acquired‌‌immunodeficiency‌‌syndrome)‌‌if‌‌untreated.‌‌First‌‌widely‌‌acknowledged‌‌in‌‌the‌‌1980s,‌‌                     

HIV-1‌ ‌has‌ ‌been‌‌causing‌‌epidemics‌‌in‌‌multiple‌‌areas.‌‌The‌‌policies‌‌handling‌‌epidemics‌‌differ‌‌                         

across‌ ‌countries.‌ ‌In‌ ‌Russia,‌ ‌the‌ ‌prevalence‌ ‌of‌ ‌HIV-1‌ ‌is‌‌one‌‌of‌‌the‌‌highest‌‌among‌‌European‌‌                             

countries.‌ ‌At‌ ‌the‌ ‌end‌ ‌of‌ ‌2019,‌ ‌the‌ ‌official‌ ‌HIV-1‌ ‌prevalence‌ ‌in‌ ‌Russia‌ ‌was‌ ‌0.76%‌ ‌with‌‌                             

1,068,839‌‌HIV-positive‌‌people;‌‌the‌‌true‌‌values‌‌should‌‌be‌‌higher‌‌due‌‌to‌‌people‌‌being‌‌unaware‌‌                           

of‌ ‌their‌‌HIV-positive‌‌status.‌‌Molecular‌‌epidemiology‌‌has‌‌limited‌‌applicability‌‌in‌‌the‌‌context‌‌                       

of‌ ‌the‌ ‌country-wide‌ ‌HIV-1‌ ‌epidemic‌ ‌in‌ ‌Russia‌ ‌due‌ ‌to‌ ‌the‌ ‌small‌ ‌amount‌ ‌of‌ ‌genetic‌ ‌data‌‌                             

available‌ ‌(population‌ ‌coverage‌ ‌<1%).‌ ‌Instead‌ ‌of‌ ‌describing‌‌the‌‌Russian-wide‌‌epidemiology‌‌                   

of‌‌HIV-1‌‌using‌‌sparse‌‌data,‌‌we‌‌decided‌‌to‌‌focus‌‌on‌‌a‌‌single‌‌Russian‌‌region‌‌and‌‌study‌‌in‌‌detail‌‌                                   

one‌ ‌HIV-1‌ ‌sub-epidemic.‌ ‌ 

We‌ ‌selected‌ ‌the‌ ‌HIV-1‌ ‌epidemic‌ ‌in‌ ‌Oryol‌ ‌Oblast,‌ ‌represented‌ ‌by‌ ‌2,157‌ ‌registered‌‌                       

HIV-positive‌‌people;‌‌we‌‌obtained‌‌sequences‌‌of‌‌the‌‌‌pol‌‌region‌‌fragment‌‌of‌‌the‌‌HIV-1‌‌genome‌‌                           

from‌‌768‌‌patients‌‌covering‌‌more‌‌than‌‌a‌‌third‌‌of‌‌the‌‌known‌‌part‌‌of‌‌the‌‌epidemic.‌‌This‌‌part‌‌of‌‌                                   

the‌‌thesis‌‌illustrates‌‌how‌‌substantial‌‌sampling‌‌density‌‌allowed‌‌us‌‌to‌‌describe‌‌the‌‌structure‌‌of‌‌                           

viral‌ ‌lineages‌ ‌circulating‌ ‌in‌ ‌Oryol‌ ‌Oblast‌ ‌with‌ ‌a‌ ‌good‌ ‌resolution.‌‌ ‌  
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The‌ ‌second‌ ‌part‌ ‌of‌ ‌the‌ ‌thesis‌ ‌is‌ ‌focused‌ ‌on‌ ‌another‌ ‌Russian‌ ‌epidemic‌ ‌caused‌ ‌by‌ ‌a‌‌                             

virus‌‌very‌‌different‌‌from‌‌HIV-1.‌‌Here,‌‌I‌‌describe‌‌our‌‌work‌‌that‌‌explored‌‌the‌‌early‌‌dynamics‌‌                             

of‌‌SARS-CoV-2‌‌in‌‌Russia.‌‌We‌‌studied‌‌the‌‌onset‌‌of‌‌the‌‌Russian‌‌epidemic‌‌using‌‌211‌‌complete‌‌                             

SARS-CoV-2‌ ‌genomes‌ ‌collected‌ ‌in‌ ‌March‌ ‌and‌ ‌April‌ ‌of‌ ‌2020.‌ ‌ ‌   

This‌‌work‌‌is‌‌different‌‌from‌‌the‌‌HIV-1‌‌project‌‌both‌‌in‌‌terms‌‌of‌‌infection‌‌properties‌‌and‌‌                             

sampling‌ ‌strategy.‌ ‌First,‌ ‌unlike‌ ‌HIV-1,‌ ‌SARS-CoV-2‌ ‌is‌ ‌being‌ ‌easily‌ ‌transmitted‌ ‌through‌‌                     

contacts‌ ‌with‌ ‌infectious‌ ‌respiratory‌ ‌fluids,‌ ‌possesses‌ ‌much‌ ‌shorter‌ ‌generation‌ ‌time‌ ‌and‌‌                     

recovery‌ ‌rate,‌ ‌and‌ ‌evolves‌ ‌slower.‌ ‌Second,‌ ‌we‌ ‌were‌ ‌only‌ ‌able‌ ‌to‌ ‌collect‌ ‌and‌ ‌analyse‌ ‌viral‌‌                             

samples‌ ‌from‌ ‌a‌ ‌small‌ ‌and‌ ‌biased‌ ‌fraction‌ ‌of‌ ‌the‌ ‌infected‌ ‌population.‌ ‌These‌ ‌differences‌‌                         

affected‌ ‌our‌ ‌choice‌ ‌of‌ ‌methodology‌ ‌and‌ ‌topics‌ ‌studied.‌ ‌ 

Despite‌ ‌a‌ ‌much‌‌lower‌‌population‌‌coverage‌‌(0.3%)‌‌and‌‌a‌‌limited‌‌number‌‌of‌‌samples,‌‌                         

the‌ ‌available‌ ‌data‌ ‌were‌ ‌informative‌ ‌of‌ ‌the‌ ‌early‌ ‌stages‌ ‌of‌ ‌the‌ ‌SARS-CoV-2‌ ‌epidemic,‌‌                         

although‌‌some‌‌of‌‌our‌‌findings‌‌are‌‌sensitive‌‌to‌‌undersampling‌‌as‌‌acknowledged.‌‌The‌‌sampling‌‌                         

collection‌ ‌procedure‌ ‌was‌ ‌biased‌ ‌towards‌ ‌infections‌ ‌observed‌ ‌in‌ ‌Saint‌ ‌Petersburg;‌ ‌in‌‌                     

particular,‌‌about‌‌a‌‌quarter‌‌of‌‌the‌‌final‌‌dataset‌‌corresponded‌‌to‌‌the‌‌SARS-CoV-2‌‌outbreak‌‌in‌‌a‌‌                             

hospital‌ ‌in‌ ‌Saint‌ ‌Petersburg‌ ‌that‌ ‌was‌ ‌placed‌ ‌under‌ ‌quarantine‌ ‌in‌ ‌April‌ ‌2020‌ ‌together‌ ‌with‌‌                           

~700‌ ‌people‌ ‌inside.‌ ‌This‌ ‌allowed‌ ‌us‌ ‌to‌ ‌apply‌ ‌phylodynamics‌ ‌to‌ ‌study‌ ‌this‌ ‌outbreak.‌ ‌ 

Two‌‌major‌‌goals‌‌were‌‌set‌‌during‌‌this‌‌research,‌‌both‌‌involving‌‌the‌‌analysis‌‌of‌‌genetic‌‌                           

data‌ ‌using‌ ‌methods‌ ‌of‌ ‌molecular‌ ‌epidemiology:‌ ‌ 

1.‌ ‌To‌ ‌study‌ ‌the‌ ‌HIV-1‌ ‌epidemic‌ ‌in‌ ‌Oryol‌ ‌Oblast‌ ‌using‌ ‌the‌ ‌‌pol‌ ‌region‌ ‌fragment‌ ‌of‌‌                             

HIV-1‌‌collected‌‌from‌‌at‌‌least‌‌a‌‌third‌‌of‌‌the‌‌infected‌‌population,‌‌to‌‌identify‌‌importations‌‌of‌‌the‌‌                               

virus‌‌into‌‌the‌‌region‌‌and‌‌cases‌‌of‌‌viral‌‌transmission‌‌within‌‌the‌‌region‌‌(transmission‌‌lineages),‌‌                           

to‌ ‌describe‌ ‌the‌ ‌composition‌ ‌of‌‌subtypes,‌‌sexes,‌‌and‌‌transmission‌‌routes,‌‌and‌‌the‌‌association‌‌                         
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between‌ ‌these‌ ‌categories‌ ‌and‌ ‌transmission‌ ‌lineages,‌ ‌and‌ ‌to‌ ‌estimate‌ ‌the‌ ‌growth‌ ‌rate‌ ‌of‌ ‌the‌‌                           

epidemic.‌ ‌ 

2.‌ ‌To‌ ‌study‌ ‌the‌ ‌beginning‌ ‌of‌ ‌the‌‌COVID-19‌‌epidemic‌‌in‌‌Russia‌‌using‌‌211‌‌complete‌‌                           

SARS-CoV-2‌‌genomes,‌‌to‌‌identify‌‌cases‌‌of‌‌imports‌‌and‌‌domestic‌‌transmission‌‌(transmission‌‌                     

lineages),‌ ‌and‌‌to‌‌estimate‌‌the‌‌total‌‌number‌‌of‌‌imports‌‌and‌‌suggest‌‌their‌‌geography‌‌based‌‌on‌‌                             

the‌ ‌travel‌ ‌data‌ ‌available.‌ ‌ 

The‌‌thesis‌‌is‌‌structured‌‌as‌‌follows.‌‌In‌‌Chapter‌‌2,‌‌I‌‌provide‌‌an‌‌overview‌‌of‌‌the‌‌relevant‌‌                               

body‌‌of‌‌literature,‌‌first‌‌introducing‌‌the‌‌concept‌‌of‌‌molecular‌‌epidemiology‌‌and‌‌its‌‌commonly‌‌                         

used‌‌methods,‌‌then‌‌reviewing‌‌the‌‌two‌‌objects‌‌of‌‌this‌‌Ph.D.‌‌project,‌‌HIV-1‌‌and‌‌SARS-CoV-2,‌‌                           

and‌‌putting‌‌them‌‌in‌‌the‌‌context‌‌of‌‌molecular‌‌epidemiology.‌‌In‌‌Chapter‌‌3,‌‌I‌‌describe‌‌the‌‌first‌‌                               

part‌‌of‌‌my‌‌thesis‌‌project‌‌on‌‌the‌‌analysis‌‌of‌‌a‌‌densely‌‌sampled‌‌HIV-1‌‌epidemic‌‌in‌‌a‌‌particular‌‌                                 

region‌‌of‌‌Russia.‌‌Chapter‌‌4‌‌investigates‌‌the‌‌early‌‌dynamics‌‌of‌‌SARS-CoV-2‌‌in‌‌Russia‌‌based‌‌                           

on‌ ‌genomic‌ ‌data‌‌collected‌‌in‌‌March-April,‌‌2020,‌‌making‌‌for‌‌the‌‌second‌‌part‌‌of‌‌this‌‌project.‌‌                             

Chapter‌ ‌5‌ ‌concludes‌ ‌the‌ ‌thesis‌ ‌by‌ ‌summarizing‌ ‌the‌ ‌obtained‌ ‌results.‌ ‌ 

I‌ ‌would‌ ‌like‌ ‌to‌ ‌state‌ ‌my‌ ‌contributions‌ ‌to‌ ‌this‌ ‌work‌ ‌here.‌ ‌In‌ ‌Chapter‌ ‌3,‌ ‌I‌ ‌did‌ ‌the‌‌                                 

bioinformatic‌‌part‌‌of‌‌the‌‌project,‌‌starting‌‌from‌‌the‌‌development‌‌of‌‌a‌‌custom‌‌consensus‌‌calling‌‌                           

pipeline‌ ‌and‌ ‌the‌ ‌preparation‌ ‌of‌ ‌the‌ ‌dataset.‌ ‌In‌ ‌Chapter‌ ‌4,‌ ‌I‌ ‌validated‌ ‌and‌ ‌corrected‌‌                           

SARS-CoV-2‌ ‌consensus‌ ‌sequences‌ ‌initially‌ ‌made‌ ‌by‌ ‌Artem‌ ‌Fadeev‌ ‌from‌ ‌Smorodintsev‌‌                   

Research‌ ‌Institute‌ ‌of‌ ‌Influenza‌ ‌in‌ ‌Saint‌ ‌Petersburg;‌ ‌prepared‌ ‌the‌ ‌dataset,‌ ‌reconstructed‌ ‌the‌‌                       

phylogeny,‌ ‌and‌ ‌inferred‌ ‌transmission‌ ‌lineages;‌ ‌inferred‌ ‌the‌ ‌dynamics‌ ‌of‌ ‌R‌e‌‌ ‌in‌ ‌EpiEstim.‌ ‌ 

‌    
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CHAPTER‌ ‌2:‌ ‌LITERATURE‌ ‌REVIEW‌ ‌ 

This‌ ‌chapter‌ ‌is‌ ‌organized‌ ‌as‌ ‌follows.‌ ‌In‌ ‌Section‌ ‌2.1,‌ ‌I‌ ‌discuss‌ ‌briefly‌‌the‌‌molecular‌‌                           

epidemiology‌ ‌field.‌ ‌In‌ ‌Sections‌ ‌2.2‌ ‌and‌ ‌2.3,‌ ‌I‌ ‌introduce‌ ‌the‌ ‌objects‌ ‌studied‌ ‌in‌ ‌this‌ ‌Thesis,‌‌                             

HIV-1‌ ‌and‌ ‌SARS-CoV-2‌ ‌respectively,‌ ‌and‌ ‌discuss‌ ‌how‌ ‌molecular‌ ‌epidemiology‌ ‌can‌ ‌add‌ ‌a‌‌                       

novel‌ ‌piece‌ ‌of‌ ‌knowledge‌ ‌about‌ ‌these‌ ‌two‌ ‌infectious‌ ‌diseases.‌ ‌ 

2.1.‌ ‌Molecular‌ ‌epidemiology‌ ‌offers‌ ‌a‌ ‌novel‌ ‌dimension‌ ‌to‌ ‌our‌ ‌understanding‌ ‌of‌‌                     

diseases‌ ‌bringing‌ ‌together‌ ‌epidemiological‌ ‌and‌ ‌biological‌ ‌data‌ ‌ 

Diseases‌ ‌exist,‌ ‌and‌‌some‌‌of‌‌them‌‌affect‌‌populations‌‌heavily.‌‌What‌‌factors‌‌contribute‌‌                       

to‌ ‌disease‌ ‌transmission,‌ ‌progression,‌ ‌and‌ ‌spread‌ ‌across‌ ‌the‌ ‌host‌ ‌population?‌ ‌How‌ ‌can‌ ‌we‌‌                         

affect‌ ‌those‌ ‌factors‌ ‌to‌ ‌intervene‌ ‌in‌ ‌the‌ ‌current‌ ‌outbreak‌ ‌and‌ ‌to‌ ‌prevent‌ ‌future‌ ‌epidemics?‌‌                           

Epidemiology‌ ‌is‌ ‌a‌ ‌field‌ ‌that‌ ‌studies‌ ‌these‌ ‌questions‌ ‌by‌ ‌collecting‌ ‌and‌ ‌analyzing‌ ‌incidence‌‌                         

data‌‌combined‌‌with‌‌patient‌‌data‌‌(such‌‌as‌‌age,‌‌sex,‌‌ethnicity,‌‌immune‌‌status,‌‌chronic‌‌diseases,‌‌                           

contact‌ ‌with‌ ‌disease‌ ‌carriers,‌ ‌etc.)‌ ‌using‌ ‌methods‌ ‌ranging‌ ‌from‌ ‌routine‌ ‌surveillance‌ ‌and‌‌                       

simple‌‌association‌‌studies‌‌to‌‌complex‌‌mathematical‌‌models.‌‌For‌‌most‌‌diseases,‌‌incidence‌‌and‌‌                       

patient‌ ‌data‌ ‌can‌ ‌be‌ ‌accompanied‌ ‌by‌ ‌biological‌ ‌markers‌ ‌which‌ ‌can‌ ‌be‌ ‌measured‌ ‌in‌ ‌the‌‌                           

laboratory.‌‌ ‌  

Remark:‌ ‌Epidemiology‌ ‌studies‌ ‌both‌ ‌infectious‌ ‌(e.g.‌ ‌HIV,‌ ‌HCV)‌ ‌and‌ ‌non-infectious‌ ‌(e.g.‌‌                     

cardiovascular‌ ‌disease,‌ ‌cancer)‌ ‌diseases,‌ ‌however,‌ ‌considering‌ ‌the‌ ‌topic‌ ‌of‌ ‌this‌ ‌thesis,‌ ‌the‌‌                       

text‌ ‌below‌ ‌focuses‌ ‌on‌ ‌the‌ ‌epidemiology‌ ‌of‌ ‌infectious‌ ‌diseases‌ ‌only.‌‌ ‌  

2.1.1.‌ ‌The‌ ‌dawn‌ ‌of‌ ‌molecular‌ ‌epidemiology‌ ‌ 

One‌ ‌can‌ ‌define‌ ‌molecular‌ ‌epidemiology‌ ‌as‌ ‌a‌ ‌field‌ ‌that‌ ‌aims‌ ‌to‌ ‌describe‌ ‌and‌ ‌study‌‌                           

epidemiological‌ ‌processes‌ ‌using‌ ‌various‌ ‌biomarkers.‌ ‌Since‌ ‌its‌ ‌early‌ ‌history,‌ ‌molecular‌‌                   
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biology‌ ‌has‌ ‌been‌ ‌lending‌ ‌techniques‌ ‌that‌ ‌produced‌ ‌data‌ ‌suitable‌ ‌for‌ ‌an‌ ‌epidemiological‌‌                       

framework,‌‌including‌‌antibiotic‌‌resistance‌‌profiles‌[1]‌,‌‌seroreactivity‌‌‌[2]‌,‌‌plaque‌‌morphology‌‌                   

[3]‌,‌ ‌electrophoretic‌ ‌mobility‌ ‌of‌ ‌polypeptides‌ ‌and‌ ‌RNAs‌ [4,5]‌,‌ ‌and‌ ‌endonuclease‌ ‌restriction‌‌                     

patterns‌ ‌‌[6–8]‌,‌ ‌with‌ ‌the‌ ‌latter‌ ‌probably‌ ‌being‌ ‌the‌ ‌most‌ ‌widespread‌ ‌among‌ ‌all.‌ ‌ 

DNA‌‌fingerprinting‌‌of‌‌‌Mycobacterium‌‌tuberculosis‌‌strains‌‌based‌‌on‌‌a‌‌repetitive‌‌DNA‌‌                     

element‌ ‌called‌ ‌IS6110‌ ‌serves‌ ‌as‌ ‌a‌ ‌prominent‌ ‌example‌ ‌of‌ ‌the‌ ‌restriction-based‌ ‌approach.‌‌                       

IS6110-based‌ ‌typing‌ ‌has‌ ‌been‌ ‌used‌ ‌for‌ ‌decades‌ ‌to‌ ‌describe‌ ‌and‌‌distinguish‌‌‌M.‌‌tuberculosis‌‌                         

strains‌ ‌before‌ ‌DNA‌ ‌sequencing‌ ‌came‌ ‌into‌ ‌play.‌ ‌IS6110‌ ‌is‌ ‌a‌ ‌repetitive‌ ‌insertion‌ ‌sequence‌‌                         

scattered‌ ‌across‌ ‌the‌ ‌bacterial‌ ‌genome.‌ ‌After‌ ‌bacterial‌ ‌DNA‌ ‌is‌ ‌treated‌ ‌with‌ ‌a‌ ‌particular‌‌                         

restrictase,‌‌the‌‌number‌‌and‌‌location‌‌of‌‌IS6110‌‌elements,‌‌together‌‌with‌‌polymorphisms‌‌at‌‌the‌‌                         

restrictase‌‌sites,‌‌produce‌‌a‌‌certain‌‌electrophoretic‌‌pattern‌‌when‌‌probed‌‌for‌‌an‌‌IS6110-specific‌‌                       

sequence‌ ‌‌[9]‌.‌ ‌These‌ ‌patterns,‌ ‌or‌ ‌fingerprints,‌ ‌have‌ ‌been‌ ‌widely‌ ‌used‌ ‌to‌ ‌study‌ ‌tuberculosis‌‌                         

outbreaks‌ ‌‌[10,11]‌,‌ ‌recent‌ ‌transmissions‌ ‌and‌‌clustering‌‌in‌‌the‌‌population‌‌‌[12,13]‌,‌‌geographic‌‌                     

dispersal‌ ‌‌[10]‌,‌ ‌and‌ ‌to‌ ‌infer‌ ‌serial‌ ‌interval‌ ‌and‌ ‌incubation‌ ‌period‌ ‌‌[14]‌.‌ ‌Restriction-based‌‌                       

techniques‌ ‌have‌ ‌been‌ ‌successfully‌ ‌used‌ ‌for‌ ‌many‌ ‌other‌ ‌human‌ ‌pathogens‌ ‌including‌ ‌herpes‌‌                       

simplex‌ ‌virus‌ ‌‌[15]‌,‌ ‌‌Escherichia‌ ‌coli‌ ‌‌[16]‌,‌ ‌‌Staphylococcus‌ ‌aureus‌ ‌‌[17]‌,‌ ‌and‌ ‌‌Helicobacter‌‌                     

pylori‌ ‌‌[18]‌.‌ ‌The‌ ‌rapid‌ ‌development‌ ‌of‌ ‌sequencing‌ ‌technologies‌ ‌provided‌ ‌an‌ ‌unprecedented‌‌                     

resolution‌ ‌of‌ ‌pathogen‌ ‌genotypes‌ ‌and‌ ‌made‌ ‌apparent‌ ‌the‌ ‌limitations‌ ‌of‌ ‌restriction-based‌‌                     

methods‌ ‌in‌ ‌revealing‌ ‌the‌ ‌true‌ ‌amount‌ ‌of‌ ‌genetic‌ ‌diversity‌ ‌in‌ ‌compared‌ ‌samples‌ ‌‌[19,20]‌.‌‌                         

Nowadays,‌ ‌restriction-based‌ ‌methods,‌ ‌as‌ ‌well‌ ‌as‌ ‌other‌ ‌DNA‌ ‌fingerprinting‌ ‌techniques,‌ ‌are‌‌                     

mainly‌ ‌used‌ ‌for‌ ‌typing‌ ‌in‌ ‌preliminary‌ ‌diagnostics‌ ‌or‌ ‌when‌ ‌DNA‌ ‌sequencing‌ ‌is‌ ‌not‌ ‌available.‌ ‌ 
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2.1.2.‌ ‌Modern‌ ‌molecular‌ ‌epidemiology‌ ‌ 

The‌‌increasing‌‌availability‌‌of‌‌genetic‌‌sequences‌‌has‌‌allowed‌‌scientists‌‌to‌‌incorporate‌‌                     

phylogenetic‌ ‌methods‌ ‌into‌ ‌the‌ ‌statistical‌ ‌framework‌ ‌of‌ ‌epidemiology.‌ ‌Evolutionary,‌‌                 

epidemiological,‌ ‌and‌ ‌immunological‌ ‌forces‌ ‌affect‌ ‌genetic‌ ‌diversity‌ ‌dynamics‌ ‌of‌ ‌pathogen‌‌                   

populations‌‌shaping‌‌their‌‌phylogenies.‌‌In‌‌this‌‌section,‌‌I‌‌provide‌‌a‌‌brief‌‌description‌‌of‌‌some‌‌of‌‌                             

the‌ ‌commonly‌ ‌used‌ ‌ideas‌ ‌and‌ ‌methods.‌‌ ‌  

2.1.2.1.‌ ‌Phylogeny‌ ‌shape‌ ‌ 

Among‌ ‌the‌ ‌classical‌ ‌examples‌ ‌of‌ ‌phylogeny-shaping‌ ‌processes‌ ‌is‌ ‌the‌ ‌host‌ ‌immune‌‌                     

response.‌‌Strong‌‌immune‌‌selection‌‌can‌‌enforce‌‌a‌‌‌"ladder"-like‌‌asymmetrical‌‌tree‌‌shape‌,‌‌a‌‌                       

pattern‌ ‌well-described‌ ‌for‌ ‌the‌ ‌population‌ ‌phylogeny‌ ‌of‌ ‌influenza‌ ‌A‌ ‌virus‌ ‌‌[21,22]‌ ‌which‌ ‌is‌‌                         

bound‌ ‌to‌‌generate‌‌novel‌‌mutations‌‌at‌‌epitopes‌‌and‌‌increase‌‌its‌‌antigenic‌‌distance‌‌in‌‌order‌‌to‌‌                             

evade‌‌herd‌‌immunity‌‌‌[23,24]‌;‌‌this‌‌process‌‌can‌‌be‌‌traced‌‌by‌‌comparing‌‌patterns‌‌of‌‌mutations‌                           

on‌ ‌the‌ ‌so-called‌ ‌"trunk"‌ ‌of‌ ‌the‌ ‌tree,‌ ‌that‌ ‌captures‌‌the‌‌history‌‌of‌‌the‌‌most‌‌successful‌‌strains,‌‌                               

with‌ ‌side‌ ‌branches‌ ‌of‌ ‌the‌ ‌tree‌ ‌‌[25]‌.‌ ‌A‌ ‌"ladder"-like‌ ‌pattern‌ ‌has‌ ‌been‌ ‌also‌ ‌reported‌ ‌for‌‌                             

intra-host‌ ‌HIV‌ ‌evolution‌ ‌mediated‌ ‌by‌ ‌constant‌ ‌CD8+‌ ‌T‌ ‌cells‌ ‌and‌ ‌neutralizing‌ ‌antibodies‌‌                       

pressure‌ ‌‌[26–29]‌.‌ ‌In‌ ‌contrast,‌ ‌the‌ ‌population‌ ‌tree‌ ‌of‌ ‌HIV‌ ‌follows‌ ‌a‌ ‌balanced‌ ‌"star"-like‌‌                         

pattern‌ ‌‌[30]‌,‌ ‌in‌ ‌agreement‌ ‌with‌ ‌no‌ ‌clear‌ ‌signal‌ ‌of‌ ‌cross-immunity‌ ‌and‌ ‌differential‌ ‌fitness‌‌                         

being‌ ‌observed‌ ‌for‌ ‌HIV‌ ‌at‌‌the‌‌level‌‌of‌‌population.‌‌It‌‌should‌‌be‌‌noted,‌‌however,‌‌that‌‌similar‌‌                               

patterns‌ ‌might‌ ‌result‌ ‌from‌ ‌different‌‌processes‌‌or‌‌their‌‌combinations‌‌(e.g.‌‌regular‌‌population‌‌                       

bottlenecks‌ ‌will‌ ‌result‌ ‌in‌ ‌a‌ ‌"ladder"-like‌ ‌topology‌ ‌similarly‌ ‌to‌ ‌immune‌ ‌pressure)‌ ‌thus‌‌                       

additional‌ ‌statistical‌ ‌tests‌ ‌should‌ ‌be‌ ‌performed‌ ‌before‌ ‌making‌ ‌inferences.‌ ‌ 

2.1.2.2.‌ ‌Coalescent‌ ‌theory‌ ‌ 

Another‌ ‌phylogenetic‌ ‌pattern‌ ‌that‌ ‌can‌ ‌inform‌‌us‌‌about‌‌genetic‌‌diversity‌‌dynamics‌‌is‌‌                       

the‌ ‌distribution‌ ‌of‌ ‌branch‌ ‌lengths‌ ‌along‌ ‌the‌ ‌tree‌ ‌which‌‌can‌‌be‌‌mathematically‌‌described‌‌by‌‌                           

18‌ ‌ 
‌ 

https://paperpile.com/c/bilIcc/NRk3+J2ej
https://paperpile.com/c/bilIcc/d7k0+F3D3
https://paperpile.com/c/bilIcc/MgoC
https://paperpile.com/c/bilIcc/6Qay+PnLa+b8HR+9JZZ
https://paperpile.com/c/bilIcc/1MZe


coalescent‌‌theory‌‌‌[31]‌.‌‌Coalescent‌‌theory‌‌in‌‌its‌‌basic‌‌form‌‌works‌‌with‌‌a‌‌neutrally‌‌evolving,‌‌                           

non-recombining,‌ ‌randomly‌ ‌mating‌ ‌population‌ ‌of‌ ‌constant‌ ‌size‌ ‌‌N‌e‌ ‌with‌ ‌non-overlapping‌                   

generations.‌ ‌‌N‌e‌ ‌is‌ ‌the‌ ‌effective‌ ‌population‌ ‌size‌ ‌that‌ ‌represents‌ ‌the‌ ‌number‌ ‌of‌ ‌individuals‌‌                         

contributing‌ ‌to‌ ‌progeny‌ ‌rather‌ ‌than‌ ‌the‌ ‌total‌ ‌number‌ ‌of‌ ‌individuals‌ ‌in‌ ‌the‌ ‌population‌ ‌and‌‌                           

reflects‌‌the‌‌amount‌‌of‌‌genetic‌‌diversity‌‌and‌‌genetic‌‌drift‌‌‌[30,32]‌.‌‌Coalescent‌‌theory‌‌describes‌‌                         

how‌ ‌lineages‌ ‌(alleles‌ ‌sampled‌ ‌from‌ ‌a‌ ‌population)‌ ‌coalesce,‌ ‌or‌ ‌merge,‌ ‌to‌ ‌their‌ ‌common‌‌                         

ancestor‌ ‌(Fig‌ ‌2.1).‌ ‌ 

‌ 

Figure‌ ‌2.1.‌ ‌Coalescent‌ ‌process.‌ ‌‌Red‌ ‌circles‌‌correspond‌‌to‌‌the‌‌observed‌‌lineages;‌‌blue‌‌circles‌‌mark‌‌                           
coalescent‌ ‌events.‌ ‌ 

Under‌‌assumptions‌‌of‌‌the‌‌model,‌‌the‌‌probability‌‌of‌‌any‌‌two‌‌lineages‌‌in‌‌a‌‌sample‌‌of‌‌‌k‌‌                               

lineages‌ ‌to‌ ‌coalesce‌ ‌follows‌ ‌a‌ ‌geometrical‌ ‌(exponential,‌ ‌assuming‌ ‌‌N‌e‌ ‌is‌ ‌large‌ ‌enough‌ ‌for‌‌                         
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continuous‌‌approximation)‌‌distribution‌‌with‌‌mean‌‌ ,‌‌implying‌‌that‌‌the‌‌waiting‌‌time‌‌for‌‌          2N e

k(k−1)              

a‌ ‌coalescent‌ ‌event‌ ‌is‌ ‌ ‌generations.‌ ‌It‌ ‌can‌ ‌be‌ ‌easily‌ ‌demonstrated‌ ‌that‌ ‌the‌ ‌time‌ ‌to‌‌the‌‌        2N e
k(k−1)                        

most‌‌recent‌‌common‌‌ancestor‌‌(MRCA)‌‌of‌‌all‌‌‌k‌‌lineages‌‌equals‌‌ ‌and‌‌tends‌‌to‌‌‌2N‌e‌ ‌                    N  2 e 1( − k
1)          

as‌ ‌long‌ ‌as‌ ‌‌k‌‌ ‌is‌ ‌large‌ ‌enough.‌ ‌ 

The‌ ‌equations‌ ‌above‌ ‌inform‌ ‌us‌ ‌about‌ ‌the‌ ‌expected‌ ‌branching‌ ‌pattern:‌‌waiting‌‌times‌‌                       

increase‌ ‌as‌ ‌the‌ ‌number‌ ‌of‌ ‌considered‌ ‌lineages‌ ‌decreases,‌ ‌resulting‌ ‌in‌‌shorter‌‌branches‌‌near‌‌                         

the‌ ‌tips‌ ‌of‌ ‌the‌ ‌tree‌ ‌and‌ ‌longer‌ ‌deeper‌ ‌branches;‌ ‌for‌ ‌the‌ ‌last‌ ‌two‌ ‌lineages,‌ ‌it‌ ‌will‌ ‌take‌ ‌on‌‌                                   

average‌ ‌ ‌generations‌ ‌to‌ ‌coalesce.‌ ‌If‌ ‌‌population‌ ‌size‌ ‌changes‌ ‌with‌ ‌time,‌ ‌the‌ ‌rate‌ ‌of‌‌  N e                          

coalescent‌‌events‌‌changes‌‌as‌‌well,‌‌affecting‌‌the‌‌branch‌‌length‌‌pattern‌‌which‌‌can‌‌be‌‌captured‌‌                           

by‌ ‌comparing‌ ‌with‌ ‌a‌ ‌constant‌ ‌size‌ ‌expectation;‌ ‌e.g.‌ ‌in‌ ‌a‌ ‌growing‌ ‌population‌ ‌(‌ (t)‌ ‌>‌‌                        N e     N e

(t+1)‌,‌ ‌time‌ ‌is‌ ‌reversed)‌ ‌coalescent‌ ‌rate‌ ‌decreases‌‌with‌‌time‌‌producing‌‌longer‌‌than‌‌expected‌‌                         

terminal‌ ‌branches.‌‌ ‌  

When‌ ‌combined‌ ‌with‌ ‌genetic‌ ‌data‌ ‌for‌ ‌phylogenetic‌‌inference,‌‌a‌‌coalescent‌‌model‌‌is‌‌                       

treated‌ ‌as‌ ‌an‌ ‌additional‌ ‌set‌ ‌of‌ ‌parameters‌ ‌(like‌ ‌effective‌ ‌population‌ ‌size(s)‌ ‌and‌ ‌coalescent‌‌                         

times)‌ ‌which‌ ‌can‌ ‌be‌ ‌explicitly‌ ‌added‌ ‌to‌‌the‌‌likelihood‌‌function‌‌and‌‌estimated‌‌together‌‌with‌‌                           

other‌ ‌evolutionary‌ ‌parameters‌ ‌(e.g.‌ ‌evolutionary‌ ‌rate‌ ‌or‌ ‌transition/transversion‌ ‌ratio)‌ ‌‌[33]‌.‌‌                   

The‌ ‌Bayesian‌ ‌framework‌ ‌allows‌ ‌accompanying‌ ‌the‌ ‌likelihood‌ ‌function‌ ‌with‌ ‌informative‌‌                   

priors‌ ‌which‌ ‌can‌ ‌enhance‌ ‌inference‌ ‌if‌ ‌used‌ ‌wisely‌ ‌‌[34–36]‌.‌ ‌ 

One‌‌major‌‌advance‌‌of‌‌statistical‌‌frameworks‌‌that‌‌involve‌‌phylogenies‌‌is‌‌an‌‌ability‌‌to‌‌                         

work‌ ‌with‌ ‌‌time-stamped‌‌data‌‌which‌‌is‌‌often‌‌the‌‌case‌‌for‌‌pathogenic‌‌samples‌‌‌[34,37]‌.‌‌This‌‌                           

allows‌ ‌relating‌ ‌the‌ ‌reconstructed‌‌dynamics‌‌to‌‌calendar‌‌time.‌‌When‌‌working‌‌with‌‌outbreaks,‌‌                       

time‌‌to‌‌the‌‌MRCA‌‌reconstructed‌‌by‌‌the‌‌model‌‌can‌‌inform‌‌us‌‌about‌‌the‌‌date‌‌when‌‌an‌‌outbreak‌‌                                 

might‌ ‌have‌ ‌been‌ ‌started‌ ‌as‌ ‌was‌ ‌done‌ ‌for‌ ‌the‌ ‌H1N1‌ ‌outbreak‌ ‌in‌ ‌2009‌ ‌‌[38]‌.‌ ‌ 
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Estimates‌ ‌produced‌ ‌by‌ ‌coalescent‌ ‌models‌ ‌may‌ ‌be‌ ‌difficult‌ ‌to‌ ‌interpret‌ ‌in‌ ‌terms‌ ‌of‌‌                         

epidemiology.‌ ‌An‌ ‌attempt‌‌to‌‌bring‌‌a‌‌coalescent‌‌model‌‌to‌‌a‌‌SIR‌‌model‌‌that‌‌uses‌‌a‌‌system‌‌of‌‌                                 

ordinary‌ ‌differential‌ ‌equations‌‌to‌‌describe‌‌the‌‌dynamics‌‌of‌‌three‌‌compartments‌‌(susceptible,‌‌                     

infected,‌‌and‌‌recovered)‌‌during‌‌an‌‌outbreak‌‌showed‌‌that‌‌during‌‌an‌‌early‌‌exponential‌‌phase‌‌of‌‌                           

the‌ ‌outbreak‌ ‌ ‌estimates‌ ‌are‌ ‌indeed‌ ‌proportional‌ ‌to‌ ‌prevalence‌ ‌(the‌ ‌total‌ ‌number‌ ‌of‌‌    N e                      

infections)‌ ‌‌[39]‌.‌ ‌However,‌ ‌in‌ ‌general,‌ ‌there‌ ‌is‌ ‌no‌ ‌simple‌ ‌dependence‌ ‌of‌ ‌ ‌on‌ ‌prevalence‌‌                      N e      

and‌ ‌incidence,‌ ‌thus‌ ‌ ‌cannot‌ ‌be‌ ‌readily‌ ‌interpreted‌ ‌to‌ ‌be‌ ‌proportional‌ ‌to‌ ‌the‌ ‌number‌ ‌of‌‌      N e                        

infections.‌ ‌Volz‌ ‌‌[40]‌ ‌integrated‌ ‌the‌ ‌SIR‌ ‌model‌ ‌dynamics‌ ‌into‌ ‌the‌ ‌coalescent‌ ‌framework‌ ‌to‌‌                         

directly‌ ‌estimate‌ ‌epidemiological‌ ‌parameters;‌ ‌later,‌‌a‌‌probabilistic,‌‌stochastic‌‌counterpart‌‌of‌                   

this‌ ‌model‌ ‌was‌ ‌developed‌ ‌‌[41]‌.‌ ‌ 

2.1.2.3.‌ ‌Birth-death‌ ‌models‌ ‌ 

Instead‌‌of‌‌a‌‌coalescent‌‌process,‌‌one‌‌can‌‌think‌‌of‌‌phylogeny‌‌as‌‌a‌‌distribution‌‌generated‌‌                           

by‌ the‌ ‌birth-death‌ ‌(BD)‌ ‌process‌ ‌‌[42]‌.‌ ‌In‌‌an‌‌epidemiological‌‌context,‌‌birth‌‌and‌‌death‌‌rates‌‌                           

can‌ ‌be‌ ‌interpreted‌ ‌as‌‌the‌‌rate‌‌of‌‌transmission‌‌of‌‌a‌‌pathogen‌‌lineage‌‌and‌‌the‌‌rate‌‌of‌‌its‌‌death‌‌                                   

due‌ ‌to‌ ‌the‌ ‌host‌ ‌recovery,‌ ‌treatment,‌ ‌isolation,‌‌or‌‌death.‌‌The‌‌ratio‌‌between‌‌the‌‌birth‌‌rate‌‌and‌‌                               

the‌ ‌death‌ ‌rate‌ ‌results‌ ‌in‌ ‌the‌ ‌key‌ ‌concept‌ ‌of‌ ‌epidemiology,‌ ‌‌the‌ ‌reproduction‌ ‌number‌ ‌R,‌‌                           

which‌ ‌is‌ ‌defined‌ ‌as‌ ‌the‌ ‌average‌ ‌number‌ ‌of‌ ‌secondary‌ ‌infections‌ ‌produced‌ ‌by‌ ‌an‌ ‌infected‌‌                           

individual.‌‌An‌‌early‌‌implementation‌‌of‌‌the‌‌BD‌‌model‌‌with‌‌constant‌‌birth‌‌and‌‌death‌‌rates‌‌‌[43]‌‌                             

was‌ ‌soon‌ ‌expanded‌ ‌by‌‌‌[44,45]‌‌and‌‌allowed‌‌rates‌‌to‌‌vary‌‌over‌‌time.‌‌Direct‌‌modeling‌‌of‌‌SIR‌‌                               

compartments‌ ‌in‌‌the‌‌BD‌‌model‌‌worked‌‌well‌‌compared‌‌with‌‌coalescence-based‌‌SIR‌‌models;‌‌                       

moreover,‌ ‌it‌ ‌was‌ ‌shown‌ ‌to‌ ‌be‌ ‌better‌ ‌suited‌ ‌for‌ ‌describing‌‌the‌‌very‌‌noisy‌‌initial‌‌exponential‌‌                             

phase‌ ‌of‌ ‌an‌ ‌outbreak‌ ‌‌[46]‌ ‌whose‌ ‌stochasticity‌ ‌coalescent‌ ‌models‌ ‌could‌ ‌not‌ ‌fully‌ ‌capture.‌‌                         

Another‌ ‌important‌ ‌difference‌ ‌between‌ ‌BD‌ ‌and‌ ‌coalescent‌ ‌models‌ ‌is‌ ‌that‌ ‌sampling‌ ‌rate‌ ‌(or‌‌                         

proportion)‌‌is‌‌modeled‌‌explicitly‌‌as‌‌a‌‌separate‌‌parameter‌‌in‌‌BD‌‌models.‌‌On‌‌the‌‌one‌‌hand,‌‌it‌‌                               
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should‌ ‌allow‌ ‌accounting‌ ‌for‌ ‌sampling‌ ‌heterogeneity‌ ‌and‌ ‌biases;‌ ‌on‌ ‌the‌ ‌other‌ ‌hand,‌ ‌due‌ ‌to‌‌                           

identifiability‌ ‌issues‌ ‌with‌ ‌BD‌ ‌models‌ ‌which‌ ‌make‌ ‌birth,‌ ‌death,‌ ‌and‌ ‌sampling‌ ‌rates‌‌                       

interrelated,‌‌it‌‌is‌‌impossible‌‌to‌‌estimate‌‌the‌‌three‌‌rates‌‌separately‌‌—‌‌a‌‌strong‌‌prior‌‌knowledge‌‌                             

on‌ ‌at‌ ‌least‌ ‌one‌ ‌of‌ ‌the‌ ‌parameters‌ ‌is‌ ‌required‌ ‌‌[44,45,47]‌.‌ ‌ 

It‌ ‌should‌ ‌be‌ ‌noted‌ ‌that‌ ‌the‌ ‌coalescence‌ ‌and‌ ‌BD‌ ‌models,‌ ‌among‌ ‌other‌ ‌assumptions,‌‌                         

operate‌ ‌under‌ ‌a‌ ‌neutral‌ ‌hypothesis.‌ ‌In‌ ‌the‌ ‌general‌ ‌case,‌ ‌this‌‌assumption‌‌does‌‌not‌‌hold‌‌true.‌‌                             

Coalescent‌ ‌models‌‌with‌‌non-neutrality‌‌behave‌‌differently‌‌from‌‌the‌‌classical‌‌coalescent‌‌‌[48]‌,‌‌                     

for‌‌instance,‌‌more‌‌adapted‌‌lineages‌‌collapse‌‌more‌‌quickly‌‌‌[49]‌.‌‌A‌‌non-neutral‌‌extension‌‌was‌‌                         

also‌ ‌developed‌ ‌for‌ ‌the‌ ‌BD‌ ‌framework‌ ‌allowing‌ ‌mutations‌ ‌on‌ ‌branches‌ ‌to‌ ‌affect‌ ‌birth‌ ‌and‌‌                           

death‌ ‌rates‌ ‌‌[50]‌.‌ ‌ 

2.1.2.4.‌ ‌Accompanying‌ ‌metadata‌ ‌ 

Finally,‌ ‌‌pathogen‌ ‌samples‌ ‌are‌ ‌usually‌ ‌accompanied‌ ‌with‌ ‌metadata‌ ‌that‌ ‌might‌‌                   

include‌ ‌host‌‌species,‌‌sampling‌‌location,‌‌travel‌‌data,‌‌contacts‌‌with‌‌other‌‌infected‌‌individuals,‌‌                       

risk‌ ‌group,‌ ‌therapy,‌ ‌and‌ ‌vaccination.‌ ‌All‌ ‌of‌ ‌these‌ ‌can‌‌be‌‌mapped‌‌onto‌‌phylogeny,‌‌and‌‌their‌‌                             

impact‌ ‌can‌ ‌be‌ ‌tested‌ ‌‌[51,52]‌.‌ ‌For‌ ‌example,‌ ‌in‌ ‌[432]‌ ‌information‌ ‌about‌ ‌the‌ ‌host‌ ‌was‌‌                           

incorporated‌ ‌into‌ ‌a‌ ‌coalescent‌ ‌model‌ ‌to‌ ‌study‌ ‌evolution‌ ‌of‌ ‌MERS-CoV‌ ‌(Middle‌ ‌East‌‌                       

respiratory‌ ‌syndrome‌ ‌coronavirus)‌ ‌in‌ ‌humans‌ ‌and‌ ‌camels.‌ ‌The‌ ‌so-called‌ ‌‌structured‌‌                   

coalescent‌‌allows‌‌different‌‌demes‌‌(in‌‌this‌‌case,‌‌hosts)‌‌to‌‌have‌‌their‌‌own‌‌population‌‌sizes‌‌and‌‌                             

coalescent‌ ‌rates.‌ ‌The‌ ‌model‌ ‌correctly‌ ‌identified‌ ‌multiple‌ ‌instances‌ ‌of‌ ‌asymmetric‌‌                   

camel-to-human‌‌migration‌‌that‌‌resulted‌‌in‌‌small‌‌tightly-clustered‌‌local‌‌outbreaks‌‌in‌‌humans,‌‌                     

the‌ ‌pattern‌ ‌that‌ ‌could‌ ‌not‌ ‌be‌‌captured‌‌by‌‌a‌‌naïve‌‌parsimony-based‌‌model‌‌and,‌‌interestingly,‌‌                           

by‌‌the‌‌structured‌‌coalescent‌‌that‌‌was‌‌forced‌‌to‌‌share‌‌the‌‌rate‌‌of‌‌coalescence‌‌across‌‌demes.‌‌In‌‌                               

a‌ ‌similar‌ ‌way,‌‌the‌‌structured‌‌coalescent‌‌was‌‌used‌‌to‌‌study‌‌temporal‌‌patterns‌‌of‌‌transmission‌‌                           

of‌ ‌yellow‌ ‌fever‌ ‌virus‌ ‌from‌ ‌wild‌ ‌primates‌ ‌to‌ ‌humans‌ ‌in‌ ‌Brazil‌ ‌in‌ ‌2016-2017‌ ‌[433].‌‌                           
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Additionally,‌ ‌[433]‌ ‌used‌ ‌geographic‌ ‌coordinates‌ ‌of‌ ‌sampled‌ ‌locations‌ ‌along‌ ‌the‌ ‌dated‌‌                     

phylogeny‌ ‌to‌ ‌study‌ ‌spatial‌ ‌patterns‌ ‌of‌ ‌viral‌ ‌transmission‌ ‌and‌ ‌infer‌ ‌the‌‌rate‌‌and‌‌direction‌‌of‌‌                             

viral‌ ‌spread,‌ ‌an‌ ‌approach‌ ‌called‌ ‌‌continuous‌ ‌phylogeography‌.‌ ‌ 

2.1.2.5.‌ ‌The‌ ‌Ebola‌ ‌virus‌ ‌example‌ ‌ 

The‌ ‌Ebola‌ ‌virus‌ ‌disease‌ ‌outbreak‌‌in‌‌West‌‌Africa‌‌in‌‌2013-2016‌‌has‌‌probably‌‌marked‌‌                         

the‌ ‌beginning‌ ‌of‌ ‌a‌ ‌large-scale‌ ‌molecular‌‌epidemiology.‌‌First‌‌identified‌‌in‌‌1976,‌‌Ebola‌‌virus‌‌                         

has‌ ‌been‌ ‌causing‌ ‌occasional‌‌zoonotic‌‌outbreaks‌‌in‌‌humans,‌‌with‌‌the‌‌West‌‌African‌‌epidemic‌‌                         

of‌ ‌2013-2016‌ ‌being‌ ‌the‌ ‌most‌ ‌devastating‌ ‌one.‌ ‌ 

The‌ ‌epidemic‌ ‌in‌ ‌2013-2016‌ ‌has‌ ‌mainly‌ ‌affected‌ ‌Guinea,‌ ‌Sierra‌ ‌Leone,‌ ‌and‌ ‌Liberia‌‌                       

resulting‌‌in‌‌28,616‌‌reported‌‌cases‌‌with‌‌at‌‌least‌‌40%‌‌mortality‌‌rat‌e‌‌[53]‌.‌‌‌Early‌‌sequencing‌‌of‌‌                             

three‌ ‌viral‌ ‌genomes‌ ‌from‌ ‌Guinea‌ ‌[56]‌ ‌and‌ ‌78‌ ‌viral‌ ‌genomes‌ ‌from‌ ‌Sierra‌ ‌Leone‌ ‌[57]‌‌                           

suggested‌ ‌that‌ ‌the‌ ‌2013-2016‌ ‌outbreak‌ ‌resulted‌ ‌from‌ ‌a‌ ‌single‌ ‌zoonotic‌ ‌transmission,‌ ‌being‌‌                       

unrelated‌‌to‌‌previous‌‌outbreaks‌‌in‌‌human‌s‌‌[56,57]‌.‌‌‌Further‌‌sequencing‌‌efforts‌‌[54]‌‌during‌‌the‌‌                         

epidemic‌‌provided‌‌a‌‌more‌‌detailed‌‌description‌‌of‌‌circulating‌‌lineages‌‌and‌‌allowed‌‌researchers‌‌                       

to‌ ‌apply‌ ‌the‌ ‌coalescent‌ ‌to‌‌estimate‌‌the‌‌evolutionary‌‌rate‌‌of‌‌the‌‌virus‌‌and‌‌an‌‌upper‌‌bound‌‌of‌‌                                 

the‌ ‌zoonotic‌ ‌event‌ ‌(the‌ ‌coalescent‌ ‌model‌ ‌estimates‌ ‌the‌ ‌time‌ ‌to‌ ‌the‌ ‌most‌ ‌recent‌ ‌common‌‌                           

ancestor‌ ‌of‌ ‌sampled‌ ‌viruses‌ ‌which‌ ‌is‌ ‌in‌ ‌general‌ ‌younger‌ ‌than‌ ‌the‌ ‌true‌ ‌ancestor‌ ‌of‌ ‌an‌‌                             

outbreak).‌ ‌ 

Rapid‌ ‌sequencing‌ ‌provided‌ ‌an‌ ‌additional‌ ‌source‌ ‌of‌ ‌information‌ ‌on‌ ‌the‌ ‌ongoing‌‌                     

transmission‌ ‌in‌ ‌real-tim‌e‌ ‌[58]‌ ‌—‌ ‌phylogenetic‌ ‌relationship‌ ‌of‌ ‌sequenced‌ ‌samples‌ ‌proved‌‌                     

itself‌ ‌useful‌‌in‌‌unraveling‌‌transmission‌‌chains;‌‌for‌‌instance,‌‌it‌‌captured‌‌an‌‌episode‌‌of‌‌sexual‌‌                           

transmission‌ ‌of‌ ‌the‌ ‌virus.‌ ‌ 

By‌ ‌the‌ ‌end‌ ‌of‌ ‌the‌ ‌epidemic,‌ ‌genomic‌ ‌data‌ ‌were‌ ‌available‌ ‌for‌ ‌more‌ ‌than‌ ‌5%‌ ‌of‌ ‌the‌‌                               

registered‌‌cases;‌‌this‌‌allowed‌‌for‌‌better‌‌understanding‌‌of‌‌migration‌‌patterns‌‌and‌‌timing‌‌of‌‌the‌‌                           
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outbrea‌k‌ ‌[55]‌.‌ ‌M‌igration‌ ‌events‌ ‌were‌ ‌tested‌ ‌for‌ ‌their‌ ‌association‌ ‌with‌ ‌various‌ ‌factors‌ ‌that‌‌                         

could‌ ‌potentially‌‌explain‌‌viral‌‌dispersal;‌‌the‌‌results‌‌indicated‌‌the‌‌virus‌‌preferrably‌‌dispersed‌‌                       

between‌ ‌geographically‌ ‌close‌ ‌areas,‌ ‌and‌ ‌dispersal‌ ‌within‌ ‌a‌ ‌country‌ ‌was‌ ‌preferred‌ ‌over‌‌                       

international‌ ‌migration.‌ ‌ 

The‌ ‌same‌ ‌dataset‌ ‌was‌ ‌later‌ ‌analyzed‌ ‌by‌ ‌a‌ ‌different‌ ‌approach‌ ‌i‌n‌ ‌[59]‌.‌ ‌The‌ ‌authors‌‌                           

studied‌‌the‌‌effect‌‌of‌‌potential‌‌intervention‌‌strategies,‌‌had‌‌they‌‌been‌‌implemented‌‌at‌‌different‌‌                         

times‌‌during‌‌the‌‌outbreak,‌‌by‌‌cropping‌‌parts‌‌of‌‌a‌‌complete‌‌geography-annotated‌‌phylogenetic‌‌                       

tree.‌ ‌The‌‌total‌‌height‌‌(timespan)‌‌and‌‌the‌‌total‌‌length‌‌(sum‌‌of‌‌branch‌‌lengths)‌‌of‌‌the‌‌tree‌‌can‌‌                                 

serve‌ ‌as‌ ‌a‌ ‌proxy‌ ‌for‌ ‌the‌ ‌total‌ ‌duration‌ ‌and‌ ‌the‌ ‌total‌ ‌size‌ ‌of‌ ‌the‌ ‌epidemic,‌ ‌respectively.‌ ‌By‌‌                                 

cropping‌ ‌trees‌ ‌according‌ ‌to‌ ‌various‌ ‌possible‌ ‌control‌ ‌measures‌ ‌(for‌ ‌example,‌ ‌by‌‌prohibiting‌‌                       

migrations‌‌over‌‌200‌‌km‌‌and‌‌further‌‌at‌‌different‌‌time‌‌points),‌‌the‌‌authors‌‌estimated‌‌the‌‌effect‌‌                             

of‌ ‌each‌‌particular‌‌control‌‌measure‌‌on‌‌a‌‌reduction‌‌of‌‌both‌‌size‌‌and‌‌duration‌‌of‌‌the‌‌epidemic.‌‌                               

Similarly‌‌to‌‌[55]‌,‌‌t‌he‌‌authors‌‌observed‌‌that‌‌long-distance‌‌viral‌‌transmission‌‌did‌‌not‌‌contribute‌‌                         

much‌ ‌to‌ ‌the‌ ‌epidemic‌ ‌compared‌ ‌to‌ ‌short-distance‌ ‌dispersal.‌ ‌Additio‌nally,‌ ‌[59]‌ ‌‌applied‌‌                     

continuous‌ ‌phylogeography‌ ‌to‌ ‌infer‌ ‌the‌ ‌dispersal‌ ‌velocity‌ ‌of‌ ‌the‌ ‌virus‌ ‌which‌ ‌varied‌ ‌a‌ ‌lot‌‌                           

during‌ ‌the‌ ‌epidemic.‌ ‌ 

‌ 

Methods‌ ‌of‌ ‌molecular‌ ‌epidemiology‌ ‌become‌ ‌increasingly‌ ‌used‌ ‌in‌ ‌the‌ ‌context‌ ‌of‌‌                     

infectious‌ ‌diseases;‌ ‌the‌ ‌growing‌ ‌body‌ ‌of‌ ‌available‌ ‌data‌ ‌on‌ ‌current‌ ‌outbreaks‌ ‌continuously‌‌                       

challenges‌ ‌their‌ ‌development.‌ ‌ 

‌   
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2.2.‌ ‌HIV-1‌ 

The‌‌human‌‌immunodeficiency‌‌viruses‌‌1‌‌and‌‌2‌‌(HIV-1‌‌and‌‌HIV-2)‌‌are‌‌lentiviruses‌‌that‌‌                         

cause‌ ‌the‌ ‌acquired‌ ‌immunodeficiency‌ ‌syndrome‌ ‌(AIDS)‌ ‌in‌ ‌humans‌ ‌‌[60]‌.‌ ‌HIV-1‌ ‌is‌ ‌more‌‌                       

infective‌ ‌and‌ ‌virulent‌ ‌compared‌ ‌to‌ ‌HIV-2‌ ‌and‌ ‌causes‌ ‌epidemics‌ ‌worldwide‌ ‌while‌ ‌HIV-2‌‌                       

predominantly‌ ‌affects‌ ‌West‌ ‌African‌ ‌countries‌ ‌‌[61–63]‌.‌ ‌HIV-1‌ ‌and‌ ‌HIV-2‌ ‌differ‌ ‌in‌ ‌some‌‌                       

aspects‌‌of‌‌their‌‌biology.‌‌I‌‌will‌‌be‌‌focusing‌‌on‌‌epidemiologically‌‌more‌‌significant‌‌HIV-1‌‌in‌‌the‌‌                             

text.‌ ‌ 

2.2.1.‌ ‌HIV-1‌ ‌biology‌ ‌ 

A‌‌nearly‌‌10kb‌‌genome‌‌of‌‌HIV-1‌‌consists‌‌of‌‌three‌‌genes‌‌(‌gag‌,‌‌‌pol‌,‌‌and‌‌‌env‌)‌‌encoding‌‌                             

structural‌ ‌proteins‌ ‌and‌ ‌enzymes‌ ‌and‌ ‌six‌ ‌regulatory‌ ‌genes‌ ‌responsible‌ ‌for‌ ‌the‌ ‌interaction‌ ‌of‌‌                         

HIV-1‌‌with‌‌infected‌‌cells‌‌and‌‌the‌‌host‌‌immune‌‌system‌‌‌[64]‌.‌‌Being‌‌a‌‌lentivirus,‌‌HIV-1‌‌is‌‌able‌‌                               

to‌‌integrate‌‌its‌‌genetic‌‌material‌‌into‌‌the‌‌host‌‌genome‌‌‌[65]‌.‌‌Two‌‌enzymes,‌‌both‌‌encoded‌‌by‌‌the‌‌                               

pol‌ ‌gene,‌ ‌make‌ ‌that‌ ‌possible:‌ ‌reverse‌ ‌transcriptase‌ ‌(RT,‌ ‌RNA-dependent‌‌DNA‌‌polymerase)‌‌                     

first‌‌converts‌‌a‌‌single-stranded‌‌RNA‌‌genome‌‌into‌‌a‌‌double-stranded‌‌DNA‌‌molecule,‌‌which‌‌is‌‌                         

then‌ ‌integrated‌ ‌into‌ ‌cellular‌ ‌DNA‌ ‌by‌ ‌integrase.‌ ‌Once‌ ‌integrated,‌ ‌the‌ ‌HIV-1‌ ‌genome‌ ‌is‌‌                         

transcribed‌ ‌by‌‌the‌‌host‌‌RNA‌‌polymerase‌‌as‌‌a‌‌single‌‌primary‌‌transcript‌‌molecule‌‌‌[66]‌‌which‌‌                           

can‌ ‌be‌ ‌either‌‌processed‌‌into‌‌various‌‌mRNAs‌‌through‌‌alternative‌‌splicing‌‌and‌‌translated‌‌into‌‌                         

viral‌‌proteins‌‌or‌‌used‌‌as‌‌a‌‌genome‌‌source‌‌for‌‌new‌‌viral‌‌particles‌‌‌[67]‌.‌‌Drugs‌‌that‌‌are‌‌currently‌‌                                 

used‌‌in‌‌antiretroviral‌‌therapy‌‌(ART)‌‌interfere‌‌with‌‌some‌‌of‌‌these‌‌processes‌‌by‌‌targeting‌‌HIV‌‌                           

enzymes‌ ‌—‌ ‌reverse‌ ‌transcriptase,‌ ‌protease,‌ ‌and‌ ‌integrase‌ ‌‌[68]‌.‌ ‌ 

HIV-1‌ ‌causes‌ ‌AIDS‌ ‌by‌ ‌depleting‌ ‌the‌ ‌population‌ ‌of‌ ‌CD4+‌ ‌T‌ ‌cells‌ ‌(cluster‌ ‌of‌‌                         

differentiation‌‌4-positive‌‌T‌‌cells)‌‌which‌‌modulate‌‌the‌‌adaptive‌‌immune‌‌response‌‌‌[69]‌.‌‌CD4+‌‌                       

T‌‌cells‌‌are‌‌being‌‌killed‌‌by‌‌various‌‌mechanisms‌‌including‌‌apoptosis‌‌‌[70,71]‌,‌‌pyroptosis‌‌‌[72]‌,‌‌                         
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and‌‌CD8+‌‌T‌‌cells‌‌cytotoxicity‌‌‌[73]‌.‌‌When‌‌the‌‌number‌‌of‌‌CD4+‌‌T‌‌cells‌‌drops‌‌below‌‌a‌‌certain‌‌                                 

level,‌‌the‌‌host‌‌organism‌‌becomes‌‌immunodeficient,‌‌being‌‌highly‌‌susceptible‌‌to‌‌opportunistic‌‌                     

infections‌ ‌‌[74]‌.‌ ‌Although‌ ‌CD4+‌‌T‌‌cells‌‌play‌‌a‌‌major‌‌role‌‌in‌‌AIDS‌‌development,‌‌HIV-1‌‌can‌‌                             

also‌ ‌infect‌ ‌other‌ ‌immune‌ ‌cells.‌ ‌HIV-1‌ ‌enters‌ ‌cells‌‌using‌‌CD4‌‌receptor‌‌molecules‌‌expressed‌‌                         

on‌ ‌the‌ ‌surface‌ ‌of‌ ‌some‌ ‌immune‌ ‌cells‌ ‌including‌ ‌CD4+‌‌T‌‌cells,‌‌dendritic‌‌cells,‌‌macrophages‌‌                           

[75]‌,‌ ‌and‌ ‌microglia‌ ‌‌[76]‌,‌ ‌and‌ ‌co-receptor‌ ‌molecules,‌ ‌usually‌ ‌CCR5‌ ‌or‌ ‌CXCR4‌ ‌‌[77]‌.‌‌                       

Interaction‌ ‌of‌ ‌viral‌ ‌envelope‌ ‌proteins‌ ‌with‌ ‌receptor‌ ‌and‌ ‌co-receptor‌ ‌results‌ ‌in‌ ‌a‌‌                       

conformational‌‌change‌‌that‌‌brings‌‌HIV-1‌‌envelope‌‌and‌‌cell‌‌membrane‌‌to‌‌close‌‌proximity‌‌and‌‌                         

mediates‌ ‌membrane‌ ‌fusion‌ ‌and‌ ‌capsid‌ ‌entry‌ ‌into‌ ‌the‌ ‌cytoplasm‌ ‌‌[78]‌.‌ ‌A‌ ‌diverse‌ ‌range‌ ‌of‌‌                           

susceptible‌ ‌cells‌‌and‌‌the‌‌ability‌‌of‌‌HIV-1‌‌to‌‌integrate‌‌its‌‌DNA‌‌into‌‌the‌‌genome‌‌of‌‌host‌‌cells‌‌                                 

creates‌ ‌an‌ ‌unlimited‌ ‌latent‌ ‌reservoir‌ ‌of‌ ‌HIV-positive‌ ‌living‌ ‌cells‌ ‌that‌ ‌makes‌ ‌the‌ ‌complete‌‌                         

eradication‌ ‌of‌ ‌HIV-1‌ ‌impossible‌ ‌and‌ ‌complicates‌ ‌the‌ ‌therapy‌ ‌‌[79]‌.‌ ‌ 

RNA‌ ‌viruses‌ ‌are‌ ‌usually‌ ‌characterized‌ ‌by‌ ‌high‌ ‌mutation‌ ‌rates.‌ ‌HIV-1‌ ‌possesses‌ ‌the‌‌                       

highest‌ ‌known‌‌mutation‌‌rate‌‌of‌‌more‌‌than‌‌1×10‌-5‌ ‌mutations‌‌per‌‌site‌‌per‌‌replication‌‌‌[80–82]‌,‌‌                           

implying‌ ‌at‌ ‌least‌ ‌one‌ ‌mutation‌ ‌per‌ ‌genome‌ ‌is‌ ‌acquired‌ ‌after‌ ‌ten‌ ‌replication‌ ‌cycles.‌ ‌This‌‌                           

tremendously‌ ‌high‌ ‌rate‌ ‌is‌‌explained‌‌by‌‌(1)‌‌the‌‌error-prone‌‌replication‌‌process‌‌performed‌‌by‌‌                         

low-fidelity‌‌reverse‌‌transcriptase‌‌which‌‌lacks‌‌the‌‌proofreading‌‌activity‌‌‌[83]‌,‌‌(2)‌‌the‌‌protective‌‌                       

action‌‌of‌‌the‌‌cellular‌‌enzyme‌‌APOBEC3G‌‌that‌‌deaminates‌‌cytidines‌‌in‌‌single-stranded‌‌DNA‌‌                       

molecules‌‌‌[84]‌,‌‌and‌‌(3)‌‌high‌‌recombination‌‌rate‌‌‌[85]‌.‌‌Two‌‌implications‌‌follow‌‌from‌‌the‌‌high‌‌                           

mutation‌‌rate‌‌of‌‌HIV-1.‌‌First,‌‌HIV-1‌‌should‌‌carry‌‌a‌‌substantial‌‌mutation‌‌load‌‌and‌‌exist‌‌close‌‌                             

to‌ ‌its‌ ‌error‌ ‌catastrophe‌ ‌‌[86]‌ ‌as‌ ‌was‌ ‌demonstrated‌ ‌both‌ ‌in‌ ‌simulations‌ ‌‌[87]‌‌and‌‌experiments‌‌                           

[88]‌.‌ ‌Second,‌ ‌rapidly‌ ‌diverging‌‌HIV-1‌‌sequences‌‌are‌‌highly‌‌informative‌‌in‌‌the‌‌phylogenetic‌‌                       

framework.‌ ‌ 

26‌ ‌ 
‌ 

https://paperpile.com/c/bilIcc/sjlv
https://paperpile.com/c/bilIcc/sIiw
https://paperpile.com/c/bilIcc/uoW8
https://paperpile.com/c/bilIcc/lc8d
https://paperpile.com/c/bilIcc/7GsK
https://paperpile.com/c/bilIcc/dvQt
https://paperpile.com/c/bilIcc/Kz6x
https://paperpile.com/c/bilIcc/3v9z+XQBw+MVTb
https://paperpile.com/c/bilIcc/KPc1
https://paperpile.com/c/bilIcc/BZ5M
https://paperpile.com/c/bilIcc/uPyP
https://paperpile.com/c/bilIcc/JRkR
https://paperpile.com/c/bilIcc/rkY5
https://paperpile.com/c/bilIcc/uW4t


2.2.2.‌ ‌Genetic‌ ‌bottleneck‌ ‌and‌ ‌selection‌ ‌during‌ ‌HIV-1‌ ‌transmission‌ ‌ 

As‌ ‌mentioned‌ ‌in‌ ‌Section‌ ‌2.1.2,‌ ‌within-host‌ ‌and‌ ‌between-host‌ ‌phylogenies‌ ‌of‌‌HIV-1‌‌                     

look‌ ‌different‌ ‌being‌ ‌shaped‌ ‌by‌ ‌different‌ ‌evolutionary‌ ‌processes.‌ ‌While‌ ‌HIV-1‌ ‌evolution‌‌                     

within‌ ‌a‌ ‌host‌ ‌is‌ ‌governed‌ ‌primarily‌ ‌by‌ ‌positive‌ ‌selection‌‌and‌‌immune‌‌escape,‌‌the‌‌sampling‌‌                           

process‌ ‌and‌ ‌demographics‌ ‌play‌ ‌a‌ ‌major‌ ‌role‌ ‌at‌ ‌the‌ ‌level‌ ‌of‌ ‌population.‌ ‌In‌ ‌addition‌ ‌to‌‌                             

phylogeny‌‌shape‌‌differences,‌‌within-‌‌and‌‌between-host‌‌evolution‌‌processes‌‌are‌‌characterized‌‌                   

by‌ ‌different‌ ‌evolutionary‌ ‌rates,‌ ‌with‌ ‌the‌ ‌rate‌ ‌of‌ ‌HIV-1‌ ‌evolution‌ ‌at‌ ‌the‌ ‌level‌ ‌of‌ ‌population‌‌                             

being‌ ‌lower‌ ‌than‌ ‌that‌ ‌inferred‌ ‌from‌ ‌within-patient‌ ‌phylogenies‌ ‌‌[89]‌.‌ ‌Several‌ ‌factors‌ ‌are‌‌                       

thought‌ ‌to‌ ‌contribute‌ ‌to‌ ‌this‌ ‌difference.‌ ‌ 

First,‌ ‌viral‌ ‌transmission‌ ‌is‌ ‌often‌ ‌coupled‌ ‌with‌ ‌an‌ ‌extreme‌ ‌genetic‌ ‌bottleneck‌ ‌that‌‌                       

reduces‌‌the‌‌number‌‌of‌‌genotypes‌‌that‌‌establish‌‌a‌‌new‌‌infection‌‌in‌‌a‌‌recipient‌‌to‌‌a‌‌few,‌‌if‌‌not‌‌a‌‌                                     

single,‌ ‌variant‌ ‌‌[90,91]‌.‌ ‌In‌ ‌2004,‌ ‌the‌ ‌bottleneck‌ ‌was‌ ‌demonstrated‌ ‌by‌‌phylogenetic‌‌methods‌‌                       

[92]‌:‌ ‌‌Derdeyn‌ ‌et‌ ‌al.‌ ‌sequenced‌ ‌the‌ ‌‌env‌ ‌gene‌ ‌of‌ ‌HIV-1‌ ‌populations‌ ‌in‌ ‌eight‌ ‌heterosexual‌‌                           

donor-recipient‌ ‌pairs‌ ‌and‌ ‌compared‌ ‌genetic‌ ‌diversity‌ ‌between‌ ‌the‌ ‌two‌ ‌populations.‌ ‌In‌ ‌all‌‌                       

eight‌ ‌cases,‌ ‌‌env‌ ‌sequences‌ ‌of‌ ‌a‌ ‌recipient‌ ‌were‌ ‌monophyletic‌ ‌and‌ ‌rooted‌ ‌in‌ ‌a‌ ‌much‌ ‌more‌‌                             

diverse‌ ‌ensemble‌ ‌of‌ ‌env‌ ‌sequences‌ ‌of‌ ‌a‌ ‌donor.‌ ‌Inflammatory‌ ‌infections‌ ‌in‌ ‌the‌ ‌genital‌‌tract‌‌                           

can‌ ‌interfere‌ ‌with‌ ‌the‌ ‌bottleneck‌ ‌probably‌ ‌due‌ ‌to‌ ‌disruption‌ ‌of‌ ‌the‌ ‌mucosal‌ ‌barrier‌ ‌‌[93]‌.‌ ‌ 

Second,‌ ‌the‌ ‌bottleneck‌ ‌is‌ ‌associated‌ ‌with‌ ‌selection‌ ‌acting‌ ‌on‌ ‌the‌ ‌transmitted‌‌                     

genotypes‌ ‌as‌ ‌was‌ ‌demonstrated‌ ‌in‌ ‌the‌ ‌study‌ ‌of‌ ‌HIV-1‌ ‌sequences‌ ‌isolated‌ ‌from‌ ‌137‌‌                         

donor-recipient‌ ‌pairs‌ ‌with‌ ‌recent‌ ‌heterosexual‌ ‌transmission‌ ‌‌[94]‌.‌ ‌Amino‌ ‌acids‌ ‌in‌ ‌proteins‌‌                     

encoded‌ ‌by‌ ‌the‌ ‌‌pol‌,‌ ‌‌gag‌,‌ ‌and‌ ‌‌nef‌ ‌genes‌ ‌that‌ ‌matched‌ ‌the‌ ‌population‌ ‌consensus‌ ‌transmitted‌‌                           

better;‌ ‌protein‌‌sequences‌‌carrying‌‌these‌‌amino‌‌acids‌‌were‌‌predicted‌‌to‌‌have‌‌protein‌‌stability‌‌                         

closer‌‌to‌‌the‌‌population‌‌consensus.‌‌Amino‌‌acids‌‌presumably‌‌associated‌‌with‌‌immune‌‌escape‌‌                       

from‌ ‌HLA‌ ‌alleles‌ ‌of‌ ‌the‌ ‌host‌ ‌were‌ ‌less‌ ‌likely‌ ‌to‌ ‌be‌ ‌observed‌ ‌in‌ ‌the‌ ‌recipient.‌ ‌The‌                               
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transmission‌ ‌bias‌ ‌was‌ ‌less‌ ‌pronounced‌ ‌in‌ ‌men‌ ‌with‌ ‌inflammatory‌ ‌infections‌ ‌in‌ ‌the‌ ‌genital‌‌                         

tract‌‌and‌‌in‌‌women‌‌in‌‌general,‌‌implying‌‌that‌‌a‌‌more‌‌permissive‌‌environment‌‌can‌‌mitigate‌‌the‌‌                             

importance‌ ‌of‌ ‌the‌ ‌selective‌ ‌advantage‌ ‌during‌ ‌the‌ ‌transmission.‌ ‌Transmission‌ ‌in‌ ‌men‌ ‌who‌‌                       

have‌ ‌sex‌ ‌with‌ ‌men‌ ‌(MSM)‌‌seems‌‌to‌‌be‌‌associated‌‌with‌‌weaker‌‌selection‌‌upon‌‌transmission‌‌                           

[95]‌‌and‌‌less‌‌stringent‌‌bottleneck‌‌‌[96]‌‌compared‌‌to‌‌heterosexual‌‌transmission.‌‌The‌‌bottleneck‌‌                       

is‌ ‌also‌ ‌less‌ ‌pronounced‌ ‌among‌ ‌injection‌ ‌drug‌ ‌users‌ ‌‌[97]‌,‌ ‌although‌ ‌a‌ ‌limited‌ ‌amount‌ ‌of‌‌the‌‌                             

transferred‌ ‌material‌ ‌can‌ ‌also‌ ‌result‌ ‌in‌ ‌a‌ ‌bottleneck‌ ‌‌[98]‌.‌ ‌ 

As‌‌preferable‌‌transmission‌‌of‌‌variants‌‌with‌‌a‌‌smaller‌‌effect‌‌on‌‌the‌‌protein‌‌structure‌‌in‌‌                           

[94]‌ ‌suggests,‌ ‌the‌ ‌probable‌ ‌reason‌ ‌for‌ ‌the‌ ‌observed‌ ‌selection‌ ‌is‌‌that‌‌the‌‌acquired‌‌mutations‌‌                           

beneficial‌‌during‌‌within-host‌‌evolution‌‌frequently‌‌turn‌‌out‌‌deleterious‌‌in‌‌a‌‌new‌‌environment‌‌                       

during‌‌or‌‌after‌‌the‌‌transmission‌‌event.‌‌The‌‌latent‌‌reservoir‌‌of‌‌HIV-1‌‌likely‌‌contributes‌‌to‌‌the‌‌                             

establishment‌ ‌of‌ ‌a‌ ‌novel‌ ‌infection‌ ‌by‌ ‌a‌ ‌basal‌ ‌variant‌ ‌by‌ ‌constantly‌ ‌supplying‌ ‌a‌ ‌sufficient‌‌                           

number‌ ‌of‌ ‌“patient-naive”‌ ‌HIV-1‌ ‌variants‌ ‌‌[99]‌.‌ ‌ 

The‌‌trade-off‌‌in‌‌the‌‌fitness‌‌landscape‌‌between‌‌the‌‌current‌‌host‌‌and‌‌a‌‌recipient‌‌predicts‌‌                           

the‌ ‌selective‌ ‌advantage‌ ‌of‌ ‌reversion‌ ‌mutations.‌ ‌Indeed,‌ ‌the‌ ‌number‌ ‌of‌ ‌transmitted‌ ‌CTL‌‌                       

(cytotoxic‌‌T‌‌lymphocyte)‌‌escape‌‌mutations‌‌in‌‌the‌‌‌gag‌‌gene‌‌was‌‌shown‌‌to‌‌negatively‌‌correlate‌‌                           

with‌ ‌viral‌ ‌load‌ ‌in‌ ‌the‌ ‌recipient‌ ‌‌[100]‌ ‌implying‌ ‌at‌ ‌least‌ ‌some‌ ‌of‌ ‌the‌ ‌CTL‌ ‌escape‌ ‌mutations‌‌                               

lower‌ ‌viral‌ ‌fitness.‌ ‌One‌ ‌example‌ ‌of‌ ‌such‌ ‌mutations‌ ‌is‌ ‌the‌‌mutation‌‌T242N‌‌in‌‌the‌‌‌gag‌‌gene‌‌                               

that‌ ‌was‌ ‌described‌ ‌in‌ ‌a‌ ‌mother-to-child‌ ‌transmission‌ ‌pair‌ ‌‌[101]‌.‌ ‌T242N‌ ‌was‌‌identified‌‌as‌‌a‌‌                           

positively‌ ‌selected‌ ‌mutation‌ ‌associated‌‌with‌‌a‌‌particular‌‌maternal‌‌HLA‌‌allele‌‌and‌‌a‌‌reduced‌‌                         

CTL‌‌recognition.‌‌In‌‌an‌‌infected‌‌child‌‌carrying‌‌different‌‌HLA‌‌alleles,‌‌this‌‌mutation‌‌gradually‌‌                         

decreased‌‌in‌‌frequency‌‌and‌‌became‌‌fully‌‌reverted‌‌after‌‌nine‌‌months.‌‌Although‌‌beneficial‌‌in‌‌a‌                           

certain‌ ‌context,‌ ‌T242N‌ ‌was‌ ‌shown‌ ‌to‌ ‌reduce‌‌viral‌‌replication‌‌capacity‌‌‌in‌‌vitro‌‌‌[102]‌.‌‌Other‌‌                           
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reversion‌ ‌mutations‌ ‌associated‌ ‌with‌ ‌CTL‌ ‌escape‌ ‌were‌ ‌also‌ ‌described‌ ‌‌[103]‌,‌ ‌further‌                     

supporting‌ ‌the‌ ‌importance‌ ‌of‌ ‌the‌ ‌trade-off.‌ ‌ 

Impressive‌ ‌patterns‌ ‌of‌ ‌reversion‌ ‌can‌ ‌be‌ ‌readily‌ ‌observed‌ ‌from‌ ‌the‌ ‌longitudinal‌‌                     

sequencing‌ ‌data‌ ‌on‌ ‌HIV-1.‌ ‌Coherently‌ ‌with‌ ‌the‌ ‌preferable‌ ‌transmission‌ ‌of‌ ‌consensus-like‌‌                     

variants‌ ‌observed‌ ‌in‌ ‌‌[94]‌,‌ ‌the‌ ‌virus‌ ‌steadily‌ ‌reverts‌ ‌to‌ ‌the‌ ‌population‌ ‌consensus‌ ‌during‌‌                         

intra-patient‌ ‌evolution‌ ‌with‌ ‌the‌ ‌rate‌ ‌of‌ ‌reversion‌ ‌among‌ ‌different‌ ‌sites‌ ‌proportional‌ ‌to‌ ‌the‌‌                         

level‌ ‌of‌ ‌their‌ ‌conservation‌ ‌‌[104]‌;‌ ‌importantly,‌‌unlike‌‌‌[94]‌,‌‌these‌‌patterns‌‌should‌‌not‌‌depend‌‌                         

on‌ ‌the‌ ‌route‌ ‌of‌ ‌transmission.‌ ‌ 

The‌‌‌env‌‌gene‌‌evolution‌‌provides‌‌an‌‌additional‌‌illustration‌‌of‌‌how‌‌mutation-conferred‌‌                     

advantage‌ ‌varies‌ ‌under‌ ‌different‌ ‌circumstances.‌ ‌At‌ ‌the‌ ‌early‌ ‌stages‌ ‌of‌ ‌the‌ ‌infection,‌ ‌HIV-1‌‌                         

predominantly‌ ‌infects‌ ‌cells‌ ‌that‌ ‌express‌ ‌the‌ ‌CCR5‌ ‌co-receptor;‌ ‌as‌ ‌the‌ ‌infection‌ ‌progresses,‌‌                       

HIV-1‌ ‌can‌ ‌switch‌ ‌its‌ ‌specificity‌ ‌to‌ ‌CXCR4‌ ‌‌[105–108]‌.‌ ‌In‌ ‌order‌ ‌to‌ ‌do‌ ‌that,‌ ‌HIV-1‌ ‌has‌ ‌to‌‌                               

evolve‌ ‌the‌ ‌gp120‌ ‌protein‌ ‌(the‌ ‌‌env‌ ‌gene‌ ‌product)‌ ‌which‌ ‌is‌ ‌responsible‌ ‌for‌ ‌co-receptor‌‌                         

recognition.‌‌While‌‌the‌‌specificity‌‌towards‌‌CXCR4‌‌may‌‌be‌‌beneficial‌‌by‌‌allowing‌‌the‌‌virus‌‌to‌‌                           

infect‌‌new‌‌cell‌‌types‌‌and‌‌evade‌‌the‌‌CCR5-specific‌‌cytokine‌‌response,‌‌the‌‌CCR5-specificity‌‌is‌‌                         

crucial‌ ‌for‌ ‌the‌ ‌transmission.‌ ‌A‌ ‌32-bp‌ ‌deletion‌ ‌in‌ ‌CCR5‌ ‌hinders‌ ‌the‌ ‌HIV-1‌ ‌transmission‌ ‌in‌‌                           

homozygotic‌‌carriers‌‌‌[109]‌‌making‌‌them‌‌highly‌‌resistant;‌‌heterozygotic‌‌carriers‌‌demonstrate‌‌                   

lower‌‌early‌‌viral‌‌loads‌‌when‌‌infected‌‌and‌‌slower‌‌progression‌‌towards‌‌AIDS‌‌compared‌‌to‌‌the‌‌                           

general‌ ‌population‌ ‌‌[110,111]‌.‌ ‌ 

Together,‌ ‌the‌ ‌discussed‌ ‌factors‌ ‌suggest‌ ‌that‌ ‌overall,‌ ‌HIV-1‌ ‌tends‌ ‌not‌ ‌to‌ ‌transfer‌ ‌the‌‌                         

majority‌ ‌of‌ ‌the‌ ‌diversity‌ ‌that‌ ‌has‌‌been‌‌"short-sightedly"‌‌accumulated‌‌within‌‌one‌‌host‌‌to‌‌the‌‌                           

general‌ ‌population‌ ‌and‌ ‌is‌‌capable‌‌of‌‌reverting‌‌some‌‌part‌‌of‌‌unnecessary‌‌burden,‌‌has‌‌it‌‌been‌‌                             

transmitted.‌ ‌ 
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2.2.3.‌ ‌Population‌ ‌genetic‌ ‌diversity‌ ‌and‌ ‌origin‌ ‌of‌ ‌HIV-1‌ ‌ 

The‌ ‌transmitted‌ ‌variants‌ ‌describe‌ ‌the‌ ‌evolution‌ ‌of‌ ‌HIV-1‌ ‌at‌ ‌the‌ ‌level‌ ‌of‌‌population.‌‌                         

The‌ ‌star-like‌ ‌phylogeny‌ ‌of‌ ‌HIV-1‌ ‌is‌ ‌represented‌ ‌by‌ ‌a‌ ‌bunch‌ ‌of‌ ‌separate‌ ‌genetically‌ ‌distant‌‌                           

clades‌‌raising‌‌the‌‌question‌‌of‌‌their‌‌origin.‌‌The‌‌genetic‌‌comparison‌‌of‌‌HIV-1‌‌and‌‌HIV-2‌‌with‌‌                             

lentiviruses‌ ‌infecting‌‌other‌‌species‌‌revealed‌‌a‌‌zoonotic‌‌origin‌‌of‌‌HIV‌‌‌[112]‌.‌‌HIV‌‌was‌‌found‌‌                           

to‌ ‌be‌ ‌genetically‌ ‌close‌ ‌to‌ ‌simian‌ ‌lentiviruses‌ ‌infecting‌ ‌non-human‌‌primates‌‌‌[112]‌.‌‌HIV-1‌‌is‌‌                         

most‌‌closely‌‌related‌‌to‌‌the‌‌simian‌‌immunodeficiency‌‌virus‌‌that‌‌infects‌‌chimpanzees‌‌(SIVcpz)‌‌                       

and‌ ‌emerged‌ ‌as‌ ‌a‌ ‌result‌ ‌of‌ ‌at‌ ‌least‌ ‌four‌ ‌independent‌‌transmissions‌‌of‌‌SIVcpz‌‌to‌‌humans‌‌as‌‌                               

suggested‌ ‌by‌ ‌phylogenetic‌ ‌analysis‌ ‌‌[112,113]‌.‌ ‌Similarly,‌ ‌HIV-2‌ ‌has‌ ‌entered‌ ‌the‌ ‌human‌‌                     

population‌ ‌several‌ ‌times‌ ‌being‌ ‌transmitted‌ ‌from‌ ‌sooty‌ ‌mangabeys‌ ‌infected‌ ‌with‌ ‌SIVsmm‌‌                     

[114]‌.‌‌ ‌  

The‌ ‌identified‌ ‌transmission‌ ‌events‌ ‌gave‌ ‌rise‌ ‌to‌ ‌genetically‌ ‌distinct‌ ‌lineages‌ ‌called‌‌                     

groups‌ ‌with‌ ‌four‌ ‌groups,‌ ‌M,‌ ‌N,‌ ‌O,‌ ‌and‌ ‌P,‌ ‌described‌ ‌for‌ ‌HIV-1,‌ ‌and‌ ‌nine‌ ‌groups,‌ ‌A-I,‌‌                               

described‌ ‌for‌ ‌HIV-2.‌ ‌The‌ ‌cross-species‌ ‌transmission‌ ‌of‌ ‌SIV‌ ‌is‌ ‌an‌ ‌ongoing‌ ‌process,‌ ‌as‌‌                         

illustrated‌‌by‌‌the‌‌identification‌‌of‌‌a‌‌novel‌‌HIV-1‌‌variant‌‌P‌‌‌[115]‌‌and‌‌a‌‌novel‌‌HIV-2‌‌variant‌‌I‌‌                                 

[116]‌‌among‌‌samples‌‌collected‌‌in‌‌the‌‌2000s‌‌that‌‌were‌‌not‌‌related‌‌to‌‌the‌‌known‌‌HIV‌‌groups.‌‌                               

Group‌ ‌M‌ ‌of‌ ‌HIV-1‌ ‌is‌ ‌the‌ ‌most‌ ‌abundant‌ ‌group‌ ‌responsible‌ ‌for‌ ‌the‌ ‌worldwide‌ ‌HIV‌ ‌pandemic.‌ ‌ 

HIV‌‌groups‌‌are‌‌further‌‌divided‌‌into‌‌subtypes,‌‌circulating‌‌recombinant‌‌forms‌‌(CRFs),‌‌                     

and‌‌unique‌‌recombinant‌‌forms‌‌(URFs),‌‌the‌‌latter‌‌two‌‌being‌‌products‌‌of‌‌recombination‌‌events‌‌                         

between‌ ‌different‌ ‌subtypes.‌ ‌Subtypes‌ ‌and‌ ‌CRFs‌ ‌represent‌ ‌distinct‌ ‌clades‌ ‌inside‌ ‌the‌ ‌group‌‌                       

phylogeny.‌ ‌Demographic‌ ‌processes‌ ‌seem‌ ‌to‌ ‌contribute‌ ‌a‌ ‌lot‌ ‌to‌ ‌the‌ ‌phylogenetic‌‌                     

distinctiveness‌‌of‌‌subtypes‌‌and‌‌CRFs‌‌which‌‌are‌‌thought‌‌to‌‌appear‌‌as‌‌a‌‌result‌‌of‌‌migration‌‌and‌‌                               

spread‌ ‌of‌ ‌a‌ ‌single‌ ‌genetic‌ ‌variant‌ ‌across‌ ‌a‌ ‌novel‌ ‌geographic‌ ‌area‌ ‌‌[117]‌.‌‌The‌‌founder‌‌effect‌‌                             

agrees‌‌well‌‌with‌‌the‌‌association‌‌of‌‌subtypes‌‌with‌‌certain‌‌geographic‌‌locations‌‌‌[118]‌‌and‌‌with‌‌                           
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a‌ ‌much‌ ‌higher‌‌genetic‌‌diversity‌‌of‌‌HIV-1‌‌in‌‌West‌‌Africa‌‌where‌‌HIV-1‌‌has‌‌initially‌‌emerged‌‌                             

[119]‌;‌ ‌the‌ ‌latter‌ ‌also‌ ‌indicates‌ ‌bias‌ ‌and‌ ‌incompleteness‌ ‌of‌ ‌sampling.‌ ‌ 

HIV‌ ‌is‌ ‌thought‌ ‌to‌ ‌have‌ ‌originated‌ ‌in‌ ‌Central‌ ‌and‌ ‌West‌ ‌Africa‌ ‌through‌ ‌bushmeat‌‌                         

practices‌ ‌early‌ ‌in‌ ‌the‌‌20th‌‌century‌‌‌[119]‌.‌‌The‌‌role‌‌of‌‌simian‌‌bushmeat‌‌in‌‌HIV‌‌emergence‌‌is‌‌                               

supported‌‌by‌‌a‌‌high‌‌prevalence‌‌of‌‌SIV‌‌among‌‌people‌‌involved‌‌in‌‌such‌‌activities‌‌‌[120]‌.‌‌Thus,‌‌                             

sporadic‌ ‌cross-species‌ ‌transmission‌ ‌events‌ ‌probably‌ ‌have‌ ‌been‌ ‌taking‌ ‌place‌ ‌earlier‌‌as‌‌well,‌‌                       

but‌‌socio-economic‌‌factors‌‌such‌‌as‌‌the‌‌colonization‌‌of‌‌Africa,‌‌increasing‌‌population‌‌density,‌‌                       

high‌‌prevalence‌‌of‌‌sexually‌‌transmitted‌‌diseases,‌‌and‌‌poor‌‌medicine‌‌allowed‌‌SIV‌‌to‌‌infect‌‌a‌‌                           

substantial‌ ‌number‌ ‌of‌ ‌people‌ ‌and‌ ‌to‌ ‌evolve‌ ‌the‌ ‌ability‌ ‌to‌ ‌spread‌ ‌effectively‌ ‌in‌ ‌the‌ ‌human‌‌                             

population‌ ‌‌[121,122]‌.‌ ‌The‌ ‌mechanism‌ ‌that‌ ‌allowed‌ ‌simian‌ ‌lentiviruses‌ ‌to‌ ‌cross‌ ‌the‌ ‌barrier‌‌                       

between‌‌non-human‌‌primates‌‌and‌‌humans‌‌is‌‌not‌‌yet‌‌completely‌‌understood,‌‌probably‌‌differs‌‌                       

for‌‌different‌‌HIV‌‌groups,‌‌and‌‌includes‌‌adaptation‌‌to‌‌different‌‌restriction‌‌factors‌‌in‌‌a‌‌new‌‌host‌‌                             

[123]‌.‌‌ ‌  

The‌ ‌ability‌ ‌to‌ ‌counteract‌ ‌one‌ ‌of‌ ‌the‌ ‌host‌ ‌restriction‌ ‌factors,‌ ‌tetherin,‌ ‌provides‌ ‌an‌‌                         

illustrative‌ ‌example‌‌of‌‌HIV‌‌adaptation.‌‌Tetherin‌‌is‌‌a‌‌protein‌‌that‌‌inhibits‌‌the‌‌release‌‌of‌‌viral‌‌                             

particles‌‌in‌‌HIV‌‌and‌‌other‌‌enveloped‌‌viruses‌‌‌[124]‌.‌‌It‌‌possesses‌‌cytoplasmic,‌‌transmembrane,‌‌                       

and‌‌external‌‌domains;‌‌the‌‌external‌‌domain‌‌is‌‌modified‌‌by‌‌the‌‌addition‌‌of‌‌phosphoglyceride‌‌to‌‌                           

the‌ ‌C-terminus‌ ‌of‌ ‌tetherin‌ ‌‌[124]‌.‌ ‌When‌ ‌an‌ ‌enveloped‌ ‌viral‌ ‌particle‌ ‌is‌ ‌being‌ ‌released,‌ ‌the‌‌                           

external‌‌domain‌‌of‌‌tetherin‌‌anchors‌‌in‌‌the‌‌viral‌‌particle‌‌membrane‌‌tethering‌‌the‌‌particle‌‌to‌‌the‌‌                             

cell‌ ‌surface‌ ‌‌[125]‌.‌ ‌Different‌ ‌SIVs‌ ‌manage‌ ‌tetherin‌ ‌restriction‌ ‌differently.‌ ‌The‌ ‌suggested‌‌                     

ancestors‌ ‌of‌ ‌SIVcpz‌ ‌were‌ ‌able‌ ‌to‌ ‌use‌ ‌two‌ ‌proteins,‌ ‌Nef‌ ‌and‌ ‌Vpu,‌ ‌to‌ ‌fight‌ ‌tetherin,‌ ‌that‌                               

interact‌ ‌with‌ ‌its‌ ‌cytoplasmic‌ ‌and‌ ‌transmembrane‌ ‌domain,‌ ‌respectively‌ ‌‌[126,127]‌.‌ ‌The‌ ‌Vpu‌‌                     

protein‌ ‌lost‌ ‌the‌ ‌ability‌ ‌to‌ ‌inhibit‌ ‌tetherin‌ ‌in‌ ‌SIVcpz‌ ‌making‌ ‌the‌ ‌Nef‌ ‌protein‌ ‌the‌ ‌only‌‌                             

mechanism‌ ‌of‌ ‌protection‌ ‌against‌ ‌tetherin‌ ‌in‌ ‌SIVcpz‌ ‌‌[127]‌.‌ ‌However,‌ ‌Nef‌ ‌from‌ ‌SIVcpz‌ ‌is‌‌                         
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inefficient‌ ‌against‌ ‌human‌ ‌tetherin‌ ‌that‌ ‌carries‌ ‌a‌ ‌deletion‌ ‌in‌ ‌its‌ ‌cytoplasmic‌ ‌domain‌ ‌‌[128]‌.‌‌                         

Group‌ ‌M‌ ‌HIV-1‌ ‌has‌ ‌adapted‌ ‌to‌ ‌deal‌ ‌with‌ ‌human‌ ‌tetherin‌ ‌by‌ ‌regaining‌ ‌the‌ ‌anti-tetherin‌‌                           

activity‌ ‌of‌ ‌Vpu‌ ‌‌[129]‌;‌ ‌Group‌ ‌N‌‌HIV-1‌‌has‌‌also‌‌partially‌‌restored‌‌this‌‌activity,‌‌although‌‌at‌‌a‌‌                               

cost‌‌‌[130]‌.‌‌Group‌‌O‌‌HIV-1‌‌has‌‌instead‌‌evolved‌‌its‌‌Nef‌‌protein‌‌to‌‌recognize‌‌a‌‌different‌‌motif‌‌                               

of‌‌tetherin‌‌‌[131]‌;‌‌interestingly,‌‌a‌‌strain‌‌of‌‌group‌‌O‌‌that‌‌regained‌‌the‌‌anti-tetherin‌‌function‌‌of‌‌                             

Vpu‌‌has‌‌also‌‌been‌‌described‌‌‌[132]‌.‌‌Group‌‌P‌‌which‌‌is‌‌believed‌‌to‌‌have‌‌been‌‌transmitted‌‌from‌‌                               

gorillas‌‌does‌‌not‌‌show‌‌human-to-human‌‌transmission‌‌and‌‌is‌‌sensitive‌‌to‌‌tetherin‌‌‌[133]‌.‌‌HIV-2‌‌                         

viruses,‌ ‌and‌ ‌their‌ ‌SIVsmm‌ ‌ancestors,‌ ‌do‌ ‌not‌ ‌possess‌ ‌the‌ ‌Vpu‌ ‌protein.‌ ‌Instead,‌ ‌SIVsmm‌‌                         

evolved‌‌to‌‌antagonize‌‌tetherin‌‌through‌‌the‌‌Env‌‌gene‌‌product,‌‌the‌‌mechanism‌‌now‌‌being‌‌used‌‌                           

by‌ ‌HIV-2‌ ‌‌[134,135]‌.‌ ‌These‌ ‌observations‌ ‌illustrate‌‌how‌‌genetically‌‌related‌‌viruses‌‌can‌‌adapt‌‌                       

to‌ ‌the‌ ‌same‌ ‌conditions‌ ‌through‌ ‌different‌ ‌mechanisms.‌ ‌ 

2.2.4.‌ ‌Phylogenetics‌ ‌helps‌ ‌to‌ ‌reveal‌ ‌the‌ ‌date‌ ‌of‌ ‌origin‌ ‌of‌ ‌HIV-1‌ ‌ 

In‌‌1981,‌‌multiple‌‌cases‌‌of‌‌immunodeficiency‌‌of‌‌unknown‌‌origin‌‌were‌‌reported‌‌among‌‌                       

homosexual‌ ‌men‌ ‌in‌ ‌the‌ ‌US.‌ ‌Patients‌ ‌demonstrated‌ ‌severe‌ ‌susceptibility‌ ‌to‌ ‌opportunistic‌‌                     

infections‌‌and‌‌extremely‌‌low‌‌levels‌‌of‌‌lymphocytes;‌‌many‌‌developed‌‌Kaposi's‌‌sarcoma‌‌—‌‌a‌‌                         

type‌‌of‌‌cancer‌‌caused‌‌by‌‌human‌‌herpesvirus‌‌8‌‌which‌‌is‌‌developed‌‌rarely‌‌in‌‌countries‌‌with‌‌a‌‌                               

low‌‌prevalence‌‌of‌‌this‌‌virus‌‌such‌‌as‌‌the‌‌US‌‌‌[136,137]‌.‌‌In‌‌1983,‌‌the‌‌human‌‌immunodeficiency‌‌                             

virus‌‌was‌‌first‌‌described‌‌—‌‌"this‌‌virus‌‌as‌‌well‌‌as‌‌the‌‌previous‌‌…‌‌isolates‌‌belong‌‌to‌‌a‌‌general‌‌                                   

family‌‌of‌‌T-lymphotropic‌‌retroviruses‌‌that‌‌are‌‌horizontally‌‌transmitted‌‌in‌‌humans‌‌and‌‌may‌‌be‌‌                         

involved‌‌in‌‌several‌‌pathological‌‌syndromes,‌‌including‌‌AIDS"‌‌‌[138]‌.‌‌Multiple‌‌cases‌‌of‌‌AIDS‌‌                       

prior‌ ‌to‌ ‌1981‌ ‌in‌ ‌the‌ ‌US‌ ‌and‌ ‌outside‌ ‌of‌ ‌it‌ ‌have‌ ‌been‌ ‌retrospectively‌ ‌diagnosed‌ ‌‌[139,140]‌‌                             

raising‌ ‌the‌ ‌question‌ ‌of‌ ‌when‌ ‌HIV‌ ‌has‌ ‌entered‌ ‌the‌ ‌human‌ ‌population‌‌and‌‌how‌‌it‌‌has‌‌spread‌‌                               

across.‌ ‌Phylogenetic‌ ‌analysis‌ ‌quickly‌ ‌proved‌ ‌itself‌ ‌useful‌ ‌in‌ ‌tackling‌ ‌those‌ ‌questions.‌‌                     
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Because‌ ‌the‌ ‌M‌ ‌group‌ ‌of‌ ‌HIV-1‌ ‌is‌ ‌the‌‌only‌‌HIV‌‌group‌‌that‌‌causes‌‌epidemics‌‌globally,‌‌most‌‌                               

published‌ ‌works‌‌are‌‌focused‌‌on‌‌the‌‌M‌‌group‌‌HIV-1‌‌data,‌‌although‌‌similar‌‌works‌‌for‌‌groups‌‌                             

N‌ ‌and‌ ‌O‌ ‌exist‌ ‌as‌ ‌well.‌ ‌ 

One‌‌of‌‌the‌‌earliest‌‌estimates‌‌dating‌‌the‌‌origin‌‌of‌‌the‌‌group‌‌M‌‌HIV-1‌‌was‌‌obtained‌‌by‌‌                               

Korber‌‌et.‌‌al.‌‌in‌‌2000‌‌using‌‌"unprecedented‌‌amounts‌‌of‌‌data"‌‌(159‌‌sequences‌‌of‌‌the‌‌‌env‌‌gene‌‌                               

of‌ ‌subtypes‌ ‌A-F‌ ‌with‌ ‌known‌ ‌sampling‌ ‌year)‌ ‌‌[141]‌.‌1‌ ‌Korber‌ ‌et.‌ ‌al.‌ ‌first‌ ‌reconstructed‌ ‌the‌‌                           

maximum-likelihood‌ ‌topology‌ ‌of‌ ‌the‌ ‌available‌ ‌samples‌ ‌which‌ ‌was‌ ‌then‌ ‌rooted‌ ‌using‌ ‌the‌‌                       

consensus‌ ‌sequence‌ ‌of‌ ‌the‌ ‌group‌ ‌M.‌ ‌The‌ ‌rooted‌ ‌tree‌ ‌was‌ ‌then‌ ‌assumed‌ ‌to‌ ‌evolve‌ ‌under‌‌                             

constant‌‌rate,‌‌allowing‌‌the‌‌rate‌‌of‌‌evolution‌‌and‌‌the‌‌date‌‌of‌‌the‌‌group‌‌M‌‌LCA‌‌to‌‌be‌‌estimated‌‌                                   

by‌ ‌fitting‌ ‌the‌ ‌total‌ ‌branch‌ ‌length‌ ‌of‌ ‌every‌ ‌sample‌ ‌versus‌ ‌its‌ ‌sampling‌ ‌date;‌ ‌the‌ ‌model‌‌also‌‌                               

incorporated‌‌the‌‌uncertainty‌‌in‌‌sampling‌‌dates.‌‌The‌‌linear‌‌fit‌‌(assumed‌‌by‌‌the‌‌strict‌‌molecular‌‌                           

clock)‌ ‌dated‌ ‌the‌ ‌group‌ ‌M‌ ‌origin‌ ‌in‌ ‌1931‌ ‌(1915-1941).‌ ‌In‌ ‌agreement‌‌with‌‌this‌‌estimate,‌‌the‌‌                             

linear‌‌fit‌‌correctly‌‌predicted‌‌the‌‌date‌‌of‌‌a‌‌sequence‌‌that‌‌was‌‌obtained‌‌from‌‌a‌‌sample‌‌collected‌‌                               

in‌ ‌the‌ ‌Democratic‌ ‌Republic‌ ‌of‌‌the‌‌Congo‌‌(DRC)‌‌in‌‌1959‌‌and‌‌discovered‌‌two‌‌years‌‌prior‌‌to‌‌                               

the‌‌current‌‌work‌‌‌[142]‌‌(known‌‌as‌‌the‌‌ZR59‌‌sample‌‌in‌‌literature).‌‌Interestingly,‌‌an‌‌attempt‌‌to‌‌                             

relax‌‌the‌‌strict‌‌molecular‌‌clock‌‌assumption‌‌resulted‌‌in‌‌a‌‌poorer‌‌fit‌‌and‌‌incorrect‌‌dating‌‌of‌‌the‌‌                               

early‌ ‌African‌ ‌sample,‌ ‌although‌ ‌relaxed‌ ‌clocks‌ ‌are‌ ‌considered‌ ‌much‌ ‌better‌ ‌suited‌ ‌to‌ ‌HIV-1‌‌                         

data‌ ‌compared‌ ‌to‌ ‌the‌ ‌constant‌ ‌rate‌ ‌of‌ ‌evolution‌ ‌‌[143]‌.‌ ‌ 

Later‌ ‌works‌ ‌further‌ ‌supported‌ ‌and‌ ‌refined‌ ‌the‌ ‌produced‌ ‌estimate‌ ‌‌[144–147]‌ ‌to‌ ‌be‌‌                       

slightly‌‌earlier‌‌pointing‌‌at‌‌the‌‌beginning‌‌of‌‌the‌‌20th‌‌century.‌‌Ancient‌‌HIV-1‌‌samples,‌‌though‌‌                           

scarce,‌‌are‌‌extremely‌‌useful‌‌in‌‌understanding‌‌the‌‌extent‌‌of‌‌early‌‌HIV-1‌‌genetic‌‌diversity‌‌and‌‌                           

validating‌ ‌the‌ ‌dating‌ ‌results.‌‌In‌‌2008,‌‌a‌‌sequence‌‌from‌‌another‌‌ancient‌‌HIV-positive‌‌sample‌‌                         

from‌‌DRC‌‌was‌‌described.‌‌The‌‌DRC60‌‌sequence‌‌was‌‌obtained‌‌from‌‌the‌‌lymph‌‌node‌‌tissue‌‌in‌‌                             

1 ‌‌Let‌‌us‌‌take‌‌a‌‌moment‌‌here‌‌and‌‌appreciate‌‌how‌‌impressive‌‌has‌‌been‌‌the‌‌development‌‌                             
of‌ ‌computational‌ ‌methods‌ ‌and‌ ‌hardware‌ ‌over‌ ‌the‌ ‌last‌ ‌20‌ ‌years‌ ‌🥲‌ ‌ 
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a‌ ‌paraffin‌ ‌block‌ ‌prepared‌ ‌in‌ ‌1960‌ ‌‌[144]‌.‌ ‌The‌ ‌comparison‌ ‌of‌ ‌DRC60‌ ‌and‌ ‌ZR59‌ ‌sequences‌‌                           

revealed‌‌the‌‌high‌‌amount‌‌of‌‌divergence‌‌in‌‌the‌‌group‌‌M‌‌HIV-1‌‌in‌‌1960;‌‌the‌‌estimated‌‌date‌‌of‌‌                                 

the‌‌group‌‌M‌‌origin‌‌varied‌‌depending‌‌on‌‌the‌‌inclusion/exclusion‌‌of‌‌ancient‌‌samples‌‌and‌‌on‌‌the‌‌                             

model‌‌used.‌‌The‌‌two‌‌equally‌‌supported‌‌models‌‌that‌‌included‌‌both‌‌ancient‌‌samples‌‌produced‌‌                         

median‌‌estimates‌‌equal‌‌to‌‌1908‌‌and‌‌1921‌‌while‌‌the‌‌exclusion‌‌of‌‌ancient‌‌samples‌‌resulted‌‌in‌‌                             

the‌ ‌best-fit‌ ‌estimate‌ ‌equal‌ ‌to‌ ‌1933.‌‌ ‌  

In‌ ‌2019,‌ ‌the‌‌most‌‌ancient‌‌nearly‌‌full-genome‌‌sequence‌‌was‌‌obtained‌‌from‌‌a‌‌paraffin‌‌                         

block‌ ‌prepared‌ ‌in‌ ‌1966‌ ‌in‌ ‌DRC‌ ‌(DRC66)‌ ‌‌[147]‌.‌ ‌DRC66‌ ‌further‌ ‌supported‌ ‌the‌ ‌substantial‌‌                         

level‌ ‌of‌ ‌divergence‌ ‌of‌ ‌HIV-1‌ ‌in‌ ‌DRC‌ ‌in‌ ‌the‌ ‌1960s;‌ ‌phylogenetic‌ ‌analysis‌ ‌placed‌ ‌the‌ ‌three‌‌                             

ancient‌ ‌samples‌ ‌close‌ ‌to‌ ‌roots‌ ‌of‌ ‌different‌ ‌subtypes‌ ‌‌[144,147]‌ ‌implying‌‌that‌‌these‌‌subtypes‌‌                         

have‌ ‌already‌ ‌diverged‌ ‌by‌ ‌the‌ ‌1960s.‌ ‌In‌ ‌‌[147]‌,‌ ‌the‌ ‌origin‌ ‌of‌ ‌group‌ ‌M‌ ‌was‌ ‌estimated‌ ‌to‌ ‌lie‌‌                                 

between‌ ‌1881‌ ‌and‌ ‌1918;‌ ‌the‌ ‌estimates‌ ‌were‌ ‌based‌‌on‌‌complete‌‌genomes‌‌of‌‌mostly‌‌African‌‌                           

samples‌ ‌collected‌ ‌in‌ ‌1978-2018‌ ‌and‌‌did‌‌not‌‌depend‌‌much‌‌on‌‌the‌‌presence‌‌of‌‌DRC66‌‌in‌‌the‌‌                               

analysis.‌‌The‌‌results‌‌of‌‌these‌‌and‌‌other‌‌works,‌‌although‌‌pointing‌‌at‌‌inevitable‌‌uncertainty‌‌in‌‌                           

the‌‌estimates‌‌that‌‌depend‌‌on‌‌models‌‌and‌‌datasets‌‌used,‌‌agree‌‌on‌‌the‌‌onset‌‌of‌‌the‌‌HIV-1‌‌group‌‌                                 

M‌ ‌in‌ ‌the‌ ‌early‌ ‌20th‌ ‌century.‌ ‌ 

2.2.5.‌ ‌Phylogenetics‌ ‌helps‌ ‌to‌ ‌reveal‌ ‌the‌ ‌origin‌ ‌and‌ ‌spread‌ ‌of‌ ‌HIV-1‌ ‌subtypes‌‌ ‌  

As‌ ‌was‌ ‌mentioned‌ ‌in‌ ‌2.2.3,‌ ‌the‌ ‌global‌ ‌distribution‌ ‌of‌ ‌the‌ ‌group‌ ‌M‌ ‌subtypes‌ ‌is‌ ‌not‌‌                             

uniform‌ ‌with‌ ‌many‌ ‌countries‌ ‌associated‌ ‌with‌ ‌a‌ ‌certain‌ ‌predominant‌‌subtype‌‌‌[148,149]‌.‌‌For‌‌                       

instance,‌ ‌subtype‌ ‌A‌ ‌is‌ ‌the‌ ‌most‌ ‌prevalent‌ ‌subtype‌ ‌in‌ ‌Russia‌ ‌and‌ ‌East‌ ‌Africa,‌ ‌subtype‌ ‌B‌‌                             

represents‌‌North‌‌America,‌‌Australia,‌‌and‌‌Europe,‌‌and‌‌globally‌‌the‌‌most‌‌prevalent‌‌subtype‌‌C‌‌                         

predominates‌ ‌in‌ ‌India‌ ‌and‌ ‌Southern‌ ‌Africa.‌ ‌Phylogenetic‌ ‌analysis‌ ‌can‌ ‌be‌ ‌used‌ ‌to‌ ‌track‌ ‌the‌‌                           

events‌ ‌that‌ ‌seeded‌ ‌HIV-1‌ ‌in‌ ‌a‌ ‌particular‌ ‌area.‌ ‌ 
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The‌ ‌emergence‌ ‌of‌ ‌subtype‌ ‌B‌ ‌offers‌ ‌an‌ ‌illustrative‌ ‌example‌ ‌of‌ ‌the‌ ‌founder‌ ‌effect.‌‌                         

Subtype‌‌B‌‌was‌‌the‌‌first‌‌subtype‌‌described;‌‌it‌‌was‌‌identified‌‌as‌‌the‌‌cause‌‌of‌‌immunodeficiency‌‌                             

reports‌‌among‌‌US‌‌homosexual‌‌men‌‌in‌‌the‌‌1980s.‌‌In‌‌parallel‌‌to‌‌the‌‌growing‌‌number‌‌of‌‌AIDS‌‌                               

reports‌ ‌in‌ ‌the‌ ‌US,‌ ‌symptoms‌ ‌similar‌ ‌to‌ ‌AIDS‌ ‌have‌ ‌been‌ ‌reported‌ ‌in‌ ‌Haitian‌ ‌patients‌‌‌[150]‌‌                             

raising‌ ‌the‌ ‌question‌ ‌of‌ ‌the‌ ‌origin‌ ‌of‌‌subtype‌‌B.‌‌Early‌‌phylogenetic‌‌analysis‌‌of‌‌the‌‌‌env‌‌gene‌‌                               

sequences‌ ‌of‌ ‌samples‌ ‌collected‌ ‌in‌ ‌the‌ ‌US,‌ ‌Haiti,‌ ‌and‌ ‌RDC‌ ‌suggested‌ ‌that‌ ‌the‌ ‌virus‌ ‌first‌‌                             

migrated‌‌to‌‌Haiti‌‌from‌‌Africa‌‌and‌‌then‌‌to‌‌the‌‌US‌‌from‌‌Haiti‌‌‌[151]‌.‌‌However,‌‌poor‌‌sampling‌‌                               

in‌ ‌1988‌ ‌could‌ ‌not‌ ‌eliminate‌ ‌the‌ ‌possibility‌ ‌of‌ ‌HIV-1‌ ‌being‌ ‌seeded‌ ‌in‌ ‌Haiti‌ ‌by‌ ‌US‌ ‌patients.‌‌ ‌  

In‌‌2007,‌‌complete‌‌‌env‌‌and‌‌partial‌‌‌gag‌‌sequences‌‌were‌‌obtained‌‌from‌‌archival‌‌samples‌‌                         

of‌ ‌five‌ ‌Haitian‌ ‌immigrants‌ ‌who‌ ‌presumably‌ ‌got‌ ‌infected‌ ‌in‌ ‌Haiti‌‌before‌‌entering‌‌the‌‌US‌‌in‌‌                             

1975‌ ‌and‌ ‌developed‌ ‌AIDS‌ ‌by‌ ‌1981‌ ‌‌[144]‌.‌ ‌Phylogenetic‌ ‌analysis‌ ‌revealed‌ ‌that‌ ‌the‌ ‌newly‌‌                         

recovered‌‌sequences‌‌grouped‌‌with‌‌other‌‌Haitian‌‌sequences‌‌and‌‌were‌‌located‌‌basal‌‌to‌‌all‌‌109‌‌                           

non-Haitian‌‌subtype‌‌B‌‌sequences‌‌analyzed,‌‌with‌‌96‌‌sequences‌‌forming‌‌the‌‌"pandemic"‌‌clade‌‌                       

of‌‌subtype‌‌B‌‌that‌‌affected‌‌multiple‌‌countries‌‌worldwide.‌‌The‌‌fact‌‌that‌‌the‌‌whole‌‌non-Haitian‌‌                           

diversity‌ ‌of‌ ‌subtype‌ ‌B‌ ‌known‌ ‌by‌ ‌2001‌ ‌was‌ ‌rooted‌ ‌inside‌ ‌the‌ ‌Haitian‌ ‌subtype‌ ‌B‌ ‌samples‌‌                             

strongly‌ ‌supported‌ ‌the‌‌Haitian‌‌origin‌‌of‌‌subtype‌‌B.‌‌In‌‌addition,‌‌the‌‌origin‌‌of‌‌subtype‌‌B‌‌was‌‌                               

dated‌ ‌between‌ ‌1962‌ ‌and‌ ‌1970,‌ ‌in‌ ‌agreement‌ ‌with‌ ‌French-speaking‌ ‌Haitian‌ ‌citizens‌‌leaving‌‌                       

for‌ ‌work‌ ‌to‌ ‌DRC‌ ‌in‌ ‌the‌ ‌1960s‌ ‌‌[152]‌;‌ ‌the‌ ‌pandemic‌ ‌clade‌ ‌was‌ ‌dated‌ ‌to‌ ‌1966-1972.‌‌ ‌  

Similar‌ ‌estimates‌ ‌were‌ ‌produced‌ ‌in‌ ‌2016‌ ‌‌[153]‌ ‌when‌ ‌eight‌ ‌complete‌ ‌genomes‌ ‌of‌‌                       

subtype‌ ‌B‌ ‌were‌ ‌recovered‌ ‌from‌ ‌1978-1979‌ ‌serum‌ ‌samples‌ ‌of‌ ‌the‌‌US‌‌patients;‌‌additionally,‌‌                         

the‌ ‌HIV-1‌ ‌genome‌ ‌of‌ ‌"patient‌ ‌0"‌ ‌who‌ ‌was‌ ‌mistakenly‌‌considered‌‌the‌‌founder‌‌of‌‌the‌‌HIV-1‌‌                             

outbreak‌ ‌in‌ ‌North‌ ‌America‌ ‌was‌ ‌sequenced.‌‌The‌‌phylogeny‌‌clearly‌‌showed‌‌that‌‌HIV-1‌‌from‌‌                         

patient‌ ‌0‌ ‌is‌ ‌not‌ ‌basal‌‌to‌‌other‌‌American‌‌samples‌‌and‌‌is‌‌nested‌‌inside‌‌the‌‌diversity‌‌of‌‌HIV-1‌‌                                 
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collected‌ ‌in‌ ‌New‌ ‌York.‌ ‌The‌ ‌results‌ ‌obtained‌ ‌in‌ ‌‌[144]‌ ‌and‌ ‌‌[153]‌ ‌strongly‌ ‌support‌ ‌the‌‌                           

establishment‌ ‌of‌ ‌the‌ ‌major‌ ‌subtype‌ ‌B‌ ‌lineage‌ ‌through‌ ‌a‌ ‌single‌ ‌migration‌ ‌event.‌ ‌ 

Upon‌ ‌its‌ ‌migration‌ ‌to‌ ‌the‌ ‌US‌ ‌in‌ ‌the‌ ‌early‌ ‌1970s,‌ ‌subtype‌ ‌B‌ ‌further‌ ‌spread‌ ‌to‌ ‌other‌‌                               

geographic‌ ‌locations‌ ‌‌[154,155]‌.‌ ‌The‌ ‌initial‌ ‌association‌ ‌of‌ ‌subtype‌ ‌B‌ ‌with‌ ‌homosexual‌‌                     

transmission‌‌among‌‌the‌‌US‌‌and‌‌Haitian‌‌men‌‌left‌‌an‌‌imprint‌‌on‌‌the‌‌further‌‌history‌‌of‌‌subtype‌‌                               

B‌‌which‌‌is‌‌still‌‌strongly‌‌associated‌‌with‌‌homosexual‌‌transmission‌‌route‌‌‌[156]‌,‌‌although‌‌it‌‌is‌‌                           

now‌ ‌also‌ ‌prevalent‌ ‌among‌ ‌heterosexual‌ ‌transmission‌ ‌in‌ ‌some‌ ‌areas‌ ‌‌[157]‌.‌ ‌ 

Similarly‌ ‌to‌ ‌subtype‌ ‌B,‌ ‌other‌ ‌subtypes‌ ‌are‌ ‌also‌ ‌thought‌ ‌to‌ ‌have‌ ‌emerged‌ ‌through‌‌                         

migration‌ ‌of‌ ‌HIV-1‌ ‌variants‌ ‌from‌ ‌Central‌ ‌Africa‌ ‌to‌ ‌other‌ ‌locations‌ ‌‌[145,158–161]‌;‌ ‌early‌‌                       

transportation‌ ‌network‌ ‌in‌ ‌DRC‌ ‌seems‌ ‌to‌ ‌have‌ ‌played‌ ‌a‌ ‌major‌ ‌role‌ ‌in‌ ‌early‌ ‌HIV-1‌‌                           

dissemination‌ ‌across‌ ‌Africa‌ ‌and‌ ‌beyond‌ ‌‌[145]‌.‌ ‌Subtypes‌ ‌that‌ ‌co-circulate‌ ‌in‌ ‌the‌ ‌same‌ ‌area‌‌                         

frequently‌ ‌result‌ ‌in‌ ‌CRFs‌ ‌both‌ ‌inside‌ ‌and‌ ‌outside‌ ‌of‌ ‌Central‌ ‌Africa‌ ‌‌[159–161]‌.‌ ‌ 

For‌ ‌many‌ ‌HIV-1‌ ‌subtypes‌ ‌and‌ ‌CRFs,‌ ‌decades‌ ‌of‌ ‌evolution‌ ‌made‌ ‌them‌ ‌highly‌‌                       

genetically‌ ‌diverse‌ ‌and‌ ‌distant‌ ‌from‌ ‌each‌ ‌other‌ ‌‌[162,163]‌;‌ ‌not‌ ‌surprisingly,‌ ‌this‌ ‌resulted‌ ‌in‌‌                         

measurable‌ ‌differences‌ ‌in‌ ‌their‌ ‌virology‌ ‌and‌ ‌epidemiology.‌ ‌For‌ ‌example,‌ ‌subtype‌ ‌A‌ ‌is‌                       

characterized‌‌by‌‌a‌‌lower‌‌rate‌‌of‌‌disease‌‌progression‌‌compared‌‌to‌‌its‌‌recombinant‌‌with‌‌CRF02‌‌                           

[164]‌ ‌and‌ ‌subtype‌ ‌D‌ ‌‌[165]‌,‌ ‌with‌ ‌the‌ ‌latter‌ ‌being‌ ‌associated‌ ‌with‌ ‌a‌ ‌higher‌ ‌frequency‌ ‌of‌‌                             

treatment‌ ‌failure‌ ‌‌[166]‌;‌ ‌the‌ ‌most‌ ‌abundant‌ ‌subtype‌ ‌C‌ ‌was‌ ‌shown‌ ‌have‌ ‌a‌ ‌lower‌ ‌replication‌‌                           

capacity‌ ‌compared‌ ‌to‌ ‌subtypes‌ ‌A,‌ ‌B,‌ ‌D,‌ ‌and‌ ‌some‌ ‌CRFs‌ ‌‌[167,168]‌;‌ ‌CRF02‌ ‌was‌ ‌shown‌ ‌to‌‌                             

have‌ ‌higher‌ ‌replication‌ ‌capacity‌ ‌compared‌ ‌to‌ ‌its‌ ‌parent‌ ‌subtypes‌ ‌‌[169]‌;‌ ‌subtypes‌ ‌B‌ ‌and‌ ‌C‌‌                           

were‌‌demonstrated‌‌to‌‌interact‌‌with‌‌different‌‌HLA‌‌alleles‌‌differently‌‌affecting‌‌the‌‌level‌‌of‌‌host‌‌                           

susceptibility‌ ‌and‌ ‌the‌ ‌rate‌ ‌of‌ ‌disease‌ ‌progression‌ ‌‌[170]‌.‌‌ ‌  

The‌ ‌extent‌ ‌to‌ ‌which‌‌these‌‌and‌‌other‌‌measured‌‌differences‌‌contribute‌‌to‌‌transmission‌‌                       

rates‌ ‌and‌ ‌population‌ ‌spread‌ ‌is‌ ‌still‌ ‌unknown.‌ ‌Lower‌ ‌replication‌ ‌capacity‌ ‌was‌ ‌speculated‌‌to‌‌                         
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result‌ ‌in‌ ‌slower‌ ‌disease‌ ‌progression,‌ ‌longer‌ ‌transmission‌ ‌period,‌ ‌and‌ ‌higher‌ ‌population‌‌                     

coverage‌‌‌[168]‌.‌‌This‌‌logic‌‌could‌‌explain‌‌the‌‌high‌‌abundance‌‌of‌‌subtype‌‌C,‌‌however‌‌the‌‌link‌‌                             

between‌ ‌these‌ ‌factors‌ ‌has‌ ‌never‌ ‌been‌ ‌clearly‌ ‌demonstrated,‌ ‌and‌ ‌studies‌ ‌produced‌‌                     

contradicting‌ ‌results‌ ‌on‌ ‌the‌ ‌disease‌ ‌progression‌ ‌rate‌ ‌of‌ ‌subtype‌ ‌C‌ ‌‌[171–173]‌.‌ ‌On‌ ‌the‌ ‌other‌‌                           

hand,‌ ‌subtype‌ ‌C‌ ‌did‌ ‌spread‌ ‌faster‌ ‌across‌ ‌Africa‌ ‌compared‌ ‌to‌ ‌subtypes‌ ‌A‌ ‌and‌ ‌D,‌ ‌as‌‌                             

demonstrated‌ ‌by‌ ‌methods‌ ‌of‌ ‌continuous‌ ‌phylogeography‌ ‌‌[174]‌;‌ ‌this‌ ‌was‌ ‌speculated‌ ‌to‌ ‌be‌‌                       

associated‌ ‌with‌ ‌its‌ ‌emergence‌ ‌in‌ ‌a‌ ‌mining‌ ‌community‌ ‌and‌ ‌rapid‌ ‌spread‌ ‌through‌ ‌a‌‌                         

transportation‌‌network.‌‌Thus‌‌history,‌‌rather‌‌than‌‌biology,‌‌might‌‌have‌‌a‌‌more‌‌drastic‌‌effect‌‌on‌‌                           

rapid‌ ‌transmission‌ ‌and‌ ‌spread‌ ‌of‌ ‌different‌ ‌subtypes‌ ‌though‌ ‌it‌ ‌remains‌ ‌an‌ ‌open‌ ‌question.‌ ‌ 

2.2.6.‌ ‌Molecular‌ ‌epidemiology‌ ‌of‌ ‌HIV-1‌ ‌ 

In‌‌many‌‌countries,‌‌patients‌‌entering‌‌HIV‌‌care‌‌are‌‌frequently‌‌tested‌‌for‌‌drug‌‌resistance‌‌                         

against‌‌the‌‌first-line‌‌antiretroviral‌‌therapy‌‌used‌‌in‌‌the‌‌area‌‌by‌‌sequencing‌‌their‌‌viral‌‌samples‌‌                           

and‌‌analyzing‌‌them‌‌for‌‌the‌‌presence‌‌of‌‌drug‌‌resistance‌‌mutations.‌‌Genetic‌‌data‌‌generated‌‌by‌‌                           

routine‌ ‌molecular‌ ‌surveillance‌ ‌can‌ ‌also‌ ‌inform‌ ‌healthcare‌ ‌professionals‌ ‌about‌ ‌the‌ ‌ongoing‌‌                     

HIV-1‌ ‌transmission‌ ‌in‌ ‌the‌ ‌population.‌ ‌ 

Closely‌ ‌related‌ ‌HIV-1‌ ‌sequences‌ ‌can‌ ‌be‌ ‌grouped‌ ‌into‌ ‌molecular‌ ‌clusters‌ ‌based‌ ‌on‌‌                       

different‌ ‌criteria.‌ ‌To‌ ‌some‌ ‌extent,‌ ‌a‌ ‌molecular‌ ‌cluster‌ ‌can‌ ‌be‌ ‌assumed‌ ‌to‌ ‌reflect‌ ‌the‌ ‌true‌‌                             

transmission‌ ‌cluster,‌ ‌i.e.‌ ‌the‌ ‌history‌ ‌of‌ ‌HIV-1‌ ‌transmission‌ ‌involving‌ ‌sampled‌‌HIV-positive‌‌                     

individuals‌ ‌‌[175]‌,‌ ‌thus‌ ‌molecular‌ ‌clusters‌ ‌can‌ ‌be‌ ‌used‌ ‌to‌ ‌describe‌ ‌some‌ ‌aspects‌ ‌of‌ ‌this‌‌                           

process.‌ ‌ 

Different‌ ‌definitions‌ ‌of‌ ‌molecular‌ ‌clusters‌ ‌have‌ ‌been‌ ‌proposed‌ ‌based‌ ‌on‌‌                   

sequence/phylogenetic‌ ‌data‌ ‌used.‌ ‌Alignment-based‌ ‌methods‌ ‌define‌ ‌clusters‌ ‌based‌ ‌on‌ ‌the‌‌                   

genetic‌ ‌distance‌ ‌threshold‌ ‌(e.g.‌ ‌by‌ ‌restricting‌ ‌maximum‌ ‌or‌ ‌mean‌ ‌pairwise‌ ‌distance)‌ ‌‌[176]‌;‌‌                       
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phylogeny-based‌ ‌methods‌ ‌may‌ ‌rely‌ ‌on‌ ‌support‌ ‌values‌ ‌(e.g.‌ ‌bootstrap)‌ ‌‌[177]‌ ‌or‌ ‌geographic‌‌                       

composition‌ ‌‌[178]‌ ‌of‌‌internal‌‌tree‌‌nodes.‌‌The‌‌two‌‌approaches‌‌can‌‌be‌‌combined‌‌so‌‌that‌‌both‌‌                             

genetic‌‌distance‌‌and‌‌phylogenetic‌‌support‌‌are‌‌taken‌‌into‌‌account‌‌‌[179]‌.‌‌The‌‌clustering‌‌pattern‌‌                         

was‌‌shown‌‌to‌‌be‌‌heavily‌‌affected‌‌by‌‌sampling‌‌density,‌‌as‌‌demonstrated‌‌by‌‌the‌‌dependence‌‌of‌‌                             

sampling‌‌density‌‌on‌‌the‌‌fraction‌‌of‌‌clustered‌‌samples‌‌‌[180]‌;‌‌the‌‌fraction‌‌is‌‌largely‌‌dominated‌‌                           

by‌‌noise‌‌when‌‌the‌‌fraction‌‌of‌‌sampled‌‌sequences‌‌is‌‌low.‌‌Clustering‌‌pattern‌‌is‌‌also‌‌affected‌‌by‌‌                               

the‌ ‌selected‌ ‌thresholds‌ ‌for‌ ‌obvious‌ ‌reasons‌ ‌with‌ ‌stricter‌ ‌thresholds‌ ‌associated‌ ‌with‌ ‌smaller‌‌                       

clusters‌ ‌‌[181]‌.‌ ‌One‌ ‌approach‌ ‌to‌ ‌tackle‌ ‌this‌ ‌is‌ ‌to‌ ‌use‌ ‌different‌ ‌thresholds‌ ‌for‌ ‌different‌‌                           

purposes,‌ ‌i.e.‌ ‌first,‌ ‌to‌ ‌define‌ ‌a‌ ‌global‌ ‌transmission‌ ‌network‌ ‌using‌ ‌a‌ ‌relaxed‌ ‌threshold,‌ ‌and‌‌                           

then‌‌identify‌‌and‌‌investigate‌‌smaller‌‌clusters‌‌within‌‌this‌‌network,‌‌probably‌‌spanning‌‌a‌‌shorter‌‌                         

period‌ ‌of‌ ‌time,‌ ‌using‌ ‌a‌ ‌stricter‌ ‌threshold‌ ‌‌[181]‌.‌ ‌ 

When‌ ‌sequences‌ ‌are‌ ‌accompanied‌ ‌with‌ ‌additional‌ ‌information‌ ‌(sampling‌ ‌date,‌ ‌the‌‌                   

date‌‌of‌‌diagnosis,‌‌self-reported‌‌transmission‌‌route,‌‌epidemiological‌‌contacts,‌‌therapy‌‌status),‌‌                   

the‌ ‌inferred‌ ‌clusters‌ ‌can‌ ‌be‌ ‌used‌ ‌to‌ ‌study‌ ‌factors‌ ‌affecting‌ ‌the‌ ‌dynamics‌ ‌of‌ ‌HIV-1‌‌                           

transmission‌‌‌[182–184]‌.‌‌For‌‌instance,‌‌studies‌‌in‌‌multiple‌‌countries‌‌reported‌‌the‌‌association‌‌of‌‌                       

male‌ ‌gender‌ ‌and/or‌ ‌MSM‌ ‌transmission‌ ‌route‌ ‌with‌ ‌cluster‌ ‌membership‌ ‌‌[185–188]‌.‌ ‌The‌‌                     

comparison‌ ‌of‌ ‌MSM‌ ‌and‌ ‌heterosexual‌ ‌(HET)‌ ‌transmission‌ ‌routes‌ ‌in‌ ‌the‌ ‌UK‌ ‌in‌‌2007‌‌‌[189]‌‌                           

revealed‌ ‌that,‌ ‌although‌ ‌HET‌ ‌also‌ ‌forms‌ ‌clusters‌ ‌(among‌ ‌non-B‌ ‌subtype‌ ‌samples),‌ ‌these‌‌                       

clusters‌ ‌are‌ ‌associated‌ ‌with‌ ‌slower‌ ‌transmission‌ ‌compared‌ ‌to‌ ‌MSM‌ ‌clusters‌ ‌‌[190]‌,‌ ‌in‌‌                       

agreement‌‌with‌‌a‌‌notable‌‌but‌‌declining‌‌role‌‌of‌‌HET‌‌transmission‌‌in‌‌the‌‌UK‌‌HIV-1‌‌epidemic‌‌                             

[191]‌‌and‌‌a‌‌higher‌‌risk‌‌of‌‌HIV-1‌‌transmission‌‌in‌‌MSM‌‌‌[192]‌.‌‌Another‌‌study‌‌which‌‌analysed‌‌                             

the‌ ‌growth‌ ‌of‌ ‌the‌ ‌UK‌ ‌transmission‌ ‌clusters‌ ‌in‌ ‌2007-2009‌ ‌‌[193]‌ ‌demonstrated‌ ‌how‌ ‌the‌‌                         

dynamics‌ ‌and‌ ‌mode‌ ‌of‌ ‌the‌ ‌non-B‌ ‌subtype‌ ‌epidemic‌ ‌in‌ ‌the‌ ‌UK‌‌had‌‌gradually‌‌changed‌‌over‌‌                             

time‌ ‌accompanied‌ ‌by‌ ‌a‌ ‌growing‌ ‌role‌ ‌of‌‌MSM‌‌and‌‌IDU‌‌(injecting‌‌drug‌‌users)‌‌transmission,‌‌                           

38‌ ‌ 
‌ 

https://paperpile.com/c/bilIcc/jBWC
https://paperpile.com/c/bilIcc/6McX
https://paperpile.com/c/bilIcc/VJXZ
https://paperpile.com/c/bilIcc/Li9n
https://paperpile.com/c/bilIcc/Y518
https://paperpile.com/c/bilIcc/Y518
https://paperpile.com/c/bilIcc/XKR2+pq8u+2u6Z
https://paperpile.com/c/bilIcc/3QD0+eDYb+ympA+OZeG
https://paperpile.com/c/bilIcc/rN9R
https://paperpile.com/c/bilIcc/DhSX
https://paperpile.com/c/bilIcc/v2YV
https://paperpile.com/c/bilIcc/p73J
https://paperpile.com/c/bilIcc/2d1Y


illustrating‌‌the‌‌interaction‌‌between‌‌risk‌‌groups‌‌and‌‌the‌‌necessity‌‌of‌‌continuous‌‌monitoring‌‌of‌‌                         

changing‌‌epidemic‌‌properties‌‌as‌‌these‌‌affect‌‌the‌‌optimal‌‌strategy‌‌of‌‌prevention‌‌efforts.‌‌‌[194]‌‌                         

provides‌ ‌another‌ ‌example‌ ‌of‌ ‌interacting‌ ‌risk‌‌groups‌‌where‌‌a‌‌high‌‌degree‌‌of‌‌HET‌‌clustering‌‌                           

was‌‌observed‌‌within‌‌subtype‌‌B‌‌in‌‌the‌‌UK‌‌due‌‌to‌‌joint‌‌clustering‌‌of‌‌HET‌‌and‌‌MSM‌‌samples‌‌                                 

in‌ ‌MSM-dominated‌ ‌clusters.‌ ‌ 

The‌‌‌[194]‌‌study‌‌compared‌‌the‌‌two‌‌most‌‌densely‌‌sampled‌‌HIV-1‌‌epidemics,‌‌in‌‌the‌‌UK‌‌                           

and‌ ‌Switzerland,‌ ‌where‌ ‌for‌ ‌more‌‌than‌‌60%‌‌of‌‌HIV-positive‌‌patients‌‌the‌‌‌pol‌‌gene‌‌sequences‌‌                           

are‌ ‌available‌ ‌through‌ ‌the‌ ‌UK‌ ‌HIV‌ ‌Drug‌ ‌Resistance‌ ‌Database‌ ‌and‌ ‌the‌ ‌Swiss‌ ‌HIV‌ ‌Cohort‌‌                           

Study‌ ‌database,‌ ‌respectively.‌ ‌Transmission‌ ‌clusters‌ ‌were‌ ‌identified‌ ‌for‌ ‌both‌ ‌datasets‌ ‌and‌‌                     

compared‌ ‌in‌ ‌terms‌ ‌of‌ ‌their‌ ‌sizes,‌ ‌densities,‌ ‌transmission‌ ‌route,‌ ‌and‌ ‌subtype‌ ‌composition.‌‌                       

Overall,‌ ‌in‌ ‌terms‌ ‌of‌ ‌clustering‌ ‌patterns,‌ ‌HIV-1‌ ‌epidemics‌ ‌in‌ ‌the‌ ‌two‌ ‌countries‌ ‌appeared‌‌                         

similar,‌ ‌with‌‌all‌‌observed‌‌differences‌‌being‌‌eliminated‌‌by‌‌the‌‌correction‌‌on‌‌different‌‌sample‌‌                         

sizes‌‌and‌‌different‌‌distributions‌‌of‌‌sampling‌‌dates,‌‌except‌‌for‌‌higher‌‌levels‌‌of‌‌HET‌‌clustering‌‌                           

within‌ ‌MSM-containing‌ ‌clusters‌ ‌in‌ ‌the‌ ‌UK.‌ ‌Importantly,‌ ‌the‌ ‌two‌ ‌datasets‌ ‌in‌ ‌‌[194]‌ ‌were‌‌                         

analyzed‌‌by‌‌the‌‌same‌‌set‌‌of‌‌methods‌‌making‌‌the‌‌results‌‌on‌‌the‌‌two‌‌epidemics‌‌comparable,‌‌in‌‌                               

contrast‌ ‌to‌ ‌results‌ ‌produced‌ ‌by‌ ‌different‌ ‌studies‌ ‌involving‌ ‌different‌ ‌definitions‌ ‌of‌‌                     

transmission‌ ‌clusters.‌ ‌Epidemiological‌ ‌parameters‌ ‌were‌ ‌inferred‌ ‌for‌ ‌separate‌‌clusters‌‌of‌‌the‌‌                     

UK‌ ‌and‌ ‌Swiss‌ ‌epidemics‌ ‌in‌ ‌a‌ ‌range‌ ‌of‌ ‌studies‌ ‌using‌ ‌phylodynamic‌ ‌methods‌ ‌discussed‌ ‌in‌‌                           

2.1.2,‌ ‌e.g.‌ ‌‌[43,44,178]‌,‌ ‌although‌ ‌to‌ ‌my‌ ‌knowledge,‌ ‌the‌ ‌two‌ ‌countries‌ ‌have‌ ‌never‌ ‌been‌‌                         

compared‌ ‌directly‌ ‌under‌ ‌the‌ ‌same‌ ‌models‌ ‌and‌ ‌sets‌ ‌of‌ ‌priors.‌ ‌ 

Transmission‌‌clusters‌‌tracked‌‌in‌‌real-time‌‌allow‌‌healthcare‌‌professionals‌‌to‌‌capture‌‌a‌‌                     

novel‌‌HIV-1‌‌outbreak‌‌and‌‌provide‌‌a‌‌timely‌‌response.‌‌The‌‌HIV‌‌monitoring‌‌system‌‌developed‌‌                         

in‌ ‌British‌ ‌Columbia,‌ ‌Canada,‌ ‌is‌ ‌a‌‌sound‌‌example‌‌of‌‌real-time‌‌molecular‌‌surveillance‌‌‌[195]‌.‌‌                         

The‌‌system‌‌was‌‌set‌‌up‌‌to‌‌provide‌‌daily‌‌updates‌‌on‌‌transmission‌‌clusters‌‌observed‌‌in‌‌the‌‌area‌‌                               

39‌ ‌ 
‌ 

https://paperpile.com/c/bilIcc/deZQ
https://paperpile.com/c/bilIcc/deZQ
https://paperpile.com/c/bilIcc/deZQ
https://paperpile.com/c/bilIcc/6McX+l3ux+gd6a
https://paperpile.com/c/bilIcc/DvRm


based‌ ‌on‌ ‌novel‌ ‌HIV-1‌ ‌sequences.‌‌In‌‌June‌‌2014,‌‌the‌‌system‌‌reported‌‌a‌‌substantial‌‌growth‌‌of‌‌                             

one‌ ‌of‌ ‌the‌‌clusters,‌‌with‌‌8/11‌‌new‌‌cases‌‌carrying‌‌a‌‌drug‌‌resistance‌‌mutation.‌‌As‌‌transmitted‌‌                             

drug‌ ‌resistance‌ ‌posed‌ ‌a‌ ‌threat‌ ‌to‌ ‌public‌ ‌health,‌ ‌extensive‌ ‌follow-up‌ ‌was‌ ‌initiated‌ ‌for‌ ‌the‌‌                           

members‌‌of‌‌this‌‌cluster‌‌and‌‌their‌‌reported‌‌contacts‌‌resulting‌‌in‌‌a‌‌substantial‌‌reduction‌‌of‌‌viral‌‌                             

loads‌ ‌and‌ ‌curbed‌ ‌further‌ ‌transmission‌ ‌within‌ ‌the‌ ‌cluster‌ ‌in‌ ‌the‌ ‌next‌ ‌several‌ ‌months.‌ ‌ 

A‌ ‌combination‌ ‌of‌ ‌phylogenetic‌ ‌analysis‌ ‌and‌ ‌epidemiological‌ ‌data‌ ‌represents‌ ‌a‌‌                   

tempting‌‌forensic‌‌tool‌‌that‌‌was‌‌first‌‌used‌‌in‌‌the‌‌context‌‌of‌‌HIV-1‌‌in‌‌the‌‌1990s.‌‌The‌‌US‌‌CDC‌‌                                   

(Centers‌ ‌for‌ ‌Disease‌ ‌Control‌ ‌and‌ ‌Prevention)‌ ‌used‌ ‌phylogenetic‌ ‌analysis‌ ‌to‌ ‌study‌ ‌the‌‌                       

transmission‌ ‌of‌ ‌HIV-1‌ ‌between‌ ‌an‌ ‌HIV-positive‌ ‌dentist‌ ‌and‌ ‌his‌ ‌patients.‌ ‌The‌ ‌HIV-1‌‌                       

sequences‌ ‌isolated‌ ‌from‌ ‌the‌ ‌dentist‌ ‌and‌‌five‌‌of‌‌his‌‌patients‌‌formed‌‌a‌‌separate‌‌cluster‌‌on‌‌the‌‌                               

phylogenetic‌ ‌tree‌ ‌that‌ ‌also‌ ‌included‌ ‌sequences‌‌from‌‌other‌‌HIV-positive‌‌patients‌‌in‌‌the‌‌local‌‌                         

area‌ ‌used‌ ‌as‌ ‌a‌ ‌control.‌ ‌The‌ ‌cluster‌ ‌of‌ ‌closely‌ ‌related‌ ‌sequences‌ ‌was‌ ‌genetically‌ ‌divergent‌‌                           

from‌‌local‌‌control‌‌cases‌‌and‌‌was‌‌supported‌‌by‌‌79%‌‌of‌‌bootstrap‌‌replicas.‌‌These‌‌observations,‌‌                           

together‌ ‌with‌ ‌epidemiological‌ ‌data‌ ‌including‌ ‌the‌ ‌diagnosis‌ ‌of‌ ‌the‌ ‌dentist‌ ‌with‌ ‌Kaposi's‌‌                       

sarcoma‌‌in‌‌1986,‌‌reports‌‌of‌‌performed‌‌invasive‌‌dental‌‌procedures,‌‌and‌‌the‌‌absence‌‌of‌‌known‌‌                           

risk‌ ‌factors‌ ‌among‌ ‌the‌ ‌patients,‌ ‌"strongly‌ ‌suggested"‌‌that‌‌the‌‌five‌‌patients‌‌were‌‌infected‌‌by‌‌                           

the‌ ‌dentist‌ ‌‌[196]‌.‌ ‌In‌ ‌1997,‌ ‌phylogenetic‌ ‌analysis‌ ‌was‌ ‌for‌ ‌the‌ ‌first‌ ‌time‌ ‌used‌ ‌as‌ ‌a‌ ‌piece‌ ‌of‌‌                                 

evidence‌‌in‌‌the‌‌US‌‌court‌‌—‌‌a‌‌gastroenterologist‌‌was‌‌found‌‌guilty‌‌of‌‌infecting‌‌a‌‌victim‌‌with‌‌                               

HIV-1‌ ‌by‌ ‌injecting‌ ‌her‌ ‌with‌ ‌the‌ ‌blood‌ ‌of‌ ‌his‌ ‌HIV-positive‌ ‌patient‌ ‌‌[197]‌.‌ ‌In‌ ‌a‌ ‌similar‌ ‌way,‌‌                               

HIV-1‌ ‌samples‌ ‌were‌ ‌used‌ ‌in‌ ‌a‌ ‌court‌ ‌in‌ ‌Sweden‌ ‌‌[198]‌.‌‌ ‌  

Phylogenetic‌ ‌results‌ ‌obtained‌ ‌in‌ ‌these‌ ‌and‌ ‌other‌ ‌‌[199]‌ ‌impressive‌ ‌works‌ ‌can‌ ‌only‌‌                       

serve‌ ‌as‌ ‌an‌ ‌additional‌ ‌line‌‌of‌‌evidence‌‌in‌‌litigations.‌‌A‌‌major‌‌limitation‌‌of‌‌the‌‌phylogenetic‌‌                             

approach‌ ‌and‌ ‌transmission‌ ‌cluster‌ ‌analysis‌‌in‌‌general‌‌is‌‌the‌‌fundamental‌‌inability‌‌to‌‌sample‌‌                         

the‌ ‌complete‌ ‌transmission‌ ‌chain.‌ ‌Despite‌‌extensive‌‌efforts‌‌in‌‌contact‌‌tracing,‌‌the‌‌possibility‌‌                       
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always‌‌exists‌‌that‌‌an‌‌unidentified‌‌member‌‌of‌‌the‌‌transmission‌‌network‌‌intervenes‌‌in‌‌the‌‌two‌‌                           

otherwise‌ ‌directly‌ ‌related‌ ‌observed‌ ‌infection‌ ‌cases.‌‌ ‌  

It‌ ‌was‌ ‌suggested‌ ‌that‌‌mutual‌‌topologies‌‌of‌‌multiple‌‌samples‌‌per‌‌patient,‌‌i.e.,‌‌data‌‌on‌‌                           

within-patient‌ ‌diversity,‌ ‌could‌ ‌be‌ ‌informative‌ ‌of‌ ‌the‌ ‌direction‌ ‌and/or‌ ‌directedness‌ ‌of‌ ‌the‌‌                       

transmission‌‌‌[200]‌.‌‌For‌‌example,‌‌the‌‌direction‌‌of‌‌the‌‌transmission‌‌can‌‌be‌‌inferred‌‌if‌‌all‌‌HIV-1‌‌                             

sequences‌ ‌obtained‌ ‌from‌ ‌a‌ ‌presumed‌ ‌recipient‌ ‌are‌ ‌consistently‌ ‌rooted‌ ‌within‌ ‌HIV-1‌‌                     

sequences‌ ‌of‌ ‌a‌ ‌presumed‌ ‌(either‌ ‌direct‌ ‌or‌ ‌indirect)‌ ‌donor.‌ ‌The‌ ‌directedness‌ ‌of‌ ‌the‌‌                         

transmission‌ ‌was‌ ‌proposed‌ ‌to‌ ‌be‌ ‌almost‌ ‌certain‌ ‌when‌ ‌mutual‌ ‌topologies‌ ‌are‌ ‌intermingled;‌‌                       

simulations‌ ‌suggest‌ ‌that‌ ‌indirect‌ ‌transmission‌ ‌is‌ ‌highly‌ ‌unlikely‌ ‌for‌ ‌intermingled‌ ‌topology‌‌                     

unless‌ ‌the‌ ‌number‌ ‌of‌ ‌transmitted‌ ‌lineages‌ ‌is‌ ‌rather‌ ‌high‌ ‌‌[200]‌.‌ ‌In‌ ‌many‌ ‌cases,‌ ‌these‌‌                           

theoretical‌ ‌expectations‌ ‌are‌ ‌met‌ ‌in‌ ‌real‌ ‌data‌ ‌‌[200,201]‌;‌ ‌yet,‌‌no‌‌strict‌‌correspondence‌‌exists.‌‌                         

For‌ ‌instance,‌ ‌intermingled‌ ‌topologies‌ ‌were‌ ‌observed‌ ‌in‌ ‌"sibling"‌ ‌cases‌ ‌sharing‌ ‌a‌ ‌common‌‌                       

infection‌‌source‌‌in‌‌‌[201]‌.‌‌Intermingled,‌‌closely‌‌related‌‌topologies‌‌were‌‌also‌‌observed‌‌in‌‌two‌‌                         

pairs‌‌of‌‌women‌‌in‌‌the‌‌study‌‌conducted‌‌in‌‌Uganda‌‌‌[202]‌;‌‌the‌‌direct‌‌transmission‌‌was‌‌assumed‌‌                             

to‌ ‌be‌ ‌highly‌ ‌unlikely‌ ‌here‌ ‌because‌ ‌"HIV-1‌ ‌is‌ ‌predominantly‌ ‌sexually‌‌transmitted‌‌in‌‌Africa,‌‌                         

and‌ ‌extremely‌ ‌rarely‌ ‌transmitted‌ ‌sexually‌ ‌between‌ ‌women"‌ ‌‌[202]‌,‌ ‌although‌ ‌other‌ ‌ways‌ ‌of‌‌                       

transmission,‌‌e.g.‌‌through‌‌injecting‌‌drugs,‌‌were‌‌not‌‌ruled‌‌out.‌‌Additionally,‌‌Ratmann‌‌et‌‌al.‌‌in‌‌                           

[202]‌ ‌determined‌ ‌the‌ ‌maximum‌ ‌genetic‌ ‌distance‌ ‌between‌ ‌HIV-1‌ ‌repertoires‌ ‌in‌ ‌known‌‌                     

transmission‌ ‌pairs‌ ‌and‌ ‌proposed‌‌to‌‌use‌‌this‌‌threshold‌‌(2.5%)‌‌to‌‌identify‌‌direct‌‌transmission.‌‌                         

Among‌‌the‌‌general‌‌population‌‌with‌‌no‌‌transmission‌‌history,‌‌15%‌‌of‌‌closely‌‌related‌‌pairs‌‌were‌‌                           

coming‌‌from‌‌pairs‌‌of‌‌women‌‌which‌‌is‌‌again‌‌unexpected‌‌assuming‌‌sexual‌‌transmission‌‌is‌‌the‌‌                           

main‌ ‌route‌ ‌of‌ ‌transmission.‌ ‌Thus,‌‌inferences‌‌made‌‌from‌‌within-patient‌‌diversity‌‌can‌‌inform‌‌                       

population-level‌‌studies,‌‌but‌‌still‌‌cannot‌‌serve‌‌as‌‌self-sufficient‌‌evidence‌‌and‌‌should‌‌be‌‌used‌‌                         

carefully‌ ‌in‌ ‌the‌ ‌legal‌ ‌context.‌ ‌ ‌   
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2.3.‌ ‌SARS-CoV-2‌ ‌ 

Severe‌ ‌acute‌ ‌respiratory‌ ‌syndrome‌ ‌coronavirus‌ ‌2‌‌(SARS-CoV-2)‌‌is‌‌a‌‌novel‌‌strain‌‌of‌‌                       

coronavirus‌‌that‌‌was‌‌first‌‌identified‌‌in‌‌December‌‌2019‌‌and‌‌resulted‌‌in‌‌the‌‌global‌‌COVID-19‌‌                           

(coronavirus‌‌disease‌‌2019)‌‌pandemic‌‌with‌‌219‌‌million‌‌total‌‌cases‌‌and‌‌more‌‌than‌‌4.5‌‌million‌‌                           

deaths‌‌worldwide‌‌as‌‌of‌‌September‌‌2021.‌‌The‌‌response‌‌of‌‌the‌‌scientific‌‌community‌‌to‌‌a‌‌novel‌‌                             

virus‌ ‌was‌ ‌impressively‌ ‌rapid.‌ ‌The‌ ‌WHO‌ ‌was‌ ‌first‌ ‌notified‌ ‌of‌ ‌an‌‌outbreak‌‌of‌‌pneumonia‌‌of‌‌                             

unknown‌ ‌etiology‌ ‌in‌ ‌Wuhan,‌ ‌China‌ ‌on‌ ‌December‌ ‌31,‌ ‌2019.‌ ‌In‌ ‌less‌ ‌than‌ ‌two‌ ‌weeks,‌ ‌on‌‌                             

January‌ ‌10,‌ ‌the‌ ‌first‌ ‌complete‌ ‌genome‌ ‌sequence‌ ‌of‌ ‌SARS-CoV-2‌ ‌was‌ ‌published‌ ‌‌[203]‌.‌ ‌On‌‌                         

January‌ ‌22,‌ ‌the‌ ‌first‌ ‌version‌ ‌of‌ ‌a‌ ‌protocol‌ ‌for‌ ‌SARS-CoV-2‌ ‌amplicon‌ ‌sequencing‌ ‌was‌‌                         

released‌ ‌by‌ ‌ARTIC‌ ‌‌[204]‌ ‌allowing‌ ‌the‌ ‌researchers‌ ‌to‌ ‌monitor‌ ‌and‌‌study‌‌the‌‌early‌‌stages‌‌of‌‌                             

the‌‌pandemic.‌‌Since‌‌then,‌‌more‌‌than‌‌3‌‌million‌‌complete‌‌genome‌‌sequences‌‌of‌‌SARS-CoV-2‌‌                         

have‌‌been‌‌produced‌‌and‌‌uploaded‌‌to‌‌the‌‌GISAID‌‌database‌‌‌[205]‌,‌‌and‌‌more‌‌than‌‌a‌‌million‌‌are‌‌                               

available‌ ‌through‌ ‌other‌ ‌databases‌ ‌(e.g.‌ ‌Genbank‌ ‌and‌ ‌COG-UK‌ ‌‌[206]‌),‌ ‌probably‌ ‌providing‌‌                     

COVID-19‌ ‌with‌ ‌the‌ ‌highest‌ ‌known‌ ‌quantity‌ ‌of‌ ‌molecular‌ ‌data‌ ‌among‌ ‌human‌ ‌infectious‌‌                       

diseases.‌ ‌ 

In‌ ‌this‌ ‌Section,‌ ‌I‌ ‌am‌ ‌briefly‌ ‌reviewing‌ ‌the‌ ‌current‌ ‌state‌ ‌of‌ ‌knowledge‌ ‌on‌‌                         

SARS-CoV-2.‌ ‌ 

2.3.1.‌ ‌SARS-CoV-2‌ ‌biology‌ ‌ 

SARS-CoV-2‌ ‌belongs‌ ‌to‌ ‌coronaviruses‌ ‌which‌ ‌infect‌ ‌birds‌ ‌and‌ ‌mammals.‌ ‌Before‌‌                   

SARS-CoV-2,‌ ‌eight‌ ‌strains‌ ‌of‌ ‌coronaviruses‌‌had‌‌been‌‌known‌‌to‌‌cause‌‌infections‌‌in‌‌humans‌‌                         

[207,208]‌,‌ ‌including‌ ‌two‌ ‌infamous‌ ‌strains,‌ ‌SARS-CoV‌ ‌and‌ ‌MERS-CoV‌ ‌(Middle‌ ‌East‌‌                   

respiratory‌ ‌syndrome‌ ‌coronavirus),‌ ‌that‌ ‌caused‌ ‌severe‌ ‌outbreaks‌ ‌in‌ ‌2002-2004‌ ‌‌[209]‌ ‌and‌‌                     

2012‌ [210]‌,‌ ‌respectively;‌ ‌the‌ ‌remaining‌ ‌six‌ ‌strains‌ ‌cause‌ ‌mild‌ ‌seasonal‌‌infections.‌‌In‌‌many‌‌                         
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cases,‌ ‌SARS-CoV-2‌ ‌is‌ ‌either‌ ‌asymptomatic‌ ‌or‌ ‌manifests‌ ‌itself‌‌as‌‌a‌‌mild‌‌respiratory‌‌disease‌‌                         

[211,212]‌.‌‌Sadly,‌‌in‌‌some‌‌cases,‌‌SARS-CoV-2‌‌triggers‌‌an‌‌inadequate‌‌reaction‌‌of‌‌the‌‌immune‌‌                         

system‌ ‌involving‌‌massive‌‌cytokine‌‌storm‌‌and‌‌hyperinflammation,‌‌causing‌‌severe‌‌damage‌‌to‌‌                     

lungs‌ ‌and‌ ‌in‌ ‌some‌ ‌cases‌ ‌other‌ ‌organs‌ ‌‌[213–216]‌.‌‌ ‌  

Coronaviruses‌ ‌are‌ ‌positive-sense‌ ‌single-stranded‌ ‌enveloped‌ ‌RNA‌ ‌viruses‌ ‌with‌‌               

genome‌ ‌size‌ ‌ranging‌ ‌from‌ ‌27‌ ‌to‌ ‌31‌ ‌kb‌ ‌‌[217]‌.‌ ‌The‌ ‌genome‌ ‌encodes‌ ‌a‌ ‌massive‌ ‌replicase‌‌                             

polyprotein,‌ ‌four‌ ‌structural‌ ‌proteins‌ ‌(E,‌ ‌M,‌ ‌N,‌ ‌and‌ ‌S),‌ ‌and‌ ‌a‌‌number‌‌of‌‌accessory‌‌proteins.‌‌                             

The‌ ‌replicase‌ ‌polyprotein‌ ‌upon‌ ‌synthesis‌ ‌is‌ ‌cleaved‌ ‌into‌ ‌multiple‌ ‌non-structural‌ ‌proteins,‌‌                     

including‌‌RNA-dependent‌‌RNA‌‌polymerase‌‌responsible‌‌for‌‌both‌‌replication‌‌and‌‌transcription‌‌                   

of‌ ‌the‌ ‌virus,‌ ‌and‌ ‌exonuclease‌ ‌protein‌ ‌possessing‌ ‌the‌ ‌proofreading‌ ‌activity‌ ‌that‌ ‌ensures‌‌                       

high-fidelity‌ ‌replication‌ ‌‌[218]‌.‌ ‌Among‌ ‌structural‌ ‌proteins,‌ ‌the‌ ‌positively-charged‌‌               

nucleocapsid‌ ‌protein‌ ‌(N)‌ ‌is‌ ‌responsible‌ ‌for‌ ‌tight‌ ‌packing‌ ‌of‌ ‌the‌ ‌RNA‌ ‌genome‌ ‌forming‌‌                         

nucleocapsid,‌‌while‌‌the‌‌envelope‌‌(E),‌‌membrane‌‌(M),‌‌and‌‌spike‌‌(S)‌‌proteins‌‌are‌‌incorporated‌‌                         

into‌ ‌a‌ ‌lipid‌ ‌bilayer‌ ‌forming‌ ‌the‌ ‌envelope‌ ‌around‌ ‌the‌‌nucleocapsid.‌‌Trimers‌‌of‌‌S‌‌protein‌‌are‌‌                             

anchored‌‌in‌‌the‌‌membrane‌‌and‌‌exposed‌‌to‌‌the‌‌outside‌‌forming‌‌corona-like‌‌"spikes"‌‌which‌‌are‌‌                           

responsible‌ ‌for‌ ‌the‌ ‌interaction‌ ‌of‌ ‌a‌ ‌coronavirus‌ ‌with‌ ‌receptors‌ ‌on‌ ‌the‌ ‌surface‌ ‌of‌ ‌host‌ ‌cells‌‌                             

[219]‌.‌‌ ‌  

2.3.2.‌ ‌The‌ ‌spike‌ ‌protein‌ ‌ 

The‌ ‌spike‌ ‌protein‌ ‌consists‌ ‌of‌ ‌two‌ ‌domains:‌ ‌S1‌ ‌carries‌ ‌a‌ ‌receptor-binding‌ ‌domain‌‌                       

(RBD),‌ ‌and‌ ‌S2‌ ‌contains‌ ‌a‌ ‌fusion‌ ‌peptide‌ ‌‌[219]‌.‌ ‌After‌ ‌the‌ ‌receptor‌ ‌is‌ ‌recognized‌ ‌by‌‌the‌‌S1‌‌                               

domain,‌‌host‌‌proteases‌‌act‌‌on‌‌S2‌‌liberating‌‌the‌‌fusion‌‌peptide‌‌that‌‌mediates‌‌membrane‌‌fusion‌‌                           

[220,221]‌.‌‌In‌‌some‌‌coronaviruses,‌‌including‌‌MERS-CoV,‌‌S1‌‌and‌‌S2‌‌are‌‌also‌‌cleaved‌‌during‌‌                         
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S‌‌protein‌‌biosynthesis‌‌which‌‌is‌‌believed‌‌to‌‌facilitate‌‌receptor‌‌recognition‌‌and‌‌virus‌‌entry‌‌due‌‌                           

to‌ ‌a‌ ‌conformational‌ ‌change‌ ‌in‌ ‌S‌ ‌protein‌ ‌‌[222,223]‌.‌ ‌ 

Being‌ ‌the‌ ‌most‌ ‌immunologically‌ ‌noticeable‌‌part‌‌of‌‌a‌‌viral‌‌particle,‌‌the‌‌spike‌‌protein‌‌                         

of‌ ‌SARS-CoV-2‌ ‌is‌‌used‌‌as‌‌a‌‌target‌‌of‌‌vaccines‌‌developed‌‌during‌‌the‌‌ongoing‌‌pandemic.‌‌As‌‌                             

of‌ ‌September‌ ‌2021,‌ ‌seven‌ ‌COVID-19‌ ‌vaccines‌ ‌are‌ ‌approved‌ ‌by‌ ‌WHO‌ ‌‌[224]‌,‌ ‌several‌ ‌are‌‌                         

undergoing‌‌approval‌‌and‌‌dozens‌‌are‌‌under‌‌development.‌‌Currently‌‌used‌‌COVID-19‌‌vaccines‌‌                     

use‌ ‌the‌ ‌mRNA‌ ‌encoding‌ ‌S‌ ‌protein‌ ‌delivered‌ ‌by‌ ‌lipid‌ ‌nanoparticles,‌ ‌the‌ ‌DNA‌ ‌of‌ ‌the‌ ‌spike‌‌                             

gene‌ ‌delivered‌ ‌by‌ ‌adenoviral‌ ‌vectors,‌ ‌the‌‌synthesized‌‌spike‌‌protein‌‌itself,‌‌or‌‌the‌‌inactivated‌‌                         

virus‌ ‌to‌ ‌stimulate‌ ‌the‌ ‌immune‌ ‌response‌ ‌‌[225]‌.‌ ‌Vaccines‌ ‌provide‌ ‌the‌ ‌most‌ ‌efficient‌ ‌way‌ ‌of‌‌                           

protection‌ ‌against‌ ‌COVID-19;‌ ‌vaccine‌ ‌availability‌ ‌and‌ ‌efficacy‌ ‌is‌ ‌a‌ ‌critical‌ ‌issue‌ ‌as‌ ‌no‌‌                         

effective‌ ‌universal‌ ‌treatment‌ ‌exists‌ ‌to‌ ‌date.‌ ‌ 

S‌ ‌protein‌ ‌determines‌ ‌host‌ ‌cell‌ ‌specificity‌ ‌as‌ ‌different‌ ‌coronaviruses‌ ‌interact‌ ‌with‌‌                     

different‌ ‌cell‌ ‌receptors‌ ‌‌[226]‌.‌ ‌SARS-CoV-2‌ ‌operates‌ ‌through‌ ‌the‌ ‌ACE2‌ ‌receptor‌‌                   

(angiotensin-converting‌‌enzyme)‌‌expressed‌‌on‌‌the‌‌surface‌‌of‌‌many‌‌epithelial‌‌cells,‌‌similarly‌‌                     

to‌ ‌SARS-CoV‌ ‌‌[227]‌.‌ ‌SARS-CoV-2‌ ‌demonstrates‌ ‌a‌ ‌higher‌ ‌affinity‌ ‌toward‌ ‌ACE2‌ ‌‌[228,229]‌‌                     

compared‌ ‌to‌ ‌SARS-CoV‌ ‌which‌ ‌is‌ ‌thought‌ ‌to‌ ‌be‌ ‌due‌ ‌to‌ ‌the‌ ‌insertion‌ ‌of‌ ‌four‌ ‌amino‌ ‌acids,‌‌                               

PRRA,‌ ‌on‌ ‌the‌ ‌border‌ ‌between‌ ‌S1‌ ‌and‌ ‌S2‌ ‌domains‌ ‌that‌ ‌encodes‌ ‌a‌ ‌cleavage‌ ‌site‌ ‌of‌ ‌furin,‌ ‌a‌‌                                 

protease‌ ‌widely‌ ‌expressed‌ ‌in‌ ‌human‌‌cells.‌‌The‌‌insertion‌‌facilitates‌‌a‌‌conformational‌‌change‌‌                       

and‌ ‌ACE2‌ ‌recognition,‌ ‌as‌‌furin-cleaved‌‌S‌‌protein‌‌trimers‌‌possess‌‌a‌‌much‌‌higher‌‌fraction‌‌of‌‌                           

an‌‌open,‌‌receptor-accessible‌‌conformation‌‌compared‌‌to‌‌uncleaved‌‌trimers‌‌‌[230]‌;‌‌the‌‌insertion‌‌                     

was‌‌also‌‌shown‌‌to‌‌promote‌‌viral‌‌entry‌‌into‌‌human‌‌epithelial‌‌cell‌‌lines‌‌and‌‌affect‌‌transmission‌‌                             

in‌ ‌ferrets,‌ ‌model‌ ‌animals‌ ‌possessing‌ ‌respiratory‌ ‌system‌ ‌similar‌ ‌to‌ ‌humans‌ ‌‌[231]‌.‌ ‌In‌‌                       

SARS-CoV,‌‌S1-S2‌‌cleavage‌‌was‌‌shown‌‌to‌‌be‌‌limited,‌‌although‌‌it‌‌could‌‌be‌‌facilitated‌‌by‌‌high‌‌                             

concentrations‌ ‌of‌ ‌trypsin‌ ‌or‌ ‌by‌ ‌the‌ ‌insertion‌ ‌of‌ ‌a‌ ‌furin-like‌ ‌site‌ ‌‌[220]‌.‌ ‌The‌ ‌origin‌ ‌of‌ ‌the‌‌                               
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insertion‌ ‌in‌ ‌SARS-CoV-2‌ ‌is‌ ‌currently‌ ‌unclear‌ ‌as‌ ‌the‌ ‌closest‌ ‌known‌ ‌coronaviruses‌ ‌lack‌‌this‌‌                         

pattern‌ ‌although‌ ‌furin‌ ‌sites‌ ‌are‌ ‌widespread‌ ‌in‌ ‌coronaviruses‌ ‌as‌ ‌well‌ ‌as‌ ‌other‌ ‌viruses‌ ‌‌[232]‌.‌ ‌ 

2.3.3.‌ ‌The‌ ‌origin‌ ‌of‌ ‌SARS-CoV-2‌ ‌ 

The‌‌origin‌‌of‌‌SARS-CoV-2‌‌itself‌‌is‌‌also‌‌unclear.‌‌Coronaviruses‌‌possess‌‌a‌‌wide‌‌range‌‌                         

of‌ ‌host‌ ‌species;‌ ‌cross-species‌ ‌transmission‌ ‌is‌ ‌common‌ ‌and‌ ‌occasionally‌ ‌results‌ ‌in‌ ‌a‌‌                       

coronavirus‌‌entering‌‌the‌‌human‌‌population‌‌‌[233]‌.‌‌Phylogenetic‌‌analysis‌‌places‌‌SARS-CoV-2‌‌                   

within‌ ‌a‌ ‌clade‌ ‌of‌ ‌non-human‌ ‌coronaviruses‌ ‌mostly‌ ‌isolated‌ ‌from‌ ‌bats‌ ‌‌[234]‌.‌ ‌The‌ ‌closest‌‌                         

known‌ ‌relative‌ ‌of‌ ‌SARS-CoV-2‌ ‌is‌ ‌the‌ ‌RaTG13‌ ‌strain‌ ‌isolated‌ ‌from‌ ‌a‌ ‌bat‌ ‌species‌ ‌in‌ ‌2013.‌‌                             

Still,‌ ‌the‌ ‌genetic‌ ‌distance‌ ‌between‌ ‌SARS-CoV-2‌ ‌and‌ ‌RaTG13‌ ‌is‌ ‌4%,‌ ‌implying‌ ‌decades‌ ‌of‌‌                         

independent‌ ‌evolution,‌ ‌while‌ ‌the‌ ‌closest‌ ‌human‌ ‌coronavirus,‌ ‌SARS-CoV,‌‌is‌‌separated‌‌from‌‌                     

SARS-CoV-2‌‌by‌‌20%.‌‌Given‌‌how‌‌frequent‌‌zoonotic‌‌transmissions‌‌in‌‌coronaviruses‌‌are,‌‌it‌‌is‌‌                         

reasonable‌ ‌to‌ ‌suggest‌ ‌a‌ ‌zoonotic‌ ‌origin‌ ‌of‌ ‌SARS-CoV-2.‌ ‌A‌ ‌zoonotic‌‌origin‌‌was‌‌proven‌‌for‌‌                           

both‌ ‌previous‌ ‌severe‌ ‌respiratory‌ ‌human‌ ‌coronaviruses,‌ ‌with‌ ‌civets‌ ‌and‌‌camels‌‌identified‌‌as‌                       

intermediate‌ ‌hosts‌ ‌between‌ ‌bats‌ ‌and‌ ‌humans‌ ‌for‌ ‌SARS-CoV‌ ‌and‌‌MERS-CoV,‌‌respectively.‌‌                     

For‌ ‌SARS-CoV-2,‌‌no‌‌animal‌‌host‌‌has‌‌been‌‌yet‌‌identified‌‌which‌‌is‌‌rather‌‌unsurprising‌‌given‌‌                           

the‌ ‌untold‌ ‌diversity‌ ‌of‌‌coronaviruses‌‌in‌‌bats;‌‌interestingly,‌‌it‌‌took‌‌researchers‌‌more‌‌than‌‌ten‌‌                           

years‌ ‌to‌ ‌discover‌ ‌a‌ ‌bat‌ ‌coronavirus‌ ‌showing‌ ‌96%‌ ‌identity‌ ‌to‌ ‌SARS-CoV‌ [235]‌.‌ ‌Another‌‌                         

non-human‌ ‌coronavirus‌ ‌relatively‌ ‌close‌ ‌to‌ ‌SARS-CoV-2‌ ‌was‌ ‌identified‌ ‌in‌ ‌pangolins‌‌                   

[236,237]‌.‌ ‌While‌ ‌overall‌ ‌identity‌ ‌between‌ ‌pangolin-CoV‌ ‌and‌‌SARS-CoV-2‌‌is‌‌lower‌‌(90%),‌‌                     

pangolin-CoV‌‌exhibits‌‌a‌‌striking‌‌similarity‌‌to‌‌SARS-CoV-2‌‌in‌‌the‌‌RBD‌‌region,‌‌showing‌‌only‌‌                         

a‌ ‌single‌ ‌amino‌ ‌acid‌ ‌difference‌ ‌within‌ ‌receptor‌ ‌binding‌ ‌motif‌ ‌comprised‌ ‌of‌‌70‌‌amino‌‌acids.‌‌                           

Furthermore,‌ ‌the‌ ‌spike‌ ‌protein‌ ‌of‌ ‌pangolin-CoV‌ ‌shows‌ ‌a‌ ‌comparable‌ ‌ACE2‌ ‌affinity‌ ‌‌[238]‌‌                       

and‌ ‌mediates‌ ‌entry‌ ‌to‌ ‌human‌ ‌ACE2-expressing‌ ‌cells‌ ‌more‌ ‌efficiently‌ ‌compared‌ ‌to‌‌                     
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SARS-CoV-2‌‌‌[239]‌,‌‌implying‌‌some‌‌animal‌‌coronaviruses‌‌may‌‌require‌‌no‌‌adaptation‌‌to‌‌infect‌‌                       

(or‌ ‌at‌ ‌least‌ ‌enter)‌ ‌human‌ ‌cells.‌ ‌Both‌ ‌convergent‌ ‌evolution‌ ‌and‌ ‌recombination‌ ‌events‌‌might‌‌                         

have‌ ‌shaped‌ ‌the‌ ‌similarity‌ ‌of‌ ‌S‌ ‌protein‌ ‌in‌ ‌the‌ ‌two‌ ‌coronaviruses.‌ ‌ 

2.3.4.‌ ‌SARS-CoV-2‌ ‌evolution‌ ‌ 

The‌‌proofreading‌‌activity‌‌of‌‌the‌‌viral‌‌replication‌‌machinery‌‌results‌‌in‌‌a‌‌relatively‌‌slow‌‌                         

evolutionary‌ ‌rate‌ ‌which‌ ‌should‌ ‌be‌ ‌especially‌ ‌important‌‌for‌‌coronaviruses‌‌possessing‌‌one‌‌of‌‌                       

the‌ ‌largest‌ ‌viral‌ ‌genomes.‌ ‌First‌ ‌estimates‌ ‌of‌ ‌SARS-CoV-2‌ ‌evolutionary‌ ‌rate‌ ‌were‌ ‌around‌‌                       

0.001‌‌substitutions‌‌per‌‌site‌‌per‌‌year‌‌‌[240,241]‌‌and‌‌later‌‌were‌‌refined‌‌on‌‌larger‌‌datasets‌‌to‌‌be‌‌                               

slightly‌ ‌lower‌ ‌‌[242]‌.‌ ‌The‌ ‌inferred‌ ‌rate‌ ‌of‌ ‌evolution‌ ‌predicts‌ ‌the‌ ‌ancestor‌ ‌of‌ ‌the‌ ‌circulating‌‌                           

strains‌‌to‌‌exist‌‌in‌‌late‌‌November‌‌‌—‌‌early‌‌December‌‌2019‌‌‌[242]‌.‌‌Simulations‌‌predict‌‌that‌‌this‌‌                             

ancestor‌ ‌is‌ ‌likely‌ ‌to‌ ‌be‌ ‌a‌‌descendant‌‌of‌‌a‌‌strain‌‌that‌‌entered‌‌the‌‌human‌‌population‌‌around‌‌a‌‌                                 

month‌ ‌before‌‌the‌‌epidemic‌‌became‌‌established;‌‌simulations‌‌also‌‌indicate‌‌a‌‌highly‌‌stochastic‌‌                       

nature‌ ‌of‌ ‌pre-epidemic‌ ‌viral‌ ‌dynamics‌ ‌as‌ ‌the‌ ‌successful‌‌establishment‌‌of‌‌a‌‌novel‌‌lineage‌‌in‌‌                           

the‌ ‌human‌ ‌population‌ ‌is‌ ‌predicted‌ ‌to‌ ‌be‌ ‌twice‌ ‌less‌ ‌likely‌ ‌than‌ ‌dying‌ ‌out‌ ‌‌[242]‌.‌ ‌Stochastic‌‌                             

behavior‌ ‌also‌ ‌accompanies‌ ‌the‌ ‌established‌ ‌pandemic‌ ‌as‌ ‌illustrated‌‌by‌‌the‌‌prominent‌‌role‌‌of‌‌                         

superspreading‌ ‌events‌ ‌in‌ ‌SARS-CoV-2‌ ‌transmission‌ ‌which‌ ‌makes‌ ‌contact‌ ‌tracing‌ ‌a‌ ‌critical‌‌                     

tool‌ ‌in‌ ‌epidemic‌ ‌monitoring‌ ‌and‌ ‌timely‌ ‌response‌ ‌‌[243,244]‌.‌ ‌ 

Despite‌ ‌a‌ ‌relatively‌ ‌low‌ ‌evolutionary‌ ‌rate,‌ ‌SARS-CoV-2‌ ‌has‌ ‌accumulated‌ ‌a‌ ‌sizable‌‌                     

amount‌ ‌of‌‌genetic‌‌diversity‌‌while‌‌circulating‌‌in‌‌the‌‌human‌‌population‌‌over‌‌(almost)‌‌the‌‌last‌‌                           

two‌‌years.‌‌Soon‌‌after‌‌the‌‌beginning‌‌of‌‌the‌‌pandemic,‌‌the‌‌need‌‌for‌‌systematic‌‌classification‌‌of‌‌                             

genetic‌ ‌diversity‌ ‌in‌ ‌an‌ ‌increasingly‌ ‌growing‌ ‌corpus‌ ‌of‌ ‌sequencing‌ ‌data‌ ‌became‌ ‌apparent.‌‌                       

Several‌ ‌related‌ ‌classifications‌ ‌were‌ ‌proposed,‌ ‌all‌ ‌based‌ ‌on‌ ‌mutation‌ ‌patterns.‌ ‌For‌‌example,‌‌                       

the‌ ‌GISAID‌ ‌database‌ ‌which‌ ‌possesses‌ ‌the‌ ‌largest‌ ‌collection‌ ‌of‌ ‌SARS-CoV-2‌ ‌genomes‌‌                     
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denotes‌ ‌major‌ ‌clades‌ ‌of‌ ‌SARS-CoV-2‌ ‌after‌ ‌amino‌ ‌acid‌ ‌substitutions‌ ‌defining‌ ‌these‌ ‌clades:‌‌                       

e.g.,‌‌the‌‌clade‌‌G‌‌is‌‌named‌‌after‌‌the‌‌D614G‌‌substitution‌‌in‌‌S‌‌protein,‌‌and‌‌its‌‌descendant‌‌clade‌‌                                 

GK‌ ‌is‌ ‌denoted‌ ‌after‌ ‌an‌ ‌additional‌ ‌substitution‌ ‌in‌ ‌S‌ ‌protein,‌ ‌T478K‌‌‌[245]‌.‌‌Compared‌‌to‌‌the‌‌                             

nine‌ ‌large‌ ‌clades‌ ‌defined‌ ‌in‌ ‌GISAID,‌ ‌the‌ ‌Pango‌ ‌classification‌ ‌provides‌ ‌a‌ ‌dynamic‌‌                       

hierarchical‌ ‌nomenclature‌ ‌of‌ ‌SARS-CoV-2‌ ‌lineages‌ ‌which‌ ‌allows‌ ‌for‌ ‌a‌ ‌finer‌ ‌resolution‌ ‌of‌‌                       

growing‌ ‌SARS-CoV-2‌ ‌diversity;‌ ‌Pango‌ ‌lineages‌ ‌agree‌ ‌with‌ ‌GISAID‌ ‌clades,‌ ‌e.g.,‌ ‌clades‌ ‌G‌‌                       

and‌‌GK‌‌correspond‌‌to‌‌lineages‌‌B.1‌‌and‌‌B.1.617.2,‌‌respectively‌‌‌[246]‌.‌‌Additionally,‌‌some‌‌of‌‌                         

the‌ ‌lineages‌ ‌of‌ ‌particular‌ ‌interest‌ ‌that‌‌are‌‌suspected‌‌to‌‌pose‌‌a‌‌separate‌‌threat‌‌by‌‌being‌‌more‌‌                               

transmissive,‌ ‌pathogenic,‌ ‌or‌ ‌elusive‌ ‌of‌ ‌vaccines,‌ ‌are‌ ‌further‌ ‌labeled‌ ‌by‌‌the‌‌Greek‌‌Alphabet‌‌                         

letters‌ ‌by‌ ‌WHO,‌ ‌e.g.‌ ‌the‌ ‌B.1.617.2‌ ‌lineage‌ ‌recently‌ ‌denoted‌ ‌as‌ ‌Delta‌ ‌‌[247]‌.‌ ‌ 

2.3.5.‌ ‌SARS-CoV-2‌ ‌epidemiology‌ ‌ 

An‌ ‌unprecedented‌ ‌sampling‌ ‌density‌ ‌of‌ ‌genetic‌ ‌data‌ ‌achieved‌ ‌by‌ ‌impressive‌‌                   

sequencing‌‌efforts‌‌of‌‌multiple‌‌countries‌‌made‌‌it‌‌possible‌‌to‌‌use‌‌and‌‌further‌‌develop‌‌methods‌‌                           

of‌‌molecular‌‌epidemiology.‌‌Phylogenetic‌‌and‌‌phylogeographic‌‌approaches‌‌have‌‌been‌‌used‌‌to‌‌                     

describe‌ ‌early‌ ‌SARS-CoV-2‌ ‌imports‌ ‌into‌ ‌different‌ ‌countries‌ ‌including‌ ‌Italy,‌ ‌Germany,‌ ‌the‌‌                     

UK,‌ ‌and‌ ‌the‌ ‌US‌ ‌‌[248–256]‌.‌ ‌For‌ ‌instance,‌ ‌the‌ ‌United‌ ‌Kingdom‌ ‌has‌ ‌been‌ ‌successfully‌‌                         

maintaining‌‌sampling‌‌density‌‌around‌‌or‌‌higher‌‌than‌‌10%‌‌since‌‌the‌‌beginning‌‌of‌‌the‌‌pandemic‌‌                           

[257]‌;‌ ‌this‌ ‌allowed‌ ‌researchers‌‌to‌‌describe‌‌in‌‌detail‌‌the‌‌dynamics‌‌and‌‌properties‌‌of‌‌multiple‌‌                           

SARS-CoV-2‌‌introductions‌‌into‌‌the‌‌UK‌‌and‌‌assess‌‌the‌‌effect‌‌of‌‌control‌‌measures‌‌during‌‌the‌‌                           

first‌ ‌epidemic‌ ‌wave‌ ‌of‌ ‌COVID-19‌ ‌in‌‌the‌‌country;‌‌heterogeneity‌‌in‌‌sampling‌‌profiles‌‌in‌‌and‌‌                           

outside‌‌the‌‌UK‌‌was‌‌accounted‌‌for‌‌by‌‌including‌‌incidence‌‌and‌‌travel‌‌data‌‌in‌‌the‌‌model‌‌‌[253]‌.‌‌                               

Undersampling‌‌is‌‌critical‌‌for‌‌inferences;‌‌a‌‌severe‌‌COVID-19‌‌outbreak‌‌in‌‌Italy‌‌in‌‌early‌‌2020‌‌                           

was‌‌speculated‌‌to‌‌possibly‌‌emerge‌‌from‌‌Germany‌‌‌[250]‌.‌‌Phylogeographic‌‌simulations‌‌‌[250]‌,‌‌                     
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together‌‌with‌‌a‌‌recently‌‌developed‌‌model‌‌that‌‌directly‌‌incorporates‌‌undersampling‌‌and‌‌travel‌‌                       

data‌ ‌into‌ ‌the‌ ‌phylogeographic‌ ‌framework‌ ‌‌[258]‌,‌ ‌proved‌ ‌this‌ ‌scenario‌ ‌unlikely.‌ ‌ 

Of‌ ‌particular‌ ‌interest‌ ‌are‌ ‌epidemiological‌ ‌parameters‌ ‌that‌ ‌govern‌ ‌the‌ ‌spread‌ ‌of‌‌                     

SARS-CoV-2,‌‌in‌‌particular,‌‌the‌‌reproduction‌‌number‌‌(R).‌‌The‌‌reproduction‌‌number‌‌is‌‌the‌‌key‌‌                         

epidemiological‌‌concept‌‌defined‌‌as‌‌the‌‌average‌‌number‌‌of‌‌secondary‌‌infections‌‌produced‌‌by‌‌                       

an‌ ‌infected‌ ‌individual.‌ ‌At‌ ‌the‌ ‌onset‌ ‌of‌ ‌the‌ ‌pandemic,‌ ‌the‌ ‌basic‌ ‌reproduction‌ ‌number‌‌                         

characterizing‌ ‌the‌ ‌rate‌ ‌of‌ ‌transmission‌ ‌in‌ ‌a‌‌fully‌‌susceptible‌‌population‌‌was‌‌estimated‌‌from‌‌                         

purely‌ ‌epidemiological‌ ‌data‌ ‌like‌ ‌incidence‌ ‌and‌ ‌death‌ ‌counts‌ ‌in‌ ‌China‌ ‌and‌ ‌other‌ ‌locations‌‌                         

[259,260]‌;‌‌the‌‌dynamics‌‌of‌‌R‌‌through‌‌time‌‌was‌‌used‌‌to‌‌assess‌‌the‌‌effect‌‌of‌‌control‌‌measures‌‌                               

[261]‌.‌‌ ‌  

The‌‌reproduction‌‌number‌‌can‌‌also‌‌be‌‌inferred‌‌from‌‌genetic‌‌data‌‌‌[249,262,263]‌,‌‌which‌‌                       

allows‌ ‌for‌ ‌a‌ ‌direct‌ ‌comparison‌ ‌of‌ ‌different‌ ‌genetic‌ ‌variants.‌ ‌The‌ ‌D614G‌ ‌substitution‌ ‌in‌ ‌S‌‌                           

protein‌‌mentioned‌‌in‌‌2.3.4‌‌appeared‌‌early‌‌in‌‌the‌‌pandemic‌‌and‌‌soon‌‌became‌‌the‌‌predominant‌‌                           

variant‌ ‌raising‌ ‌the‌ ‌question‌ ‌of‌ ‌its‌ ‌selective‌ ‌advantage.‌ ‌‌In‌‌vitro‌‌studies‌‌readily‌‌demonstrated‌‌                         

higher‌ ‌infectivity‌ ‌of‌ ‌D614G‌ ‌‌[264–266]‌,‌ ‌but‌ ‌this‌ ‌did‌ ‌not‌ ‌convert‌ ‌into‌ ‌an‌ ‌apparent‌‌signal‌‌on‌‌                             

population‌ ‌data.‌ ‌On‌ ‌the‌ ‌UK‌ ‌dataset,‌ ‌the‌ ‌614G‌ ‌variant‌ ‌tended‌ ‌to‌ ‌have‌ ‌a‌ ‌higher‌ ‌growth‌‌rate‌‌                               

compared‌ ‌to‌ ‌614D,‌ ‌but‌ ‌the‌‌difference‌‌was‌‌insignificant‌‌‌[267]‌.‌‌In‌‌Washington‌‌State,‌‌the‌‌US,‌‌                           

the‌ ‌rapid‌ ‌growth‌ ‌of‌ ‌614G‌ ‌was‌ ‌mainly‌ ‌attributed‌ ‌to‌ ‌mobility‌ ‌and‌ ‌migration‌ ‌patterns‌‌                         

differences,‌ ‌with‌ ‌614G‌ ‌being‌ ‌introduced‌ ‌into‌ ‌the‌ ‌state‌ ‌much‌ ‌more‌ ‌frequently‌ ‌compared‌ ‌to‌‌                         

614D;‌ ‌the‌ ‌estimated‌ ‌growth‌ ‌rates‌ ‌again‌ ‌did‌ ‌not‌ ‌differ‌ ‌much,‌ ‌and‌ ‌no‌ ‌difference‌ ‌in‌ ‌disease‌‌                             

severity‌ ‌and‌ ‌the‌ ‌risk‌ ‌of‌ ‌hospitalization‌ ‌was‌ ‌observed‌ ‌between‌ ‌614D‌ ‌and‌ ‌614G‌ ‌despite‌ ‌a‌‌                           

slightly‌ ‌higher‌ ‌viral‌ ‌load‌ ‌in‌ ‌614G‌ ‌‌[263]‌.‌ ‌In‌ ‌agreement‌ ‌with‌ ‌‌[263]‌,‌ ‌a‌ ‌birth-death‌ ‌model‌‌                           

incorporating‌‌fitness‌‌effects‌‌of‌‌individual‌‌mutations‌‌into‌‌the‌‌rate‌‌of‌‌birth‌‌events‌‌did‌‌not‌‌find‌‌                             
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evidence‌ ‌for‌ ‌a‌ ‌substantial‌ ‌effect‌ ‌of‌ ‌614G‌ ‌on‌ ‌transmission‌ ‌fitness‌ ‌in‌ ‌the‌ ‌US‌ ‌‌[268]‌;‌ ‌instead,‌‌                             

regional‌ ‌transmission‌ ‌differences‌ ‌seem‌ ‌to‌ ‌noticeably‌ ‌contribute‌ ‌to‌ ‌the‌ ‌early‌ ‌growth‌ ‌of‌ ‌614G.‌ ‌ 

2.3.6.‌ ‌Concerning‌ ‌genetic‌ ‌variation‌ ‌of‌ ‌SARS-CoV-2‌ ‌ 

Unfortunately,‌ ‌some‌ ‌of‌ ‌the‌ ‌evolved‌ ‌variation‌ ‌in‌ ‌SARS-CoV-2‌ ‌is‌ ‌less‌ ‌benign.‌ ‌WHO‌‌                       

currently‌‌acknowledges‌‌four‌‌variants‌‌of‌‌concern‌‌(VOCs),‌‌named‌‌Alpha‌‌(first‌‌identified‌‌in‌‌the‌‌                         

UK),‌‌Beta‌‌(South‌‌Africa),‌‌Gamma‌‌(Brazilia),‌‌and‌‌Delta‌‌(India)‌‌‌[269]‌,‌‌each‌‌characterized‌‌by‌‌                         

an‌‌overlapping‌‌set‌‌of‌‌mutations‌‌affecting‌‌viral‌‌transmission,‌‌disease‌‌severity,‌‌and/or‌‌vaccine‌‌                       

performance.‌ ‌Many‌ ‌of‌ ‌these‌ ‌recurrently‌ ‌emerged‌ ‌mutations‌ ‌reside‌ ‌within‌‌the‌‌spike‌‌protein,‌‌                       

which‌ ‌is‌ ‌expected‌ ‌given‌ ‌its‌ ‌central‌ ‌role‌ ‌in‌ ‌the‌ ‌SARS-CoV-2‌ ‌biology‌ ‌(Table‌ ‌2.1).‌‌ ‌  

‌ 

Table‌ ‌2.1.‌ ‌Amino‌ ‌acid‌ ‌substitutions‌ ‌in‌ ‌S‌ ‌protein‌ ‌involved‌ ‌in‌ ‌the‌ ‌definition‌ ‌of‌ ‌VOCs.‌ ‌"+/-"‌ ‌marks‌‌                               
mutations‌ ‌present‌ ‌as‌ ‌sub-lineages‌ ‌within‌ ‌a‌ ‌variant.‌ ‌ 

‌ 

VOCs‌ ‌are‌ ‌defined‌ ‌by‌ ‌multiple‌ ‌mutations‌ ‌in‌ ‌and‌ ‌outside‌ ‌the‌ ‌spike‌ ‌protein;‌ ‌although‌‌                         

experimental‌ ‌data,‌ ‌as‌ ‌well‌ ‌as‌ ‌phylodynamics‌ ‌‌[268]‌,‌ ‌predict‌ ‌some‌ ‌of‌ ‌them‌ ‌to‌ ‌affect‌ ‌viral‌‌                           

properties,‌ ‌effects‌ ‌of‌ ‌individual‌ ‌mutations‌ ‌are‌ ‌impossible‌ ‌to‌ ‌disentangle‌ ‌when‌ ‌it‌ ‌comes‌ ‌to‌‌                         
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Mutation‌ ‌  Suggested‌ ‌effect‌ ‌  Alpha‌ ‌  Beta‌ ‌  Gamma‌  Delta‌ ‌ 

K417N/T‌ ‌  K417N‌ ‌reduces‌ ‌antibody‌ ‌neutralization‌‌ 
[270]‌ ‌ 

‌   +‌ ‌  +‌ ‌  +/-‌ ‌ 

L452R‌ ‌  Increased‌ ‌in‌ ‌vitro‌ ‌infectivity,‌ ‌reduced‌‌ 
antibody‌ ‌neutralization‌ ‌‌[271]‌ ‌ 

+/-‌ ‌  ‌   ‌   +‌ ‌ 

E484K‌ ‌  Reduced‌ ‌infection-‌ ‌and‌‌ 
vaccination-induced‌ ‌antibody‌‌ 
neutralization‌ ‌‌[272–275]‌ ‌ 

+/-‌ ‌  +‌ ‌  +‌ ‌  ‌  

N501Y‌ ‌  Increased‌ ‌affinity‌ ‌towards‌ ‌ACE2‌ ‌‌[276]‌ ‌  +‌ ‌  +‌ ‌  +‌ ‌  ‌  

P681H/R‌ ‌  Assumed‌ ‌effect‌ ‌on‌ ‌S1-S2‌ ‌furin‌ ‌cleavage;‌‌ 
no‌ ‌experimental‌ ‌support‌ ‌to‌ ‌date‌ ‌‌[277]‌ ‌ 

+‌ ‌  ‌   +/-‌ ‌  +‌ ‌ 
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transmission‌ ‌in‌ ‌the‌ ‌human‌ ‌population;‌ ‌lineage-defining‌ ‌mutations‌ ‌are‌ ‌tightly‌ ‌linked,‌ ‌and‌‌                     

some‌‌of‌‌them‌‌may‌‌need‌‌to‌‌interact‌‌in‌‌order‌‌to‌‌be‌‌beneficial‌‌for‌‌between-human‌‌transmission.‌‌                             

Still,‌ ‌for‌‌VOCs,‌‌we‌‌can‌‌at‌‌least‌‌observe‌‌a‌‌cumulative‌‌effect‌‌of‌‌an‌‌ensemble‌‌of‌‌mutations‌‌on‌‌                                 

viral‌ ‌dynamics‌ ‌in‌ ‌population‌ ‌data.‌ ‌The‌ ‌increased‌ ‌rate‌ ‌of‌ ‌transmission‌ ‌was‌ ‌reported‌ ‌for‌ ‌all‌‌                           

VOCs‌ ‌with‌ ‌the‌ ‌Delta‌ ‌variant‌ ‌being‌ ‌the‌ ‌most‌ ‌transmissive‌ ‌‌[278–280]‌.‌ ‌Disease‌ ‌severity‌‌also‌‌                         

tends‌ ‌to‌ ‌be‌ ‌higher‌ ‌for‌ ‌VOCs‌ ‌‌[281–285]‌,‌ ‌again‌ ‌being‌ ‌most‌ ‌pronounced‌ ‌in‌ ‌Delta,‌ ‌which‌‌                           

increases‌‌risks‌‌of‌‌hospitalization‌‌and‌‌death‌‌more‌‌than‌‌twice‌‌compared‌‌to‌‌a‌‌non-VOC‌‌variant‌‌                           

[281]‌.‌‌ ‌  

High‌ ‌transmission‌‌rate‌‌allows‌‌VOCs‌‌to‌‌outperform‌‌and‌‌outcompete‌‌other‌‌circulating‌‌                     

variants‌‌and‌‌each‌‌other‌‌as‌‌has‌‌been‌‌recently‌‌illustrated‌‌by‌‌the‌‌Delta‌‌variant,‌‌which‌‌spent‌‌2021‌‌                               

outcompeting‌‌the‌‌previously‌‌predominant‌‌variant‌‌Alpha.‌‌Rapid‌‌reshuffles‌‌like‌‌that‌‌make‌‌the‌‌                       

issue‌ ‌of‌ ‌vaccine‌ ‌effectiveness‌ ‌critical‌ ‌‌—‌ ‌vaccine‌ ‌development‌ ‌and‌ ‌production‌ ‌is‌ ‌a‌ ‌rather‌‌                         

time-consuming‌ ‌process‌ ‌that‌ ‌doesn't‌ ‌benefit‌‌our‌‌race‌‌against‌‌viral‌‌evolution‌‌and‌‌adaptation.‌‌                       

Fortunately,‌ ‌despite‌ ‌the‌ ‌reduced‌ ‌sensitivity‌ ‌of‌ ‌VOCs‌ ‌to‌ ‌antibodies‌ ‌‌[275,286–289]‌,‌ ‌current‌‌                     

vaccines‌ ‌still‌ ‌demonstrate‌‌substantial,‌‌although‌‌in‌‌some‌‌cases‌‌reduced,‌‌effectiveness‌‌against‌‌                     

VOCs‌ ‌‌[290–292]‌,‌ ‌and‌ ‌importantly,‌ ‌seem‌ ‌to‌ ‌protect‌ ‌against‌ ‌severe‌ ‌cases‌ ‌‌[290,293]‌.‌‌ ‌  

Still,‌ ‌these‌ ‌observations‌ ‌are‌ ‌a‌ ‌red‌ ‌flag‌ ‌as‌ ‌several‌ ‌currently‌ ‌circulating‌‌SARS-CoV-2‌‌                       

lineages‌ ‌carry‌ ‌mutations‌ ‌present‌ ‌in‌ ‌VOCs‌ ‌stressing‌‌the‌‌importance‌‌of‌‌close‌‌monitoring‌‌and‌‌                         

extensive‌ ‌vaccination,‌ ‌as‌ ‌a‌ ‌continuous‌ ‌persistence‌ ‌of‌ ‌SARS-CoV-2‌ ‌can‌ ‌result‌ ‌in‌ ‌the‌‌                       

emergence‌ ‌of‌ ‌even‌ ‌more‌ ‌transmissive,‌ ‌aggressive,‌ ‌and‌ ‌elusive‌ ‌variants.‌ ‌ 

‌ 

‌ 

‌   
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CHAPTER‌ ‌3:‌ ‌Molecular‌ ‌epidemiology‌ ‌of‌ ‌HIV‌ ‌in‌ ‌Oryol‌ ‌Oblast,‌‌ 

Russia‌ ‌ 

3.1.‌ ‌Introduction‌ ‌ 

HIV-1‌‌poses‌‌a‌‌substantial‌‌threat‌‌to‌‌public‌‌health‌‌in‌‌Russia.‌‌Russia‌‌is‌‌characterized‌‌by‌‌                           

one‌ ‌of‌ ‌the‌ ‌highest‌ ‌HIV-1‌‌prevalence‌‌rates‌‌among‌‌European‌‌countries‌‌‌[294]‌.‌‌Since‌‌its‌‌initial‌‌                           

introduction‌ ‌in‌ ‌the‌ ‌late‌ ‌1980s,‌ ‌HIV-1‌ ‌has‌ ‌been‌ ‌rapidly‌ ‌spreading‌ ‌across‌ ‌Russia‌ ‌due‌ ‌to‌‌                           

widespread‌‌intravenous‌‌drug‌‌usage‌‌and‌‌poor‌‌public‌‌awareness.‌‌In‌‌2019,‌‌97,176‌‌new‌‌cases‌‌of‌‌                           

HIV-1‌ ‌were‌ ‌registered‌ ‌in‌ ‌Russia‌ ‌‌[295]‌.‌ ‌Its‌ ‌prevalence‌ ‌in‌ ‌the‌ ‌same‌ ‌year‌ ‌was‌ ‌estimated‌ ‌at‌‌                             

0,75%‌ ‌based‌ ‌on‌ ‌registered‌ ‌cases‌ ‌‌[295]‌;‌‌the‌‌actual‌‌prevalence‌‌is‌‌likely‌‌higher.‌‌Currently,‌‌the‌‌                           

epidemic‌‌predominantly‌‌develops‌‌through‌‌heterosexual‌‌transmission.‌‌In‌‌2019,‌‌63.9%,‌‌33.0%,‌‌                   

and‌ ‌2.2%‌ ‌of‌ ‌all‌ ‌new‌ ‌cases‌ ‌with‌ ‌reported‌ ‌transmission‌ ‌routes‌ ‌could‌ ‌be‌ ‌attributed‌ ‌to‌‌                           

heterosexual,‌ ‌injecting‌‌drug-associated,‌‌and‌‌homosexual‌‌routes‌‌of‌‌transmission,‌‌respectively‌‌                 

[295]‌.‌‌Low‌‌coverage‌‌of‌‌antiretroviral‌‌therapy‌‌(ART)‌‌contributes‌‌to‌‌poor‌‌epidemic‌‌control.‌‌In‌‌                         

2019,‌‌only‌‌48.5%‌‌of‌‌the‌‌registered‌‌people‌‌living‌‌with‌‌HIV-1‌‌in‌‌Russia‌‌were‌‌receiving‌‌therapy‌‌                             

[296]‌.‌ ‌ 

Analysis‌‌of‌‌molecular‌‌surveillance‌‌data‌‌can‌‌provide‌‌insights‌‌on‌‌pathways‌‌and‌‌the‌‌rate‌‌                         

of‌‌disease‌‌spread‌‌in‌‌an‌‌ongoing‌‌epidemic.‌‌However,‌‌the‌‌Russian‌‌diversity‌‌of‌‌HIV-1‌‌remains‌‌                           

poorly‌ ‌studied.‌ ‌A‌ ‌comprehensive‌ ‌description‌ ‌of‌ ‌the‌ ‌countrywide‌ ‌epidemic‌ ‌by‌ ‌methods‌ ‌of‌‌                       

molecular‌ ‌epidemiology‌ ‌in‌ ‌Russia‌ ‌is‌ ‌hindered‌ ‌by‌ ‌the‌ ‌fact‌ ‌that‌ ‌genetic‌ ‌data‌ ‌on‌ ‌HIV-1‌ ‌is‌                             

available‌ ‌for‌ ‌less‌ ‌than‌ ‌1%‌ ‌of‌ ‌the‌ ‌infected‌ ‌population.‌ ‌Coverage‌ ‌provided‌ ‌by‌ ‌molecular‌‌                         

epidemiology‌ ‌studies‌ ‌of‌ ‌HIV-1‌ ‌in‌ ‌specific‌ ‌regions‌ ‌of‌ ‌Russia‌ ‌is‌ ‌also‌ ‌low‌ ‌‌[297–301]‌.‌‌ ‌  

Here,‌‌we‌‌report‌‌a‌‌detailed‌‌molecular‌‌epidemiology‌‌analysis‌‌of‌‌the‌‌HIV-1‌‌epidemic‌‌in‌‌                         

a‌ ‌single‌ ‌region‌ ‌of‌ ‌Russia‌ ‌by‌ ‌covering‌ ‌a‌ ‌large‌ ‌fraction‌ ‌of‌ ‌its‌ ‌HIV-positive‌ ‌population.‌ ‌We‌‌                             
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focused‌ ‌on‌ ‌Oryol‌ ‌Oblast‌ ‌‌[302]‌,‌ ‌a‌ ‌region‌ ‌with‌ ‌a‌ ‌population‌ ‌of‌ ‌736,483‌ ‌located‌ ‌in‌ ‌the‌‌                             

southwestern‌ ‌part‌ ‌of‌ ‌the‌ ‌Central‌ ‌Federal‌ ‌District‌ ‌of‌ ‌Russia‌ ‌‌[303]‌.‌ ‌As‌ ‌of‌ ‌2019,‌ ‌there‌ ‌were‌‌                             

2,157‌ ‌registered‌ ‌HIV-positive‌ ‌people‌ ‌in‌ ‌Oryol‌ ‌Oblast‌‌(Supplementary‌‌Fig.‌‌A-1);‌‌we‌‌collect‌‌                       

and‌‌analyse‌‌HIV-1‌‌genetic‌‌data‌‌from‌‌768‌‌patients,‌‌thus‌‌covering‌‌over‌‌a‌‌third‌‌of‌‌the‌‌registered‌‌                               

epidemic.‌ ‌Using‌ ‌phylogenetic‌‌analysis,‌‌we‌‌infer‌‌82‌‌imports‌‌of‌‌HIV-1‌‌into‌‌Oryol‌‌Oblast‌‌that‌‌                           

were‌ ‌further‌ ‌transmitted‌ ‌within‌ ‌this‌ ‌region‌ ‌forming‌ ‌transmission‌ ‌lineages,‌ ‌as‌ ‌well‌ ‌as‌ ‌250‌‌                         

imports‌ ‌that‌ ‌did‌ ‌not‌ ‌result‌ ‌in‌ ‌observed‌ ‌onward‌ ‌transmission,‌ ‌indicating‌ ‌unhindered‌ ‌spread‌‌                       

between‌ ‌regions‌ ‌of‌ ‌Russia.‌ ‌Transmission‌ ‌lineages‌‌were‌‌enriched‌‌in‌‌injecting‌‌drug‌‌users‌‌but‌‌                         

not‌ ‌in‌ ‌males,‌ ‌reflecting‌ ‌the‌ ‌demographic‌ ‌properties‌ ‌of‌ ‌the‌ ‌epidemic.‌ ‌The‌ ‌epidemic‌ ‌is‌‌                         

predominated‌‌by‌‌subtype‌‌A‌‌(87%‌‌of‌‌our‌‌dataset)‌‌followed‌‌by‌‌the‌‌recombinant‌‌CRF63‌‌variant‌‌                           

(7%).‌‌Using‌‌phylodynamic‌‌analysis,‌‌we‌‌show‌‌that‌‌subtype‌‌A‌‌is‌‌responsible‌‌for‌‌the‌‌moderate‌‌                           

growth‌ ‌of‌ ‌the‌ ‌epidemic‌ ‌with‌ ‌R‌e‌ ‌of‌ ‌‌2.8‌ ‌[1.7-4.4]‌,‌‌while‌‌CRF63‌‌demonstrates‌‌a‌‌much‌‌higher‌‌                             

growth‌ ‌rate‌ ‌and‌ ‌should‌ ‌be‌ ‌closely‌ ‌monitored.‌ ‌ ‌   
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3.2.‌ ‌‌Methods‌ ‌ 

3.2.1.‌ ‌Data‌‌ ‌collection‌ ‌and‌ ‌ethics‌ ‌ 

Patients‌‌were‌‌enrolled‌‌in‌‌the‌‌study‌‌between‌‌January‌‌1,‌‌2018,‌‌and‌‌June‌‌30,‌‌2019.‌‌Over‌‌                             

this‌ ‌period,‌ ‌681‌ ‌blood‌‌samples‌‌were‌‌collected‌‌from‌‌HIV-infected‌‌people‌‌living‌‌in‌‌the‌‌Oryol‌‌                           

city‌‌and‌‌the‌‌remainder‌‌of‌‌Oryol‌‌Oblast‌‌(Fig.‌‌3.1)‌‌by‌‌the‌‌local‌‌AIDS‌‌center‌‌through‌‌a‌‌routine‌‌                                 

surveillance‌ ‌program‌ ‌and‌ ‌regular‌ ‌check-ups‌ ‌of‌ ‌the‌ ‌registered‌ ‌HIV-infected‌ ‌people.‌‌                   

Additionally,‌‌we‌‌included‌‌the‌‌241‌‌samples‌‌obtained‌‌between‌‌March‌‌31,‌‌2014,‌‌and‌‌November‌‌                         

2,‌ ‌2019,‌ ‌in‌ ‌the‌ ‌course‌ ‌of‌ ‌a‌ ‌study‌ ‌on‌ ‌drug‌ ‌resistance,‌‌for‌‌a‌‌total‌‌of‌‌922‌‌samples‌‌from‌‌Oryol‌‌                                     

Oblast.‌ ‌HIV-1‌‌RNA‌‌for‌‌sequencing‌‌was‌‌obtained‌‌from‌‌blood‌‌plasma‌‌left‌‌after‌‌the‌‌viral‌‌load‌‌                             

analysis.‌‌Demographic,‌‌clinical,‌‌and‌‌epidemiological‌‌data‌‌for‌‌participants‌‌were‌‌obtained‌‌from‌‌                     

their‌ ‌medical‌ ‌records.‌ ‌The‌ ‌assumed‌ ‌route‌ ‌of‌ ‌infection‌ ‌was‌ ‌recorded‌ ‌by‌ ‌interviewing‌ ‌the‌‌                         

patients.‌ ‌Written‌ ‌informed‌ ‌consent‌ ‌was‌ ‌obtained‌‌from‌‌all‌‌subjects.‌‌The‌‌study‌‌was‌‌approved‌‌                         

by‌ ‌the‌ ‌Local‌ ‌Ethics‌ ‌Committee‌‌of‌‌the‌‌Central‌‌Research‌‌Institute‌‌of‌‌Epidemiology‌‌(protocol‌‌                         

93).‌‌ ‌  

3.2.2.‌ ‌Sequencing‌ ‌ 

Sequencing‌ ‌was‌ ‌performed‌ ‌between‌ ‌June‌ ‌29,‌ ‌2019,‌ ‌and‌ ‌March‌ ‌30,‌ ‌2021.‌ ‌The‌‌                       

sequence‌ ‌of‌ ‌the‌ ‌‌pol‌ ‌region‌ ‌covering‌ ‌the‌ ‌protease‌ ‌gene‌ ‌and‌ ‌part‌ ‌of‌‌the‌‌reverse‌‌transcriptase‌‌                             

gene‌ ‌was‌ ‌obtained‌‌either‌‌by‌‌Sanger‌‌or‌‌by‌‌next‌‌generation‌‌sequencing‌‌(NGS).‌‌In‌‌both‌‌cases,‌‌                             

RNA‌ ‌was‌ ‌isolated‌ ‌from‌ ‌blood‌ ‌plasma‌ ‌using‌ ‌phenol-chloroform‌ ‌extraction.‌ ‌For‌ ‌Sanger‌‌                     

sequencing,‌ ‌the‌ ‌AmpliSens‌ ‌HIV-Resist-Seq‌ ‌(CRIE,‌ ‌Russia)‌ ‌kit‌ ‌for‌ ‌‌in‌ ‌vitro‌ ‌diagnostics‌‌was‌‌                       

used‌ ‌according‌ ‌to‌ ‌the‌ ‌manufacturer's‌ ‌instructions.‌ ‌For‌ ‌NGS,‌ ‌a‌ ‌two-step‌ ‌amplification‌‌                     

procedure‌‌was‌‌used.‌‌The‌‌first‌‌step‌‌of‌‌amplification‌‌was‌‌combined‌‌with‌‌reverse‌‌transcription.‌‌                         
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Amplification‌‌was‌‌performed‌‌according‌‌to‌‌the‌‌following‌‌protocol:‌‌45°C‌‌—‌‌30‌‌min;‌‌95°C‌‌—‌‌                           

15‌‌min;‌‌30‌‌cycles:‌‌95°C‌‌—‌‌30‌‌s,‌‌50°C‌‌—‌‌30‌‌s,‌‌72°C‌‌—‌‌1‌‌min‌‌30‌‌s;‌‌72°C‌‌—‌‌5‌‌min.‌‌During‌‌                                             

this‌ ‌stage,‌ ‌a‌ ‌DNA‌ ‌fragment‌‌of‌‌approximately‌‌1.5‌‌kb‌‌was‌‌amplified‌‌(positions‌‌2074-3539‌‌in‌‌                           

the‌ ‌reference‌‌HIV-1‌‌strain‌‌HXB2,‌‌GenBank‌‌K03455).‌‌The‌‌second‌‌step‌‌of‌‌amplification‌‌was‌‌                         

performed‌ ‌in‌ ‌four‌ ‌independent‌ ‌tubes‌ ‌for‌ ‌each‌ ‌sample.‌ ‌Amplification‌ ‌produced‌ ‌four‌‌                     

overlapping‌ ‌DNA‌ ‌amplicons‌‌that‌‌ranged‌‌in‌‌size‌‌from‌‌427‌‌to‌‌586‌‌bp.‌‌This‌‌approach‌‌made‌‌it‌‌                               

possible‌ ‌to‌ ‌simplify‌ ‌library‌ ‌preparation‌ ‌and‌ ‌eliminated‌ ‌the‌ ‌need‌ ‌for‌ ‌DNA‌ ‌fragmentation.‌‌                       

After‌ ‌purification‌ ‌with‌ ‌Sera-Mag‌ ‌Magnetic‌ ‌Speedbeads‌ ‌(GE‌ ‌Healthcare‌ ‌Biosciences)‌‌                 

magnetic‌ ‌particles,‌ ‌the‌ ‌amplified‌ ‌fragments‌ ‌were‌ ‌mixed‌ ‌in‌ ‌equal‌ ‌proportions.‌ ‌After‌‌                     

barcoding,‌ ‌next-generation‌ ‌sequencing‌ ‌was‌ ‌performed‌ ‌on‌ ‌the‌ ‌Illumina‌ ‌Miseq‌ ‌machine‌‌                   

(Illumina,‌‌USA)‌‌with‌‌the‌‌MiSeq‌‌Reagent‌‌Kit‌‌V3‌‌(600‌‌cycles).‌‌Totally,‌‌out‌‌of‌‌the‌‌681‌‌samples‌‌                               

collected‌‌in‌‌this‌‌study,‌‌562‌‌samples‌‌were‌‌sequenced‌‌using‌‌NGS,‌‌and‌‌the‌‌remaining‌‌119,‌‌using‌‌                             

Sanger‌ ‌technology.‌ ‌ 

3.2.3.‌ ‌Iterative‌‌ ‌consensus‌ ‌calling‌ ‌ 

The‌ ‌diversity‌ ‌of‌ ‌Russian‌ ‌HIV-1‌ ‌differs‌ ‌significantly‌ ‌from‌ ‌the‌ ‌widely‌ ‌used‌ ‌HXB2‌‌                       

reference,‌ ‌complicating‌ ‌variant‌ ‌calling.‌ ‌Furthermore,‌ ‌amplification‌ ‌of‌ ‌the‌ ‌‌pol‌ ‌fragment‌ ‌via‌‌                     

four‌ ‌slightly‌ ‌overlapping‌ ‌amplicons‌ ‌prevented‌ ‌the‌ ‌use‌ ‌of‌ ‌‌de‌ ‌novo‌ ‌assembly‌ ‌tools‌ ‌like‌ ‌IVA‌‌                           

[304]‌.‌ ‌To‌ ‌address‌ ‌these‌ ‌issues,‌ ‌we‌ ‌developed‌ ‌the‌ ‌following‌ ‌custom‌ ‌consensus‌ ‌calling‌‌                       

pipeline,‌ ‌and‌ ‌applied‌ ‌it‌ ‌to‌ ‌each‌ ‌of‌ ‌the‌ ‌562‌ ‌samples‌ ‌sequenced‌ ‌on‌ ‌the‌ ‌Illumina‌ ‌platform:‌ ‌ 

1. Trim‌ ‌paired‌ ‌reads‌ ‌using‌ ‌Trimmomatic-0.33‌ ‌‌[305]‌ ‌(with‌ ‌options‌‌               

ILLUMINACLIP:$adapters:2:30:10‌ ‌LEADING:5‌ ‌TRAILING:5‌‌     

SLIDINGWINDOW:5:15‌ ‌MINLEN:50);‌ ‌ 

2. Align‌‌the‌‌trimmed‌‌reads‌‌against‌‌a‌‌set‌‌of‌‌curated‌‌reference‌‌sequences‌‌from‌‌LANL‌‌HIV‌‌                           
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(198‌ ‌sequences,‌ ‌‌[306]‌)‌ ‌using‌ ‌blastn‌ ‌v.2.2.31‌ ‌‌[307]‌ ‌with‌ ‌default‌ ‌options;‌ ‌select‌ ‌the‌‌                       

closest‌ ‌reference‌ ‌sequence‌ ‌REF_DRAFT;‌ ‌ 

3. Transfer‌‌the‌‌coordinates‌‌of‌‌the‌‌four‌‌pairs‌‌of‌‌primers‌‌from‌‌the‌‌HXB2‌‌reference‌‌to‌‌the‌‌                             

selected‌ ‌REF_DRAFT;‌ ‌ 

Assign‌ ‌REF_INIT‌ ‌=‌ ‌REF_DRAFT;‌ ‌ 

4. Map‌ ‌the‌ ‌trimmed‌ ‌reads‌ ‌against‌ ‌REF_INIT‌ ‌using‌‌smalt‌‌v.0.7.6‌‌‌[308]‌‌(options‌‌-n‌‌1‌‌-i‌‌                           

1000);‌ ‌convert‌ ‌the‌ ‌resulting‌ ‌SAM‌ ‌file‌ ‌into‌ ‌BAM‌ ‌using‌ ‌samtools‌ ‌v.1.2‌ ‌‌[309]‌;‌ ‌trim‌‌                         

primer‌ ‌sequences‌ ‌from‌ ‌reads‌ ‌using‌ ‌ivar‌ ‌v.1.3.1‌ ‌‌[310]‌ ‌based‌ ‌on‌ ‌the‌ ‌coordinates‌‌                       

inferred‌‌at‌‌step‌‌3;‌‌extract‌‌the‌‌clipped‌‌reads‌‌and‌‌the‌‌covered‌‌part‌‌of‌‌REF_INIT‌‌(<1.5kb‌‌                             

length)‌ ‌from‌ ‌the‌ ‌BAM‌ ‌file‌ ‌using‌ ‌bedtools‌ ‌v.2.29.2‌ ‌‌[311]‌;‌ ‌ 

Assign‌ ‌REF_CUR‌ ‌=‌ ‌REF_INIT;‌ ‌iterate‌ ‌steps‌ ‌5-8‌ ‌until‌ ‌no‌ ‌more‌ ‌called‌ ‌variants‌ ‌are‌‌                         

accepted;‌ ‌ 

5. Map‌ ‌the‌ ‌clipped‌ ‌reads‌ ‌obtained‌ ‌at‌ ‌step‌ ‌4‌ ‌against‌ ‌REF_CUR‌ ‌using‌ ‌smalt;‌ ‌ 

6. Call‌ ‌SNPs‌ ‌and‌ ‌indel‌ ‌variants‌ ‌with‌ ‌lofreq‌ ‌v2.1.5‌ ‌‌[312]‌ ‌(‌ ‌-C‌ ‌4‌ ‌--call-indels‌‌                         

--no-default-filter‌‌--use-orphan)‌‌and‌‌filter‌‌them,‌‌again‌‌with‌‌lofreq‌‌v2.1.5‌‌(-Q‌‌20‌‌-K‌‌20‌‌                         

--no-defaults‌ ‌-v‌ ‌4‌ ‌-V‌ ‌0‌ ‌-a‌ ‌0.500001‌ ‌-A‌ ‌0);‌ ‌if‌ ‌no‌ ‌more‌ ‌variants‌ ‌are‌ ‌called,‌ ‌exit;‌ ‌ 

7. Detect‌ ‌and‌ ‌mask‌ ‌low‌ ‌coverage‌ ‌regions‌ ‌(excluding‌ ‌called‌ ‌deletions)‌ ‌using‌‌                   

bedtools-2.29.2‌ ‌and‌ ‌bedops‌ ‌v2.4.39‌ ‌‌[313]‌;‌ ‌ 

8. Apply‌ ‌the‌ ‌called‌ ‌variants‌ ‌and‌ ‌regions‌ ‌to‌ ‌mask‌ ‌to‌ ‌REF_CUR‌ ‌using‌ ‌bcftools-1.10.2‌‌                       

[309]‌‌ ‌to‌ ‌produce‌ ‌REF_NEXT;‌ ‌assign‌ ‌REF_CUR‌ ‌=‌ ‌REF_NEXT.‌ ‌ 

3.2.4.‌ ‌Dataset‌‌ ‌preparation‌ ‌ 

To‌‌obtain‌‌data‌‌on‌‌HIV-1‌‌diversity‌‌in‌‌Russia‌‌beyond‌‌Oryol‌‌Oblast,‌‌we‌‌downloaded‌‌the‌‌                           

14,365‌‌sequences‌‌of‌‌HIV-1‌‌collected‌‌in‌‌Russia‌‌from‌‌Genbank‌‌on‌‌2021-08-16‌‌("HIV-1"‌‌AND‌‌                         
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"Russia"‌‌query).‌‌Of‌‌those,‌‌we‌‌selected‌‌the‌‌8,560‌‌sequences‌‌that‌‌produced‌‌at‌‌least‌‌800bp‌‌hit‌‌of‌‌                               

blastn‌‌against‌‌the‌‌target‌‌‌pol‌‌fragment‌‌of‌‌at‌‌least‌‌one‌‌reference‌‌sequence‌‌from‌‌‌[306]‌.‌‌We‌‌then‌                               

additionally‌ ‌filtered‌ ‌out‌ ‌the‌ ‌1,491‌ ‌sequences‌ ‌that‌ ‌were‌ ‌sampled‌ ‌outside‌ ‌of‌ ‌Russia‌ ‌and‌‌                         

processed‌‌by‌‌Russian‌‌research‌‌groups‌‌thus‌‌erroneously‌‌matching‌‌the‌‌‘Russia’‌‌query;‌‌and‌‌the‌‌                         

26‌ ‌samples‌ ‌from‌ ‌Oryol‌ ‌Oblast‌ ‌already‌ ‌in‌ ‌our‌ ‌dataset,‌ ‌leaving‌ ‌us‌ ‌with‌ ‌7,043‌ ‌samples.‌‌                           

Genbank‌ ‌metadata‌ ‌was‌ ‌parsed‌ ‌using‌ ‌a‌ ‌custom‌ ‌python‌ ‌script‌ ‌for‌ ‌6,252‌ ‌samples;‌ ‌for‌ ‌the‌‌                           

remaining‌ ‌791‌ ‌samples,‌ ‌fuller‌ ‌metadata‌ ‌was‌ ‌provided‌ ‌by‌ ‌our‌ ‌collaborators.‌‌ ‌  

Together‌ ‌with‌ ‌the‌ ‌922‌ ‌sequences‌ ‌collected‌ ‌in‌ ‌Oryol‌ ‌Oblast,‌ ‌our‌ ‌Russian‌ ‌dataset‌‌                       

comprised‌ ‌7,965‌ ‌sequences.‌ ‌Among‌ ‌the‌ ‌922‌ ‌Oryol‌ ‌samples,‌ ‌we‌ ‌identified‌ ‌94‌ ‌patients‌ ‌who‌‌                         

had‌ ‌more‌ ‌than‌ ‌one‌ ‌sample‌ ‌sequenced.‌ ‌For‌ ‌each‌ ‌of‌ ‌these‌ ‌patients,‌ ‌we‌ ‌marked‌ ‌all‌ ‌samples‌‌                             

except‌ ‌the‌ ‌earliest‌ ‌one‌ ‌for‌ ‌exclusion‌ ‌later‌ ‌in‌ ‌the‌ ‌pipeline.‌ ‌ 

3.2.5.‌ ‌Sequence‌‌ ‌alignment‌ ‌and‌ ‌processing‌ ‌ 

Sequences‌‌were‌‌putatively‌‌aligned‌‌against‌‌the‌‌HXB2‌‌reference‌‌‌pol‌‌region‌‌using‌‌mafft‌‌                       

[314]‌‌(option‌‌--auto)‌‌and‌‌cropped‌‌to‌‌include‌‌only‌‌the‌‌coding‌‌part‌‌of‌‌the‌‌‌pol‌‌fragment‌‌(HXB2‌‌                               

coordinates‌ ‌2252-3539).‌ ‌Additionally,‌ ‌we‌ ‌filtered‌ ‌out‌ ‌the‌ ‌sequences‌ ‌that‌ ‌either‌ ‌(a)‌ ‌had‌‌                       

insertions‌‌relative‌‌to‌‌the‌‌HXB2‌‌reference‌‌longer‌‌than‌‌50bp,‌‌or‌‌(b)‌‌were‌‌shorter‌‌than‌‌1,100‌‌bp,‌‌                               

leaving‌ ‌us‌ ‌with‌ ‌6,356‌ ‌sequences.‌ ‌These‌ ‌sequences‌ ‌were‌‌further‌‌aligned‌‌more‌‌accurately‌‌by‌‌                         

the‌‌HMM-align‌‌algorithm‌‌of‌‌HIValign‌‌‌[315]‌,‌‌allowing‌‌for‌‌up‌‌to‌‌10‌‌codons‌‌to‌‌compensate‌‌for‌‌                             

a‌ ‌frameshift.‌ ‌From‌ ‌this‌ ‌alignment,‌ ‌we‌ ‌excluded‌ ‌154‌ ‌sequences‌ ‌carrying‌ ‌premature‌ ‌stop‌‌                       

codons,‌ ‌frameshifts,‌ ‌or‌ ‌more‌ ‌than‌ ‌ten‌ ‌Ns‌ ‌(missing‌ ‌data‌‌characters).‌‌Sanger‌‌sequences‌‌were‌‌                         

somewhat‌ ‌shorter‌ ‌than‌ ‌sequences‌ ‌produced‌ ‌by‌ ‌NGS;‌ ‌to‌ ‌make‌ ‌sequences‌ ‌comparably‌‌                     

informative,‌‌we‌‌excluded‌‌codons‌‌with‌‌more‌‌than‌‌5%‌‌of‌‌gaps‌‌or‌‌Ns‌‌from‌‌the‌‌alignment.‌‌The‌‌                               

resulting‌‌alignment‌‌of‌‌1,113‌‌sites‌‌(positions‌‌2,253‌‌to‌‌3,365‌‌in‌‌the‌‌HXB2‌‌reference)‌‌contained‌‌                           
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6,202‌ ‌sequences,‌ ‌including‌ ‌864‌ ‌samples‌ ‌from‌ ‌Oryol‌ ‌Oblast.‌ ‌ 

3.2.6.‌ ‌Subtyping‌ ‌and‌ ‌DRM‌ ‌annotation‌ ‌ 

We‌‌used‌‌the‌‌SierraPy‌‌client‌‌‌[316]‌‌to‌‌assign‌‌HIV‌‌subtypes‌‌and‌‌predict‌‌drug‌‌resistance‌‌                           

mutations.‌‌A‌‌minor‌‌fraction‌‌of‌‌samples‌‌were‌‌assigned‌‌to‌‌mixed‌‌variants‌‌(CRF02+A‌‌and‌‌A+B‌‌                           

in‌ ‌Fig.‌ ‌3.2).‌ ‌For‌ ‌further‌ ‌analyses,‌ ‌we‌ ‌kept‌ ‌only‌ ‌those‌ ‌samples‌ ‌corresponding‌ ‌to‌ ‌the‌ ‌three‌‌                             

genetic‌ ‌variants‌ ‌most‌ ‌abundant‌ ‌in‌ ‌Oryol‌ ‌Oblast:‌ ‌A,‌ ‌B,‌ ‌and‌ ‌CRF63.‌ ‌Each‌ ‌of‌ ‌these‌ ‌three‌‌                             

variants‌‌showed‌‌monophyly‌‌on‌‌the‌‌Russian‌‌phylogeny‌‌(Fig.‌‌3.2),‌‌indicating‌‌that‌‌they‌‌can‌‌be‌‌                           

identified‌ ‌robustly‌ ‌from‌ ‌a‌ ‌short‌ ‌genomic‌ ‌fragment.‌ ‌Still,‌ ‌it‌ ‌is‌ ‌possible‌ ‌that‌ ‌some‌ ‌of‌ ‌the‌‌                             

samples‌ ‌were‌ ‌misidentified.‌ ‌While‌ ‌a‌ ‌similarity-based‌ ‌algorithm‌ ‌in‌ ‌SierraPy‌ ‌has‌ ‌likely‌‌                     

correctly‌‌picked‌‌the‌‌closest‌‌genome‌‌in‌‌its‌‌database,‌‌some‌‌samples‌‌may‌‌in‌‌fact‌‌descend‌‌from‌‌a‌‌                               

recent‌ ‌recombination‌ ‌event,‌ ‌an‌ ‌unfortunate‌ ‌possibility‌ ‌that‌ ‌we‌ ‌cannot‌ ‌eliminate‌ ‌with‌ ‌our‌ ‌data.‌ ‌ 

To‌ ‌estimate‌ ‌the‌ ‌contribution‌ ‌of‌ ‌mutations‌ ‌at‌ ‌sites‌ ‌associated‌ ‌with‌ ‌drug‌ ‌resistance‌‌                       

(DRM),‌ ‌we‌ ‌additionally‌ ‌defined‌ ‌a‌ ‌set‌ ‌of‌ ‌relevant‌ ‌DRM‌ ‌sites‌ ‌as‌ ‌the‌ ‌23‌ ‌codons‌ ‌that‌ ‌were‌‌                               

reported‌‌to‌‌carry‌‌DR-associated‌‌mutations‌‌in‌‌at‌‌least‌‌5%‌‌of‌‌our‌‌samples‌‌and‌‌repeated‌‌some‌‌of‌‌                               

our‌ ‌analyses‌ ‌on‌ ‌an‌ ‌alignment‌ ‌with‌ ‌these‌ ‌sites‌ ‌masked‌ ‌(Supplementary‌ ‌Fig.‌ ‌A-15,16‌ ‌and‌‌                         

Supplementary‌ ‌Table‌ ‌A-5).‌‌ ‌  

3.2.7.‌ ‌Phylogenetic‌ ‌analyses‌ ‌ 

To‌ ‌validate‌‌subtyping‌‌and‌‌check‌‌the‌‌locations‌‌of‌‌samples‌‌from‌‌repeatedly‌‌sequenced‌‌                       

patients,‌ ‌we‌ ‌reconstructed‌ ‌a‌ ‌putative‌ ‌Russian-wide‌ ‌phylogeny‌ ‌for‌ ‌the‌ ‌6,202‌ ‌samples‌ ‌using‌‌                       

Fasttree2‌ ‌‌[317]‌‌ ‌(double-precision‌ ‌release).‌‌ ‌  

For‌‌the‌‌final‌‌dataset,‌‌we‌‌kept‌‌only‌‌the‌‌sequences‌‌of‌‌the‌‌earliest‌‌samples‌‌for‌‌all‌‌patients‌‌                               

whose‌‌samples‌‌were‌‌sequenced‌‌more‌‌than‌‌once;‌‌we‌‌also‌‌excluded‌‌the‌‌three‌‌pairs‌‌of‌‌samples‌‌                             
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coming‌ ‌from‌ ‌the‌ ‌same‌ ‌patient‌ ‌but‌ ‌separated‌ ‌by‌ ‌more‌ ‌than‌ ‌10%‌ ‌genetic‌ ‌distance‌‌                         

(Supplementary‌ ‌Fig.‌ ‌A-2),‌ ‌leaving‌ ‌us‌ ‌with‌ ‌768‌ ‌Oryol‌ ‌and‌ ‌5,328‌ ‌non-Oryol‌ ‌sequences.‌ ‌We‌‌                         

then‌ ‌used‌ ‌Fastree2‌ ‌to‌ ‌reconstruct‌ ‌phylogenies‌ ‌for‌ ‌A,‌ ‌B,‌ ‌and‌ ‌CRF63‌ ‌variants‌ ‌and‌ ‌analyzed‌‌                           

them‌ ‌separately‌ ‌using‌ ‌Treetime‌ ‌‌[318]‌‌as‌‌follows.‌‌First,‌‌the‌‌trees‌‌were‌‌rerooted‌‌to‌‌maximize‌‌                           

the‌‌temporal‌‌signal.‌‌Next,‌‌we‌‌reconstructed‌‌the‌‌ancestral‌‌nucleotide‌‌states‌‌of‌‌internal‌‌nodes‌‌in‌‌                           

order‌‌to‌‌convert‌‌the‌‌tree‌‌to‌‌nonbinary‌‌by‌‌removing‌‌branches‌‌that‌‌did‌‌not‌‌carry‌‌any‌‌mutations.‌‌                               

On‌ ‌the‌ ‌resulting‌ ‌nonbinary‌ ‌tree,‌ ‌we‌ ‌then‌ ‌determined‌ ‌the‌ ‌geographical‌ ‌states‌ ‌of‌‌the‌‌internal‌‌                           

nodes‌‌using‌‌a‌‌two-state‌‌(Oryol‌‌vs.‌‌non-Oryol)‌‌mugration‌‌model.‌‌Finally,‌‌based‌‌on‌‌sequences‌‌                         

with‌ ‌a‌ ‌known‌ ‌year‌ ‌and‌ ‌month‌ ‌of‌ ‌sampling,‌ ‌we‌ ‌inferred‌ ‌the‌ ‌dates‌ ‌of‌ ‌internal‌ ‌nodes‌ ‌which‌‌                               

were‌ ‌used‌ ‌as‌ ‌LCA‌ ‌estimates‌ ‌(see‌ ‌Fig.‌ ‌3.5).‌ ‌ 

3.2.8.‌ ‌Identification‌ ‌of‌ ‌imports‌ ‌ 

We‌ ‌identified‌‌imports‌‌by‌‌the‌‌depth-first‌‌search‌‌of‌‌the‌‌largest‌‌clades‌‌that‌‌(1)‌‌included‌‌                           

at‌ ‌least‌ ‌80%‌ ‌of‌ ‌Oryol‌ ‌Oblast‌ ‌samples,‌‌(2)‌‌had‌‌bootstrap‌‌support‌‌of‌‌at‌‌least‌‌0.8,‌‌and‌‌(3)‌‌had‌‌                                   

the‌‌last‌‌common‌‌ancestor‌‌that‌‌had‌‌at‌‌least‌‌80%‌‌posterior‌‌probability‌‌of‌‌being‌‌an‌‌Oryol‌‌node‌‌                               

(Fig.‌‌3.3).‌‌For‌‌imports‌‌resulting‌‌in‌‌just‌‌a‌‌single‌‌sequence‌‌(Oryol‌‌Oblast‌‌singletons),‌‌criteria‌‌2‌‌                             

and‌ ‌3‌ ‌were‌ ‌ignored.‌ ‌To‌ ‌study‌ ‌the‌ ‌dependency‌‌of‌‌the‌‌number‌‌of‌‌inferred‌‌import‌‌lineages‌‌on‌‌                               

the‌ ‌number‌ ‌of‌ ‌Oryol‌ ‌(Fig.‌ ‌3.5)‌ ‌and‌ ‌non-Oryol‌ ‌(Fig.‌ ‌3.6)‌‌sequences‌‌available,‌‌we‌‌randomly‌‌                           

subsampled‌ ‌different‌ ‌numbers‌ ‌of‌ ‌Oryol‌ ‌or‌ ‌non-Oryol‌ ‌samples‌ ‌in‌ ‌1,000‌ ‌trials,‌ ‌inferring‌ ‌in‌‌                         

each‌ ‌trial‌ ‌the‌ ‌resulting‌ ‌number‌ ‌of‌ ‌imports‌ ‌using‌ ‌criterion‌ ‌(1)‌ ‌above.‌‌ ‌  

3.2.9.‌ ‌Bayesian‌ ‌phylodynamics‌ 

In‌‌order‌‌to‌‌infer‌‌the‌‌epidemiological‌‌parameters‌‌of‌‌subtype‌‌A‌‌sub-epidemic,‌‌we‌‌used‌‌                         

a‌‌recently‌‌developed‌‌implementation‌‌of‌‌a‌‌birth-death‌‌model‌‌in‌‌BEAST2‌‌that‌‌jointly‌‌analyses‌‌                         
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multiple‌ ‌independent‌ ‌clades‌ ‌and‌ ‌infers‌ ‌a‌ ‌single‌ ‌set‌ ‌of‌ ‌epidemiological‌ ‌parameters‌ ‌shared‌‌                       

across‌ ‌all‌ ‌clades‌ ‌‌[263]‌.‌ ‌This‌ ‌implementation‌ ‌is‌ ‌capable‌ ‌of‌ ‌aggregating‌ ‌clades‌ ‌spanning‌‌                       

different‌ ‌time‌ ‌intervals‌ ‌and‌ ‌setting‌ ‌any‌ ‌arbitrary‌ ‌timepoints‌ ‌where‌ ‌epidemiological‌‌                   

parameters‌‌can‌‌change‌‌in‌‌a‌‌piecewise-constant‌‌fashion,‌‌allowing‌‌us‌‌to‌‌use‌‌priors‌‌informed‌‌by‌‌                           

data.‌‌As‌‌birth-death‌‌models‌‌require‌‌at‌‌least‌‌one‌‌parameter‌‌to‌‌be‌‌fixed‌‌or‌‌defined‌‌in‌‌a‌‌narrow‌‌                                 

range,‌ ‌we‌ ‌put‌ ‌a‌ ‌strict‌ ‌prior‌ ‌on‌ ‌sampling‌ ‌proportion.‌ ‌To‌ ‌obtain‌ ‌it,‌ ‌we‌ ‌selected‌ ‌samples‌ ‌that‌‌                               

were‌ ‌sequenced‌ ‌soon‌ ‌(in‌ ‌less‌ ‌than‌ ‌a‌ ‌year)‌ ‌after‌ ‌the‌ ‌initial‌ ‌diagnosis‌ ‌which‌ ‌we‌ ‌denote‌ ‌as‌‌                               

Dataset‌‌I.‌‌In‌‌Dataset‌‌I,‌‌‌most‌‌samples‌‌were‌‌sequenced‌‌in‌‌2018‌‌and‌‌2019,‌‌eight‌‌samples‌‌were‌‌                               

sequenced‌‌in‌‌2014-2017,‌‌and‌‌none‌‌before‌‌2014.‌‌We‌‌thus‌‌put‌‌a‌‌four-dimensional‌‌prior‌‌on‌‌the‌‌                             

sampling‌‌proportion‌‌which‌‌was‌‌allowed‌‌to‌‌change‌‌on‌‌the‌‌first‌‌day‌‌of‌‌2014,‌‌2018,‌‌and‌‌2019,‌‌                               

with‌ ‌the‌ ‌mean‌ ‌equal‌ ‌to‌ ‌the‌ ‌number‌ ‌of‌ ‌s‌amples‌ ‌sequenced‌ ‌in‌ ‌a‌‌time‌‌interval‌‌divided‌‌by‌‌the‌‌                                 

number‌ ‌of‌ ‌new‌ ‌diagnoses‌‌in‌‌this‌‌interval‌‌based‌‌on‌‌the‌‌reported‌‌case‌‌counts‌‌(‌Supplementary‌‌                           

Table‌ ‌A-1).‌ ‌‌We‌ ‌then‌ ‌used‌ ‌these‌ ‌priors‌ ‌on‌ ‌both‌ ‌Dataset‌ ‌I‌ ‌and‌ ‌Dataset‌ ‌II‌ ‌composed‌ ‌of‌ ‌all‌‌                                 

samples.‌ ‌In‌ ‌c‌ontrast‌ ‌to‌ ‌the‌ ‌sampling‌ ‌proportion,‌ ‌the‌ ‌reproduction‌ ‌number‌ ‌and‌ ‌the‌ ‌rate‌ ‌of‌‌                           

becoming‌ ‌uninfectious‌ ‌were‌ ‌assumed‌ ‌to‌ ‌be‌ ‌time-independent‌ ‌and‌ ‌thus‌ ‌unidimensional.‌ ‌We‌‌                     

used‌ ‌a‌ ‌relaxed‌ ‌lognormal‌ ‌uncorrelated‌ ‌clock‌ ‌with‌ ‌ulcd.mean‌ ‌and‌ ‌ulcd.std‌ ‌shared‌ ‌across‌ ‌all‌‌                         

imports.‌ ‌For‌ ‌the‌ ‌ulcd.mean‌ ‌prior,‌ ‌we‌ ‌used‌ ‌the‌ ‌normal‌ ‌distribution‌ ‌with‌ ‌mean‌ ‌equal‌ ‌to‌ ‌the‌‌                             

median‌ ‌rate‌ ‌inferred‌ ‌in‌ ‌[431]‌ ‌for‌ ‌the‌ ‌‌pol‌ ‌region‌ ‌of‌ ‌subtype‌ ‌A‌ ‌(0.0015‌ ‌substitutions‌ ‌/‌ ‌site‌ ‌/‌‌                                 

year)‌ ‌and‌ ‌sigma‌ ‌equal‌ ‌to‌ ‌0.001.‌ ‌All‌ ‌other‌ ‌priors‌ ‌were‌ ‌kept‌ ‌default.‌ ‌Priors‌ ‌used‌ ‌in‌ ‌the‌‌                               

multi-tree‌‌birth-death‌‌analysis‌‌are‌‌summarized‌‌in‌‌Supplementary‌‌Table‌‌A-2.‌‌The‌‌analysis‌‌was‌‌                       

run‌ ‌for‌ ‌250‌ ‌million‌ ‌steps;‌ ‌we‌ ‌discarded‌ ‌the‌ ‌first‌ ‌10%‌ ‌steps‌ ‌as‌ ‌burn-in.‌ ‌ 

We‌ ‌used‌‌the‌‌same‌‌set‌‌of‌‌priors‌‌to‌‌infer‌‌the‌‌epidemiological‌‌parameters‌‌of‌‌the‌‌largest‌‌                             

clades‌ ‌of‌ ‌variants‌ ‌A‌ ‌and‌ ‌CRF63.‌ ‌CRF63‌ ‌is‌ ‌a‌ ‌relatively‌ ‌young‌ ‌subtype;‌ ‌we‌ ‌could‌ ‌not‌ ‌find‌‌                               

independent‌ ‌estimates‌ ‌of‌ ‌its‌ ‌evolutionary‌ ‌rate‌ ‌in‌ ‌the‌ ‌literature‌ ‌and‌ ‌thus‌ ‌used‌ ‌the‌ ‌estimate‌‌                           
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produced‌ ‌in‌ ‌[431]‌ ‌for‌ ‌its‌ ‌ancestral‌ ‌recombinant‌ ‌variant‌‌CRF02‌‌(0.0008‌‌substitutions‌‌/‌‌site‌‌/‌‌                           

year);‌ ‌using‌ ‌twice‌ ‌as‌ ‌large‌ ‌value‌ ‌as‌ ‌a‌ ‌prior‌ ‌mean‌ ‌(0.0016,‌ ‌which‌ ‌is‌ ‌close‌ ‌to‌ ‌the‌ ‌estimate‌‌                                 

produced‌‌for‌‌the‌‌second‌‌parent‌‌of‌‌CRF63,‌‌subtype‌‌A)‌‌did‌‌not‌‌affect‌‌results‌‌qualitatively.‌‌The‌‌                             

parameters‌‌were‌‌inferred‌‌using‌‌the‌‌BDSKY‌‌‌[44]‌‌package‌‌of‌‌BEAST2‌‌‌[319]‌.‌‌The‌‌skylinetools‌‌                         

package‌ ‌‌[320]‌ ‌was‌ ‌used‌ ‌to‌‌define‌‌appropriate‌‌time‌‌intervals‌‌for‌‌sampling‌‌proportion.‌‌Priors‌‌                         

used‌ ‌in‌ ‌this‌‌analysis‌‌are‌‌summarized‌‌in‌‌Supplementary‌‌Table‌‌A-3.‌‌The‌‌analysis‌‌was‌‌run‌‌for‌‌                             

100‌ ‌million‌ ‌steps;‌ ‌we‌ ‌discarded‌ ‌the‌ ‌first‌ ‌10%‌ ‌steps‌ ‌as‌ ‌burn-in.‌ ‌ 

The‌ ‌logistic‌ ‌growth‌ ‌dynamics‌ ‌for‌ ‌the‌ ‌same‌ ‌two‌ ‌clades‌ ‌were‌ ‌inferred‌ ‌in‌ ‌BEAST‌‌                         

v1.10.4‌ [34]‌.‌ ‌Priors‌ ‌are‌ ‌provided‌ ‌in‌ ‌Supplementary‌ ‌Table‌ ‌4.‌ ‌The‌ ‌analysis‌ ‌was‌ ‌run‌ ‌for‌ ‌100‌‌                             

million‌ ‌steps;‌ ‌we‌ ‌discarded‌ ‌the‌ ‌first‌ ‌10%‌ ‌steps‌ ‌as‌ ‌burn-in.‌ ‌ 

Convergence‌ ‌of‌ ‌the‌ ‌produced‌ ‌MCMC‌ ‌trajectories‌ ‌was‌ ‌assessed‌ ‌using‌ ‌Tracer‌ ‌‌[321]‌.‌ ‌ 

3.2.10.‌ ‌EpiEstim‌ ‌ 

We‌ ‌used‌ ‌the‌ ‌EpiEstim‌ ‌package‌ ‌‌[322]‌ ‌implemented‌ ‌in‌ ‌R‌‌to‌‌infer‌‌the‌‌dynamics‌‌of‌‌R‌e‌ ‌                             

from‌‌the‌‌reported‌‌incidence‌‌data.‌‌We‌‌constructed‌‌the‌‌distribution‌‌of‌‌serial‌‌intervals‌‌based‌‌on‌‌                           

the‌ ‌estimates‌ ‌of‌ ‌HIV-1‌ ‌transmission‌ ‌rates‌ ‌at‌ ‌different‌ ‌stages‌ ‌of‌ ‌infection‌ ‌inferred‌ ‌by‌‌                         

Hollingsworth‌ ‌et‌ ‌al.‌ ‌in‌ ‌‌[323]‌.‌ ‌As‌ ‌our‌ ‌incidence‌ ‌data‌‌is‌‌provided‌‌per‌‌year,‌‌we‌‌converted‌‌the‌‌                               

reported‌‌transmission‌‌rates‌‌to‌‌be‌‌year-wise‌‌(see‌‌Supplementary‌‌Fig.‌‌A-14).‌‌The‌‌dynamics‌‌of‌‌                         

R‌e‌‌ ‌was‌ ‌inferred‌ ‌using‌ ‌a‌ ‌five-year‌ ‌sliding‌ ‌window.‌ ‌ 

3.2.11.‌ ‌Analysis‌ ‌of‌ ‌transmission‌ ‌lineages‌ ‌ 

We‌ ‌tested‌ ‌whether‌ ‌the‌ ‌two‌ ‌categories‌ ‌of‌ ‌samples,‌ ‌male‌ ‌gender‌ ‌and‌ ‌IDU‌ ‌route‌ ‌of‌‌                           

transmission,‌ ‌are‌ ‌overrepresented‌ ‌in‌ ‌transmission‌ ‌lineages‌ ‌compared‌ ‌to‌ ‌singletons.‌ ‌For‌‌this‌‌                     

purpose,‌ ‌we‌ ‌reshuffled‌ ‌the‌ ‌gender‌ ‌or‌ ‌transmission‌ ‌route‌ ‌labels‌ ‌of‌ ‌Oryol‌ ‌Oblast‌ ‌samples‌‌                         
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10,000‌ ‌times‌ ‌and‌ ‌obtained‌ ‌the‌ ‌distribution‌ ‌of‌ ‌the‌‌expected‌‌number‌‌of‌‌samples‌‌of‌‌the‌‌tested‌‌                             

category‌ ‌belonging‌ ‌to‌ ‌transmission‌ ‌lineages,‌ ‌and‌ ‌the‌ ‌expected‌ ‌number‌ ‌of‌ ‌transmission‌‌                     

lineages‌ ‌carrying‌ ‌such‌ ‌samples.‌ ‌Additionally,‌ ‌we‌ ‌used‌‌             

https://github.com/appliedmicrobiologyresearch/Influenza-2016-2017‌ ‌to‌ ‌test‌ ‌the‌‌       

co-occurence‌ ‌of‌ ‌samples‌ ‌from‌ ‌each‌ ‌of‌ ‌the‌ ‌two‌ ‌tested‌ ‌categories‌ ‌within‌ ‌the‌ ‌same‌ ‌lineage.‌ ‌ 

To‌‌test‌‌whether‌‌transmission‌‌lineages‌‌are‌‌preferably‌‌seeded‌‌by‌‌IDUs,‌‌we‌‌constructed‌‌                       

two‌‌match-paired‌‌datasets.‌‌First,‌‌we‌‌sorted‌‌all‌‌transmission‌‌lineages‌‌by‌‌the‌‌earliest‌‌diagnosis‌‌                         

in‌ ‌the‌ ‌lineage.‌ ‌Then,‌ ‌in‌ ‌this‌ ‌sorted‌ ‌list,‌ ‌we‌ ‌marked‌ ‌lineages‌ ‌as‌ ‌IDU-founded‌ ‌and‌‌                           

HET-founded‌ ‌based‌ ‌on‌ ‌the‌ ‌earliest‌ ‌sample‌ ‌and‌ ‌selected‌ ‌time-matched‌ ‌pairs‌ ‌of‌ ‌IDU-‌ ‌and‌‌                         

HET-founded‌‌lineages‌‌such‌‌that‌‌in‌‌a‌‌consecutive‌‌row‌‌of‌‌lineages‌‌with‌‌the‌‌same‌‌founder‌‌type,‌‌                             

the‌ ‌earliest‌ ‌lineage‌ ‌was‌ ‌taken;‌ ‌this‌ ‌ensured‌ ‌that‌ ‌IDU-founded‌ ‌lineages‌ ‌could‌ ‌not‌ ‌be‌‌                         

overrepresented‌ ‌due‌ ‌to‌ ‌the‌ ‌population‌ ‌structure‌ ‌being‌ ‌mostly‌ ‌comprised‌ ‌of‌ ‌IDUs‌ ‌in‌ ‌the‌‌                         

1990s.‌‌We‌‌compared‌‌the‌‌time‌‌between‌‌the‌‌date‌‌of‌‌the‌‌LCA‌‌and‌‌the‌‌date‌‌of‌‌the‌‌first‌‌diagnosis‌‌                                   

in‌ ‌a‌ ‌lineage‌ ‌using‌ ‌the‌ ‌paired‌ ‌Wilcoxon‌ ‌test.‌‌ ‌  

Second,‌‌we‌‌sorted‌‌all‌‌lineages‌‌by‌‌the‌‌median‌‌date‌‌of‌‌diagnosis,‌‌selected‌‌the‌‌ones‌‌with‌‌                             

both‌‌HET‌‌and‌‌IDU‌‌samples,‌‌and‌‌compared‌‌the‌‌dates‌‌of‌‌diagnosis‌‌of‌‌the‌‌earliest‌‌HET‌‌in‌‌odd‌‌                                 

lineages‌ ‌and‌ ‌the‌ ‌earliest‌ ‌IDU‌ ‌in‌ ‌even‌ ‌lineages,‌ ‌again‌ ‌using‌ ‌the‌ ‌paired‌ ‌Wilcoxon‌ ‌test.‌‌ ‌  

Supplementary‌ ‌materials‌ ‌for‌ ‌this‌ ‌Chapter‌ ‌are‌ ‌provided‌ ‌in‌ ‌Appendix‌ ‌A.‌ ‌ 

‌   
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3.3.‌ ‌Results‌ ‌ 

3.3.1.‌ ‌The‌ ‌Oryol‌ ‌epidemic‌ ‌is‌ ‌largely‌ ‌constituted‌ ‌by‌ ‌the‌ ‌A‌ ‌subtype‌ ‌of‌ ‌HIV-1‌ ‌ 

We‌ ‌sequenced‌ ‌the‌ ‌‌pol‌ ‌‌region‌ ‌fragment‌ ‌of‌ ‌858‌ ‌HIV-1‌ ‌samples‌ ‌obtained‌ ‌from‌ ‌768‌‌                         

unique‌‌patients‌‌in‌‌Oryol‌‌Oblast‌‌(“Oryol‌‌dataset”).‌‌This‌‌dataset‌‌covers‌‌more‌‌than‌‌a‌‌third‌‌of‌‌the‌‌                               

HIV-positive‌ ‌population‌ ‌in‌ ‌Oryol‌ ‌Oblast‌ ‌and‌ ‌represents‌ ‌an‌ ‌unbiased‌ ‌and‌ ‌well-annotated‌                     

dataset‌ ‌(Fig.‌ ‌3.1,‌ ‌Supplementary‌ ‌Fig.‌ ‌A-1).‌ ‌Subtype‌ ‌composition‌ ‌in‌ ‌the‌ ‌Oryol‌ ‌dataset‌ ‌was‌‌                         

more‌ ‌homogeneous‌ ‌compared‌ ‌to‌ ‌the‌ ‌non-Oryol‌ ‌Russian‌ ‌dataset‌ ‌represented‌ ‌by‌ ‌Genbank‌‌                     

samples‌ ‌(“non-Oryol‌ ‌dataset”)‌ ‌(Fig.‌ ‌3.1).‌ ‌Subtype‌ ‌A‌ ‌was‌ ‌the‌ ‌dominant‌ ‌subtype‌ ‌in‌ ‌Oryol‌‌                         

Oblast‌‌(87.2%)‌‌recapitulating‌‌the‌‌historical‌‌Russian‌‌trend‌‌‌[324]‌,‌‌followed‌‌by‌‌CRF63‌‌(7.20%)‌‌                       

and‌ ‌subtype‌ ‌B‌ ‌(2.49%).‌ ‌The‌ ‌transmission‌‌route‌‌was‌‌reported‌‌for‌‌96%‌‌of‌‌the‌‌samples‌‌in‌‌the‌‌                               

Oryol‌ ‌dataset,‌ ‌compared‌ ‌to‌ ‌less‌ ‌than‌ ‌50%‌ ‌in‌ ‌the‌ ‌non-Oryol‌ ‌dataset;‌ ‌in‌ ‌both‌ ‌datasets,‌‌                           

heterosexual‌ ‌transmission‌ ‌(HET)‌ ‌was‌ ‌the‌ ‌most‌ ‌prevalent,‌ ‌followed‌ ‌by‌ ‌transmission‌‌                   

associated‌‌with‌‌injective‌‌drug‌‌users‌‌(IDU)‌‌and‌‌men‌‌who‌‌have‌‌sex‌‌with‌‌men‌‌(MSM),‌‌although‌‌                             

the‌ ‌fraction‌ ‌of‌ ‌IDU‌ ‌and‌ ‌MSM‌ ‌samples‌ ‌was‌ ‌much‌ ‌higher‌ ‌in‌ ‌the‌ ‌non-Oryol‌ ‌samples.‌ ‌The‌‌                             

male-to-female‌‌ratio‌‌was‌‌the‌‌same‌‌in‌‌both‌‌datasets‌‌(1.30),‌‌although‌‌sex‌‌has‌‌been‌‌reported‌‌for‌‌                             

only‌ ‌62%‌ ‌of‌ ‌non-Oryol‌ ‌samples.‌ ‌The‌‌fractions‌‌of‌‌sexes‌‌and‌‌reported‌‌transmission‌‌routes‌‌in‌‌                           

the‌‌Oryol‌‌dataset‌‌were‌‌representative‌‌of‌‌those‌‌in‌‌the‌‌Oryol‌‌Oblast‌‌as‌‌a‌‌whole‌‌as‌‌reported‌‌by‌‌                                 

the‌ ‌Oryol‌ ‌AIDS‌ ‌center‌ ‌(Supplementary‌ ‌Fig.‌ ‌A-1).‌ ‌ 
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Figure‌ ‌3.1.‌ ‌Statistics‌ ‌on‌ ‌the‌ ‌Oryol‌ ‌and‌ ‌non-Oryol‌ ‌datasets.‌ ‌The‌ ‌plots‌ ‌show‌ ‌the‌ ‌distribution‌ ‌of‌                             
samples‌ ‌across‌ ‌subtypes‌‌(A),‌‌transmission‌‌routes‌‌(B),‌‌sexes‌‌(C),‌‌and‌‌sampling‌‌years‌‌(D).‌‌The‌‌seven‌‌                             
subtypes‌ ‌most‌ ‌frequent‌ ‌in‌ ‌Russia‌ ‌are‌ ‌shown‌ ‌in‌ ‌A.‌ ‌Only‌ ‌sequences‌ ‌with‌ ‌complete‌ ‌sampling‌ ‌dates‌‌                             
analyzed‌ ‌are‌ ‌shown‌ ‌in‌ ‌D.‌ ‌ 
‌ 

The‌ ‌phylogenetic‌ ‌tree‌ ‌reconstructed‌ ‌for‌ ‌the‌ ‌combined‌ ‌Oryol‌ ‌and‌ ‌non-Oryol‌ ‌dataset‌‌                     

had‌ ‌separate‌ ‌clades‌‌corresponding‌‌to‌‌the‌‌three‌‌most‌‌abundant‌‌variants‌‌—‌‌subtypes‌‌A‌‌and‌‌B‌‌                             

and‌ ‌variant‌ ‌CRF63,‌ ‌indicating‌ ‌that‌ ‌subtyping‌ ‌was‌ ‌mostly‌ ‌unambiguous‌ ‌(Fig.‌ ‌3.2).‌ ‌In‌‌                       

subsequent‌‌analysis,‌‌we‌‌focused‌‌on‌‌these‌‌three‌‌variants,‌‌covering‌‌a‌‌total‌‌of‌‌739‌‌Oryol‌‌Oblast‌‌                             

samples‌ ‌from‌ ‌distinct‌ ‌patients.‌ ‌ 
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Figure‌ ‌3.2.‌ ‌Phylogeny‌ ‌of‌ ‌the‌ ‌combined‌ ‌Russian‌‌HIV-1‌‌dataset.‌‌When‌‌more‌‌than‌‌one‌‌sample‌‌per‌‌                             
patient‌‌was‌‌available,‌‌only‌‌the‌‌earliest‌‌sample‌‌was‌‌used.‌‌Yellow‌‌dots‌‌mark‌‌Oryol‌‌Oblast‌‌samples.‌‌The‌‌                               
two‌ ‌largest‌‌clades‌‌analysed‌‌separately,‌‌A‌‌and‌‌CRF63,‌‌are‌‌indicated‌‌with‌‌arrows.‌‌See‌‌Supplementary‌‌                           
Fig.‌ ‌A-2‌ ‌for‌ ‌the‌ ‌phylogeny‌ ‌including‌ ‌all‌ ‌samples‌ ‌from‌ ‌repeatedly‌ ‌sequenced‌ ‌patients.‌ ‌ 
‌ 

3.3.2.‌ ‌HIV-1‌ ‌has‌ ‌been‌ ‌imported‌ ‌into‌ ‌Oryol‌ ‌Oblast‌ ‌hundreds‌ ‌of‌ ‌times‌ ‌ 

To‌ ‌understand‌ ‌the‌ ‌interregional‌ ‌transmission‌ ‌routes‌ ‌of‌ ‌HIV-1,‌‌we‌‌first‌‌reconstructed‌‌                     

separate‌ ‌phylogenetic‌ ‌trees‌ ‌for‌ ‌subtypes‌ ‌A‌ ‌and‌ ‌B‌ ‌and‌ ‌CRF63‌ ‌(Supplementary‌ ‌Fig.‌ ‌A-3).‌‌                         

Overall,‌ ‌the‌ ‌Oryol‌ ‌dataset‌‌samples‌‌of‌‌each‌‌of‌‌the‌‌three‌‌variants‌‌were‌‌rather‌‌scattered‌‌across‌‌                             
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the‌ ‌Russian‌ ‌phylogeny‌ ‌(F‌st‌ ‌=‌ ‌0.01,‌ ‌0.03,‌ ‌and‌ ‌0.40‌ ‌for‌ ‌variants‌ ‌A,‌ ‌B,‌ ‌and‌ ‌CRF63,‌‌                             

respectively),‌ ‌supporting‌ ‌intensive‌ ‌transmission‌‌between‌‌regions.‌‌Still,‌‌many‌‌Oryol‌‌samples‌‌                   

clustered‌ ‌on‌ ‌the‌‌phylogeny‌‌with‌‌other‌‌Oryol‌‌samples,‌‌indicating‌‌that‌‌many‌‌of‌‌the‌‌infections‌‌                           

occurred‌ ‌within‌ ‌the‌ ‌region‌ ‌(Fig.‌ ‌3.2,‌ ‌Supplementary‌ ‌Fig.‌ ‌A-2,3).‌ ‌ 

We‌ ‌identified‌ ‌introductions‌ ‌of‌ ‌HIV-1‌ ‌into‌ ‌the‌ ‌region‌ ‌as‌ ‌described‌ ‌in‌ ‌3.2.8.‌ ‌We‌‌                         

attributed‌‌489‌‌of‌‌the‌‌739‌‌Oryol‌‌samples‌‌to‌‌a‌‌total‌‌of‌‌82‌‌imports‌‌each‌‌resulting‌‌in‌‌one‌‌or‌‌more‌‌                                     

inferred‌ ‌transmissions‌ ‌within‌ ‌Oryol‌ ‌Oblast‌ ‌(“Oryol‌ ‌transmission‌ ‌lineages”).‌ ‌The‌ ‌remaining‌‌                   

250‌ ‌sequences‌ ‌each‌ ‌resulted‌ ‌from‌ ‌its‌ ‌own‌ ‌import‌ ‌(“singletons”),‌ ‌for‌ ‌a‌ ‌total‌ ‌of‌‌332‌‌imports‌‌                             

(Fig.‌ ‌3.3).‌ ‌СRF63‌ ‌was‌ ‌the‌ ‌most‌ ‌homogeneous‌ ‌variant‌ ‌with‌ ‌94.5%‌ ‌(52/55)‌ ‌of‌ ‌the‌ ‌samples‌‌                           

resulting‌ ‌from‌ ‌a‌ ‌single‌ ‌import,‌ ‌in‌ ‌agreement‌ ‌with‌ ‌its‌ ‌substantially‌ ‌higher‌ ‌F‌st‌ ‌compared‌ ‌to‌‌                           

subtypes‌ ‌A‌ ‌and‌ ‌B.‌ ‌We‌ ‌found‌ ‌seven‌ ‌non-Oryol‌‌samples‌‌descended‌‌from‌‌Oryol‌‌transmission‌‌                         

lineages,‌ ‌indicating‌ ‌exports.‌‌ ‌  

‌ 
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Figure‌‌3.3.‌‌The‌‌number‌‌of‌‌Oryol‌‌sequences‌‌per‌‌import.‌‌The‌‌inset‌‌plot‌‌in‌‌A‌‌magnifies‌‌imports‌‌of‌‌                                 
subtype‌ ‌A‌ ‌of‌ ‌size‌ ‌5‌ ‌and‌ ‌more.‌ ‌ 
‌ 

The‌ ‌number‌ ‌of‌ ‌imports‌ ‌is‌ ‌robust‌ ‌to‌ ‌the‌ ‌number‌ ‌of‌ ‌non-Oryol‌ ‌sequences‌ ‌available,‌‌                         

already‌‌reaching‌‌a‌‌plateau‌‌when‌‌a‌‌comparable‌‌number‌‌of‌‌Oryol‌‌and‌‌non-Oryol‌‌sequences‌‌is‌‌                           

used‌‌(Fig.‌‌3.4A).‌‌This‌‌means‌‌that‌‌we‌‌estimate‌‌the‌‌minimal‌‌number‌‌of‌‌imports‌‌resulting‌‌in‌‌the‌‌                               

sampled‌ ‌Oryol‌ ‌diversity‌ ‌robustly‌ ‌(at‌ ‌~332).‌ ‌Conversely,‌ ‌the‌ ‌number‌ ‌of‌ ‌imports‌ ‌depends‌‌                       

strongly‌ ‌on‌ ‌the‌ ‌number‌ ‌of‌ ‌Oryol‌ ‌samples‌ ‌available‌ ‌(Fig.‌ ‌3.4B).‌ ‌ 

‌  
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‌ 

Figure‌ ‌3.4.‌ ‌The‌ ‌dependence‌ ‌of‌‌the‌‌inferred‌‌number‌‌of‌‌singletons‌‌and‌‌transmission‌‌lineages‌‌on‌‌                           
the‌ ‌number‌ ‌of‌ ‌non-Oryol‌ ‌(A)‌ ‌and‌ ‌Oryol‌‌(B)‌‌sequences‌‌used.‌‌The‌‌gray‌‌area‌‌reflects‌‌the‌‌range‌‌of‌‌                                 
values‌ ‌obtained‌ ‌in‌ ‌1,000‌ ‌subsampled‌ ‌sequence‌ ‌sets;‌ ‌the‌ ‌black‌ ‌line‌ ‌shows‌ ‌the‌ ‌mean‌ ‌value.‌ ‌ 
‌ 

3.3.3.‌ ‌Early‌ ‌imports‌ ‌disproportionally‌ ‌contributed‌ ‌to‌ ‌the‌ ‌epidemic‌ ‌in‌ ‌the‌ ‌region‌ ‌ 

To‌ ‌better‌ ‌understand‌ ‌the‌ ‌dynamics‌ ‌of‌ ‌transmission‌ ‌lineages,‌ ‌we‌ ‌dated‌ ‌the‌ ‌last‌‌                       

common‌‌ancestor‌‌(LCA)‌‌of‌‌each‌‌lineage‌‌in‌‌subtype‌‌A‌‌and‌‌CRF63‌‌as‌‌described‌‌in‌‌3.2.7‌‌(Fig.‌‌                               

3.5).‌ ‌The‌ ‌reconstructed‌ ‌LCAs‌ ‌for‌ ‌individual‌ ‌lineages‌ ‌dated‌ ‌between‌ ‌1996‌ ‌and‌ ‌2018,‌‌                       
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indicating‌ ‌that‌ ‌the‌ ‌genetic‌ ‌diversity‌ ‌within‌ ‌the‌ ‌currently‌ ‌sampled‌ ‌transmission‌ ‌lineages‌‌has‌‌                       

accumulated‌ ‌over‌ ‌decades.‌ ‌On‌ ‌average,‌ ‌the‌ ‌first‌ ‌positive‌ ‌immunoblot‌ ‌for‌ ‌a‌ ‌lineage‌ ‌was‌‌                         

obtained‌ ‌0.91‌ ‌years‌ ‌after‌ ‌this‌ ‌lineage‌ ‌was‌ ‌established‌ ‌based‌ ‌on‌ ‌the‌ ‌LCA‌ ‌date‌ ‌estimate,‌‌                           

although‌ ‌the‌ ‌variance‌ ‌of‌ ‌this‌ ‌value‌ ‌was‌ ‌very‌ ‌high‌ ‌(Supplementary‌‌Fig.‌‌A-6)‌,‌‌in‌‌part‌‌due‌‌to‌‌                               

lineages‌‌established‌‌after‌‌the‌‌first‌‌HIV-1‌‌diagnosis‌‌in‌‌the‌‌lineage‌‌suggesting‌‌transmission‌‌of‌‌a‌‌                           

non-basal‌‌variant.‌‌L‌ineages‌‌with‌‌earlier‌‌LCAs‌‌tended‌‌to‌‌have‌‌earlier‌‌first‌‌IB‌‌(Supplementary‌‌                         

Fig.‌‌A-7),‌‌validating‌‌this‌‌approach.‌‌Such‌‌lineages‌‌were‌‌also‌‌larger‌‌(linear‌‌regression‌‌p-value‌‌                         

for‌ ‌the‌ ‌LCA‌ ‌date‌‌is‌‌10‌-4‌;‌‌Supplementary‌‌Fig.‌‌A-8A),‌‌resulting‌‌in‌‌a‌‌disproportionate‌‌number‌‌                           

of‌ ‌infections.‌‌Indeed,‌‌50%‌‌of‌‌the‌‌lineages‌‌were‌‌established‌‌before‌‌May‌‌2010,‌‌but‌‌they‌‌were‌                             

responsible‌ ‌for‌ ‌70%‌ ‌of‌ ‌the‌ ‌observed‌ ‌cases‌ ‌(Supplementary‌ ‌Fig.‌ ‌A-8B).‌ ‌ 

3.3.4.‌ ‌Epidemiological‌ ‌parameters‌ ‌of‌ ‌the‌ ‌subtype‌ ‌A‌ ‌sub-epidemic‌ ‌ 

Since‌‌subtype‌‌A‌‌represents‌‌87%‌‌of‌‌all‌‌HIV-1‌‌cases‌‌in‌‌Oryol‌‌Oblast‌‌in‌‌our‌‌dataset,‌‌we‌‌                               

focused‌ ‌on‌ ‌this‌ ‌subtype‌ ‌to‌ ‌estimate‌ ‌the‌ ‌dynamics‌ ‌of‌‌the‌‌HIV-1‌‌epidemic‌‌in‌‌this‌‌region.‌‌We‌‌                               

used‌ ‌BEAST2‌ ‌to‌ ‌infer‌ ‌epidemiological‌ ‌parameters‌ ‌of‌ ‌the‌ ‌subtype‌ ‌A‌ ‌sub-epidemic‌ ‌by‌‌                       

simultaneously‌‌analyzing‌‌all‌‌transmission‌‌lineages‌‌and‌‌singletons‌‌of‌‌subtype‌‌A.‌‌The‌‌recently‌‌                       

developed‌ ‌multi-tree‌ ‌implementation‌ ‌of‌ ‌BEAST2‌ ‌‌[263]‌ ‌allows‌‌treating‌‌separate‌‌lineages‌‌as‌‌                     

realizations‌ ‌of‌ ‌the‌ ‌same‌ ‌epidemiological‌ ‌process‌ ‌whose‌ ‌parameters‌ ‌can‌ ‌be‌ ‌jointly‌ ‌inferred.‌‌                       

We‌ ‌modeled‌ ‌the‌ ‌subtype‌ ‌A‌ ‌sub-epidemic‌ ‌as‌ ‌a‌ ‌birth-death‌ ‌process‌ ‌with‌ ‌a‌ ‌constant‌‌                         

time-independent‌ ‌reproductive‌ ‌number,‌ ‌constant‌ ‌rate‌ ‌of‌ ‌becoming‌ ‌noninfectious,‌ ‌and‌‌                 

time-dependent‌‌multidimensional‌‌sampling‌‌proportion‌‌upon‌‌which‌‌we‌‌put‌‌a‌‌strong‌‌prior‌‌(see‌‌                       

3.2.9).‌ ‌The‌ ‌prior‌ ‌on‌‌sampling‌‌proportion‌‌was‌‌estimated‌‌based‌‌on‌‌a‌‌set‌‌of‌‌samples‌‌that‌‌were‌‌                               

sequenced‌‌less‌‌than‌‌a‌‌year‌‌after‌‌the‌‌initial‌‌diagnosis‌‌(denoted‌‌as‌‌‘Dataset‌‌I’‌‌in‌‌Fig.‌‌3.6).‌‌We‌‌                                 

used‌‌this‌‌prior‌‌both‌‌for‌‌the‌‌dataset‌‌comprising‌‌only‌‌early‌‌infections‌‌(Dataset‌‌I)‌‌and‌‌for‌‌the‌‌full‌‌                                 
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set‌ ‌of‌ ‌samples‌ ‌(Dataset‌ ‌II);‌ ‌the‌ ‌results‌ ‌did‌ ‌not‌ ‌differ‌ ‌drastically‌ ‌(Fig.‌ ‌3.6,‌ ‌left‌ ‌vs.‌ ‌right‌‌                               

column).‌‌The‌‌median‌‌effective‌‌reproductive‌‌number‌‌(R‌e‌)‌‌was‌‌2.8‌‌and‌‌2.6‌‌for‌‌datasets‌‌I‌‌and‌‌II,‌‌                               

respectively;‌‌the‌‌corresponding‌‌rates‌‌of‌‌becoming‌‌uninfectious‌‌were‌‌0.37‌‌and‌‌0.20.‌‌The‌‌95%‌‌                         

HPD‌ ‌for‌ ‌R‌e‌ ‌inferred‌ ‌from‌ ‌the‌ ‌full‌ ‌Dataset‌ ‌II‌ ‌is‌ ‌strictly‌ ‌higher‌ ‌than‌ ‌2,‌ ‌implying‌ ‌a‌ ‌growing‌‌                                 

epidemic.‌ ‌R‌e‌ ‌estimated‌ ‌from‌ ‌the‌ ‌reported‌ ‌yearly‌ ‌incidence‌ ‌by‌ ‌EpiEstim‌ ‌is‌ ‌also‌ ‌above‌ ‌1,‌‌                           

although‌ ‌it‌ ‌is‌ ‌lower‌ ‌than‌ ‌that‌ ‌obtained‌ ‌using‌ ‌the‌ ‌birth-death‌ ‌model‌ ‌(Supplementary‌ ‌Fig.‌‌                         

A-14).‌ ‌ 
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Figure‌ ‌3.5.‌ ‌Temporal‌ ‌dynamics‌ ‌of‌ ‌Oryol‌ ‌HIV-1‌ ‌lineages.‌ ‌‌Each‌ ‌horizontal‌ ‌line‌ ‌corresponds‌ ‌to‌ ‌a‌‌                           
transmission‌ ‌lineage‌ ‌(with‌ ‌the‌ ‌“NODE”‌ ‌prefix)‌ ‌or‌ ‌a‌ ‌singleton‌ ‌(with‌ ‌the‌ ‌“leaf”‌ ‌prefix).‌ ‌Individual‌‌                           
patients‌‌are‌‌shown‌‌twice:‌‌as‌‌an‌‌empty‌‌diamond‌‌at‌‌the‌‌date‌‌of‌‌diagnosis,‌‌with‌‌the‌‌color‌‌indicating‌‌the‌‌                                   
reported‌ ‌transmission‌ ‌route;‌ ‌and‌ ‌as‌ ‌a‌ ‌grey‌ ‌circle‌ ‌(for‌ ‌females)‌ ‌or‌‌triangle‌‌(for‌‌males)‌‌at‌‌the‌‌date‌‌of‌‌                                   
sampling.‌ ‌Only‌ ‌samples‌ ‌with‌ ‌complete‌ ‌sampling‌ ‌dates‌ ‌are‌ ‌shown.‌ ‌Cyan‌ ‌asterisks‌‌show‌‌the‌‌lineage‌‌                           
LCA‌ ‌dates‌ ‌estimated‌ ‌by‌ ‌Treetime.‌ ‌For‌ ‌subtype‌ ‌A,‌‌purple‌‌asterisks‌‌and‌‌lines‌‌show‌‌the‌‌lineage‌‌LCA‌‌                               
dates‌ ‌and‌ ‌95%‌ ‌HPDs‌ ‌estimated‌ ‌by‌ ‌the‌ ‌multi-tree‌ ‌birth-death‌ ‌analysis.‌ ‌For‌ ‌subtype‌‌A,‌‌transmission‌‌                           
lineages‌ ‌with‌ ‌at‌ ‌least‌ ‌four‌ ‌Oryol‌‌samples‌‌are‌‌shown.‌‌See‌‌Supplementary‌‌Fig.‌‌A-4‌‌for‌‌all‌‌subtype‌‌A‌‌                                 
lineages‌‌and‌‌singletons,‌‌and‌‌Supplementary‌‌Fig.‌‌A-5‌‌for‌‌all‌‌lineages‌‌and‌‌singletons‌‌sorted‌‌by‌‌the‌‌date‌‌                               
of‌ ‌diagnosis.‌ ‌ 
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Figure‌ ‌3.6.‌ ‌Epidemiological‌ ‌parameters‌ ‌inferred‌ ‌for‌ ‌the‌ ‌subtype‌ ‌A‌ ‌sub-epidemic.‌ Dataset‌ ‌I,‌‌                       
samples‌‌collected‌‌within‌‌a‌‌year‌‌of‌‌HIV-1‌‌diagnosis;‌‌Dataset‌‌II,‌‌all‌‌samples.‌‌Solid‌‌line,‌‌median‌‌value;‌‌                               
dark‌ ‌grey‌ ‌and‌ ‌light‌ ‌grey,‌ ‌50%‌ ‌and‌ ‌95%‌ ‌HPDs,‌ ‌respectively.‌ ‌ 
‌ 

71‌ ‌ 
‌ 



3.3.5.‌ ‌Bayesian‌ ‌phylogenetic‌ ‌analysis‌ ‌indicates‌ ‌the‌ ‌rapid‌ ‌growth‌ ‌of‌ ‌the‌ ‌CRF63‌‌                     

lineage‌ ‌in‌ ‌Oryol‌ ‌Oblast‌ ‌ 

The‌ ‌major‌ ‌CRF63‌ ‌lineage‌ ‌(NODE435‌ ‌in‌ ‌Fig.‌ ‌3.5)‌ ‌is‌ ‌unexpectedly‌ ‌large‌ ‌for‌ ‌its‌ ‌age‌‌                           

(Supplementary‌‌Fig.‌‌A-8B).‌‌Indeed,‌‌in‌‌less‌‌than‌‌ten‌‌years,‌‌it‌‌has‌‌reached‌‌the‌‌same‌‌size‌‌as‌‌the‌‌                                 

largest‌ ‌lineage‌ ‌of‌ ‌subtype‌ ‌A‌ ‌(NODE690‌ ‌in‌ ‌Fig.‌ ‌3.5)‌ ‌which‌ ‌has‌ ‌circulated‌ ‌for‌ ‌at‌ ‌least‌ ‌two‌‌                               

decades.‌‌Consistently,‌‌the‌‌phylogeny‌‌of‌‌the‌‌CRF63‌‌samples‌‌is‌‌characterized‌‌by‌‌a‌‌more‌‌recent‌‌                           

LCA‌ ‌and‌ ‌a‌ ‌higher‌ ‌fraction‌ ‌of‌ ‌multiple‌ ‌merger‌ ‌events‌ ‌compared‌ ‌to‌ ‌the‌ ‌phylogeny‌ ‌of‌ ‌the‌‌A‌‌                               

samples‌ ‌obtained‌ ‌at‌ ‌similar‌ ‌times‌ ‌(Fig.‌ ‌3.7),‌ ‌suggesting‌ ‌a‌ ‌more‌ ‌rapid‌ ‌spread‌‌of‌‌CRF63.‌‌To‌‌                             

test‌‌whether‌‌the‌‌two‌‌lineages‌‌indeed‌‌differ‌‌in‌‌their‌‌dynamics,‌‌we‌‌used‌‌two‌‌approaches.‌‌First,‌‌                             

we‌‌utilized‌‌the‌‌coalescent‌‌approach‌‌to‌‌infer‌‌the‌‌growth‌‌rate‌‌of‌‌both‌‌lineages‌‌assuming‌‌logistic‌‌                             

growth‌‌(Fig.‌‌3.8A,‌‌Supplementary‌‌Fig.‌‌A-9).‌‌Second,‌‌we‌‌used‌‌the‌‌BDSKY‌‌model‌‌to‌‌directly‌‌                           

infer‌ ‌epidemiological‌ ‌parameters,‌ ‌i.e.‌ ‌the‌ ‌reproduction‌ ‌number‌ ‌and‌ ‌the‌ ‌rate‌ ‌of‌ ‌becoming‌‌                       

uninfectious‌ ‌(Fig.‌ ‌3.8B).‌ ‌Importantly,‌ ‌for‌ ‌the‌ ‌largest‌‌clade‌‌of‌‌subtype‌‌A,‌‌BDSKY‌‌produced‌‌                         

R‌e‌ ‌estimates‌ ‌similar‌ ‌to‌ ‌those‌ ‌of‌ ‌a‌ ‌multi-tree‌ ‌BEAST2‌ ‌implementation‌ ‌for‌ ‌multiple‌‌                       

introductions‌ ‌of‌ ‌A‌ ‌(Fig.‌ ‌3.6),‌ ‌indicating‌ ‌the‌ ‌robustness‌‌of‌‌R‌e‌ ‌estimates.‌‌Both‌‌the‌‌coalescent‌‌                           

and‌‌the‌‌BDSKY‌‌models‌‌suggest‌‌a‌‌higher‌‌growth‌‌rate‌‌of‌‌the‌‌CRF63‌‌lineage‌‌compared‌‌to‌‌the‌‌                               

largest‌ ‌lineage‌ ‌of‌ ‌subtype‌ ‌A‌ ‌(Fig.‌ ‌3.8).‌‌ ‌  

‌ 

‌ 
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Figure‌ ‌3.7.‌ ‌Maximum-likelihood‌ ‌phylogenies‌‌of‌‌the‌‌largest‌‌lineages‌‌of‌‌subtypes‌‌A‌‌and‌‌CRF63.‌‌                         
The‌ ‌color‌ ‌indicates‌ ‌the‌ ‌reported‌ ‌transmission‌ ‌route,‌ ‌shape‌ ‌reflects‌ ‌the‌ ‌presence‌ ‌or‌ ‌absence‌ ‌of‌‌                           
antiretroviral‌ ‌therapy‌ ‌at‌ ‌some‌ ‌point‌ ‌during‌ ‌the‌ ‌infection.‌ ‌The‌ ‌first‌ ‌and‌ ‌the‌ ‌second‌ ‌dates‌ ‌for‌ ‌each‌                               
sample‌ ‌correspond‌ ‌to‌ ‌the‌ ‌date‌ ‌of‌ ‌sampling‌ ‌and‌ ‌the‌ ‌date‌ ‌of‌ ‌diagnosis,‌ ‌respectively.‌ ‌ 
‌ ‌  
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Figure‌‌3.8.‌‌Phylodynamic‌‌inferences‌‌for‌‌the‌‌two‌‌transmission‌‌lineages‌‌shown‌‌in‌‌Fig.‌‌3.7.‌‌A.‌‌95%‌‌                             
HPD‌ ‌of‌ ‌the‌ ‌growth‌ ‌rate‌ ‌parameter‌ ‌in‌ ‌the‌ ‌coalescent‌ ‌logistic‌ ‌growth‌ ‌model.‌ ‌B.‌ ‌95%‌ ‌HPD‌ ‌of‌ ‌the‌‌                                 
reproductive‌ ‌number‌ ‌and‌ ‌the‌ ‌rate‌ ‌of‌ ‌becoming‌ ‌uninfectious‌ ‌inferred‌ ‌by‌ ‌the‌ ‌BDSKY‌ ‌model.‌ ‌ 
‌ 

3.3.6.‌ ‌No‌ ‌evidence‌ ‌for‌ ‌the‌ ‌preferred‌ ‌mechanism‌ ‌of‌ ‌transmission‌ ‌at‌ ‌the‌ ‌origin‌ ‌of‌‌                         

lineages‌ ‌ 

In‌ ‌the‌ ‌late‌ ‌1990s‌ ‌to‌ ‌early‌ ‌2000s,‌‌most‌‌newly‌‌reported‌‌HIV-1‌‌infections‌‌were‌‌among‌‌                           

IDUs‌ ‌(Supplementary‌‌Fig.‌‌A-10).‌‌Consistently,‌‌we‌‌find‌‌that‌‌most‌‌of‌‌the‌‌early‌‌lineages‌‌were‌‌                           

first‌ ‌sampled‌ ‌in‌ ‌IDUs‌ ‌(Supplementary‌ ‌Fig.‌ ‌A-11),‌ ‌suggesting‌ ‌that‌ ‌they‌ ‌were‌ ‌founded‌ ‌by‌‌                         
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them.‌ ‌However,‌ ‌we‌ ‌see‌ ‌no‌ ‌evidence‌ ‌for‌ ‌IDUs‌ ‌being‌ ‌more‌ ‌likely‌ ‌to‌ ‌be‌ ‌the‌ ‌originators‌ ‌of‌‌                               

lineages‌ ‌when‌ ‌we‌ ‌control‌ ‌for‌ ‌the‌ ‌dates‌ ‌of‌ ‌lineage‌ ‌origins.‌ ‌Indeed,‌ ‌in‌ ‌the‌ ‌controlled‌‌                           

matched-pair‌ ‌datasets,‌ ‌there‌ ‌is‌ ‌no‌ ‌difference‌ ‌in‌ ‌time‌ ‌from‌ ‌LCA‌ ‌to‌ ‌the‌ ‌earliest‌ ‌diagnosis‌‌                           

between‌ ‌IDU-‌ ‌and‌ ‌HET-‌‌founded‌‌clusters,‌‌nor‌‌is‌‌there‌‌a‌‌preference‌‌in‌‌transmission‌‌route‌‌of‌‌                             

the‌ ‌earliest‌ ‌sample‌ ‌in‌ ‌the‌ ‌lineage‌ ‌(Supplementary‌ ‌Fig.‌ ‌A-12).‌ ‌This‌ ‌means‌ ‌that‌ ‌the‌ ‌high‌‌                           

prevalence‌‌of‌‌IDUs‌‌in‌‌lineage‌‌origin‌‌reflects‌‌the‌‌temporal‌‌shift‌‌in‌‌the‌‌outbreak‌‌composition‌‌in‌‌                             

our‌ ‌data‌ ‌rather‌ ‌than‌ ‌higher‌ ‌inherent‌ ‌spreading‌ ‌by‌ ‌IDUs.‌ ‌ 

3.3.7.‌ ‌Distribution‌ ‌of‌ ‌gender‌ ‌and‌ ‌transmission‌ ‌route‌ ‌categories‌ ‌across‌ ‌import‌‌                   

lineages‌ ‌ 

We‌ ‌next‌ ‌studied‌ ‌whether‌ ‌transmission‌ ‌lineages‌ ‌in‌ ‌subtype‌ ‌A‌ ‌are‌ ‌associated‌ ‌with‌                       

transmission‌ ‌route‌ ‌and/or‌ ‌sex‌ ‌categories‌ ‌by‌ ‌comparing‌‌lineages‌‌and‌‌singletons‌‌(see‌‌3.2.11).‌‌                       

We‌‌did‌‌not‌‌observe‌‌any‌‌overrepresentation‌‌of‌‌males‌‌within‌‌lineages‌‌(Fig.‌‌3.9A)‌‌as‌‌described‌‌                           

previously‌ ‌in‌ ‌other‌ ‌countries‌ ‌‌[185–187,325]‌.‌ ‌However,‌ ‌IDUs‌ ‌were‌ ‌overrepresented‌ ‌within‌‌                   

lineages,‌ ‌with‌ ‌more‌ ‌samples‌ ‌belonging‌ ‌to‌ ‌lineages‌ ‌than‌ ‌expected‌ ‌by‌ ‌chance‌ ‌(Fig.‌ ‌3.9B).‌‌                         

Furthermore,‌ ‌there‌ ‌were‌ ‌fewer‌ ‌lineages‌ ‌carrying‌‌IDUs‌‌than‌‌expected‌‌randomly‌‌(Fig.‌‌3.9D);‌‌                       

in‌‌other‌‌words,‌‌‌an‌‌IDU‌‌was‌‌more‌‌likely‌‌to‌‌fall‌‌into‌‌a‌‌lineage‌‌with‌‌another‌‌IDU‌‌(p‌‌=‌‌0.0007).‌‌                                     

No‌ ‌such‌ ‌difference‌ ‌was‌ ‌observed‌ ‌for‌ ‌males‌ ‌(Fig.‌ ‌3.9C,‌ ‌p‌ ‌=‌ ‌0.9923).‌ ‌ 
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Figure‌‌3.9.‌‌IDUs,‌‌but‌‌not‌‌males,‌‌are‌‌overrepresented‌‌within‌‌lineages.‌‌‌The‌‌expected‌‌distribution‌‌of‌‌                           
the‌‌number‌‌of‌‌clustered‌‌sequences‌‌and‌‌the‌‌number‌‌of‌‌clusters‌‌carrying‌‌(A,‌‌C)‌‌males‌‌or‌‌(B,‌‌D)‌‌IDUs‌‌                                   
within‌ ‌subtype‌ ‌A.‌ ‌For‌ ‌variants‌ ‌B‌ ‌and‌ ‌CRF63,‌ ‌see‌ ‌Supplementary‌ ‌Fig.‌ ‌A-13.‌ ‌ 
‌ 

3.3.8.‌ ‌MSM‌ ‌transmission‌ ‌route‌ ‌is‌ ‌underreported‌ ‌in‌ ‌Oryol‌ ‌Oblast‌ ‌ 

The‌ ‌lack‌ ‌of‌ ‌overrepresentation‌ ‌of‌ ‌males‌ ‌in‌ ‌transmission‌ ‌lineages‌ ‌is‌ ‌perhaps‌‌                     

unsurprising‌ ‌given‌ ‌the‌ ‌heterosexual‌ ‌nature‌ ‌of‌ ‌the‌ ‌Russian‌ ‌HIV-1‌ ‌epidemic.‌ ‌Still,‌ ‌we‌ ‌might‌‌                         

expect‌‌an‌‌excess‌‌of‌‌MSM‌‌reported‌‌transmission‌‌in‌‌subtype‌‌B‌‌which‌‌is‌‌mainly‌‌associated‌‌with‌‌                             

the‌ ‌MSM‌ ‌transmission‌ ‌route‌ ‌worldwide‌ ‌‌[156]‌ ‌and‌ ‌in‌ ‌Russia‌ ‌‌[326,327]‌.‌ ‌Indeed,‌ ‌the‌‌                       

male-to-female‌ ‌ratio‌ ‌in‌ ‌subtype‌ ‌B‌ ‌is‌ ‌much‌ ‌higher‌ ‌than‌ ‌that‌ ‌in‌ ‌subtype‌ ‌A‌ ‌where‌ ‌we‌ ‌don’t‌‌                               

expect‌‌an‌‌MSM-associated‌‌bias‌‌(16/3‌‌vs.‌‌369/296,‌‌Fisher’s‌‌exact‌‌test‌‌p=0.0169),‌‌and‌‌subtype‌‌                         

B‌ ‌carries‌ ‌5‌ ‌out‌ ‌of‌ ‌6‌ ‌MSM-associated‌ ‌samples‌ ‌in‌ ‌our‌ ‌dataset‌ ‌(Fig.‌ ‌10).‌ ‌ 

Is‌ ‌MSM‌ ‌transmission‌ ‌adequately‌ ‌reported‌ ‌in‌ ‌our‌ ‌data?‌ ‌Underreporting‌ ‌of‌ ‌this‌‌                     
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transmission‌‌route‌‌can‌‌be‌‌estimated‌‌from‌‌the‌‌sex‌‌ratio‌‌among‌‌those‌‌samples‌‌for‌‌which‌‌other‌‌                             

transmission‌ ‌routes‌ ‌are‌ ‌reported.‌ ‌Among‌ ‌the‌ ‌14‌ ‌subtype‌ ‌B‌ ‌samples‌ ‌with‌ ‌the‌ ‌non-MSM‌                         

reported‌‌transmission‌‌route,‌‌only‌‌3‌‌came‌‌from‌‌females.‌‌Based‌‌on‌‌the‌‌sex‌‌ratio‌‌in‌‌subtype‌‌A,‌‌                               

the‌‌number‌‌of‌‌males‌‌expected‌‌from‌‌this‌‌number‌‌of‌‌females‌‌is‌‌~4.‌‌In‌‌fact,‌‌however,‌‌11‌‌males‌‌                                 

are‌ ‌observed.‌ ‌While‌‌the‌‌difference‌‌from‌‌the‌‌expected‌‌sex‌‌ratio‌‌is‌‌not‌‌statistically‌‌significant‌‌                           

(Fisher’s‌‌exact‌‌test,‌‌p=0.1054),‌‌if‌‌confirmed,‌‌such‌‌an‌‌excess‌‌of‌‌males‌‌would‌‌correspond‌‌to‌‌a‌‌                             

~2.4-fold‌ ‌underreporting‌ ‌of‌ ‌the‌ ‌MSM‌ ‌transmission‌ ‌route.‌ ‌ 

‌ 

‌ 

Figure‌ ‌3.10.‌ ‌Phylogenetic‌‌tree‌‌of‌‌subtype‌‌B‌‌in‌‌Oryol‌‌Oblast.‌‌‌HIV-1‌‌diagnosis‌‌dates‌‌are‌‌shown‌‌at‌‌                               
tips.‌ ‌ 
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3.4.‌ ‌Discussion‌ ‌ 

Since‌‌its‌‌beginning‌‌in‌‌the‌‌1980s,‌‌the‌‌HIV-1‌‌epidemic‌‌in‌‌Russia‌‌has‌‌been‌‌growing‌‌due‌‌                             

to‌ ‌poor‌ ‌public‌ ‌awareness,‌ ‌stigmatization‌ ‌of‌ ‌the‌ ‌key‌ ‌risk‌ ‌groups,‌ ‌and‌ ‌insufficient‌ ‌funding‌‌                         

[328–331]‌.‌ ‌Molecular‌ ‌epidemiology‌ ‌is‌ ‌informative‌ ‌of‌ ‌the‌ ‌characteristics‌ ‌of‌ ‌the‌ ‌epidemic,‌‌                     

such‌‌as‌‌its‌‌genetic‌‌composition‌‌and‌‌reproductive‌‌number;‌‌it‌‌can‌‌also‌‌shed‌‌light‌‌on‌‌details‌‌of‌‌                               

individual‌‌outbreaks,‌‌e.g.‌‌by‌‌identifying‌‌an‌‌increased‌‌transmission‌‌risk‌‌among‌‌a‌‌certain‌‌group‌‌                         

or‌ ‌revealing‌ ‌a‌ ‌rapidly‌ ‌growing‌ ‌transmission‌ ‌cluster.‌ ‌However,‌ ‌molecular‌ ‌epidemiology‌‌                   

methods‌ ‌work‌ ‌poorly‌ ‌when‌ ‌sampling‌ ‌is‌ ‌low,‌ ‌which‌ ‌is‌ ‌the‌ ‌case‌ ‌for‌ ‌the‌ ‌Russian‌ ‌epidemic‌‌                             

where‌ ‌less‌ ‌than‌ ‌1%‌ ‌of‌ ‌reported‌ ‌cases‌ ‌is‌ ‌accompanied‌ ‌by‌ ‌genetic‌ ‌data.‌ ‌Moreover,‌ ‌HIV-1‌‌                           

genetic‌ ‌data‌ ‌available‌ ‌in‌ ‌Genbank‌ ‌is‌ ‌partially‌ ‌obtained‌ ‌through‌ ‌target‌ ‌studies‌ ‌focusing‌ ‌on‌‌                         

specific‌‌transmission‌‌routes‌‌‌[98,300,326,332]‌‌or‌‌outbreaks‌‌‌[333]‌,‌‌making‌‌it‌‌unrepresentative‌‌                   

of‌ ‌the‌ ‌epidemic‌ ‌as‌ ‌a‌ ‌whole.‌‌ ‌  

Unfortunately,‌‌given‌‌the‌‌magnitude‌‌of‌‌the‌‌HIV-1‌‌epidemic‌‌in‌‌Russia,‌‌it‌‌is‌‌infeasible‌‌to‌‌                           

rapidly‌‌achieve‌‌sufficient‌‌genetic‌‌coverage‌‌for‌‌the‌‌entire‌‌country.‌‌Here,‌‌we‌‌instead‌‌considered‌                         

a‌ ‌single‌‌geographic‌‌region‌‌of‌‌Russia.‌‌We‌‌focused‌‌on‌‌Oryol‌‌Oblast,‌‌a‌‌relatively‌‌small‌‌region‌‌                             

of‌ ‌Russia‌ ‌with‌ ‌a‌‌total‌‌population‌‌of‌‌736,483‌‌‌[334]‌‌and‌‌a‌‌registered‌‌HIV-positive‌‌population‌‌                           

of‌‌2,157‌‌(Supplementary‌‌Fig.‌‌A-1)‌‌as‌‌of‌‌2019.‌‌The‌‌registered‌‌HIV-1‌‌incidence‌‌is‌‌lower‌‌than‌‌                             

that‌ ‌in‌ ‌Russia‌ ‌as‌ ‌a‌ ‌whole‌ ‌(0.29%‌ ‌vs.‌ ‌0.73%).‌ ‌The‌ ‌relatively‌ ‌small‌‌size‌‌of‌‌the‌‌HIV-positive‌‌                               

population‌ ‌allowed‌ ‌us‌ ‌to‌ ‌attain‌ ‌representative‌ ‌coverage‌ ‌of‌ ‌the‌ ‌local‌ ‌epidemic.‌‌ ‌  

The‌‌dataset‌‌analysed‌‌in‌‌this‌‌work‌‌comprises‌‌sequences‌‌collected‌‌from‌‌768‌‌patients,‌‌or‌‌                         

36%‌ ‌of‌ ‌the‌ ‌registered‌ ‌HIV-positive‌ ‌population.‌ ‌Compared‌ ‌to‌ ‌non-Oryol‌ ‌Russian‌‌sequences‌‌                     

available‌‌from‌‌Genbank,‌‌the‌‌Oryol‌‌dataset‌‌is‌‌unbiased,‌‌better‌‌annotated,‌‌and‌‌more‌‌up-to-date‌‌                         

(Fig.‌‌3.1).‌‌It‌‌also‌‌agrees‌‌well‌‌with‌‌the‌‌official‌‌sequence-independent‌‌statistics‌‌reported‌‌by‌‌the‌‌                           

Oryol‌ ‌Regional‌ ‌Center‌ ‌for‌ ‌AIDS‌ ‌(Supplementary‌ ‌Fig.‌ ‌A-1).‌ ‌The‌ ‌fraction‌ ‌of‌ ‌IDUs‌ ‌in‌ ‌our‌‌                           
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dataset‌ ‌is‌ ‌slightly‌ ‌below‌ ‌that‌ ‌in‌ ‌the‌ ‌official‌ ‌statistics‌ ‌(31.2%‌ ‌vs.‌ ‌37.0%)‌ ‌which‌ ‌might‌ ‌be‌‌                             

explained‌ ‌by‌ ‌lower‌ ‌adherence‌ ‌to‌ ‌AIDS‌ ‌center‌ ‌visits‌ ‌and/or‌ ‌lower‌ ‌survival‌ ‌among‌ ‌the‌                         

members‌‌of‌‌this‌‌risk‌‌group‌‌‌[335]‌.‌‌In‌‌line‌‌with‌‌the‌‌official‌‌statistics,‌‌our‌‌dataset‌‌also‌‌captures‌‌                               

the‌ ‌change‌ ‌in‌ ‌the‌‌predominant‌‌transmission‌‌route‌‌from‌‌IDU‌‌to‌‌heterosexual‌‌transmission‌‌in‌‌                         

the‌ ‌2000s,‌ ‌followed‌ ‌by‌ ‌an‌ ‌abrupt‌ ‌increase‌‌in‌‌the‌‌fraction‌‌of‌‌IDUs‌‌since‌‌2014‌‌when‌‌a‌‌novel‌‌                                 

designer‌ ‌drug‌ ‌became‌ ‌widespread‌ ‌‌[336]‌ ‌(Supplementary‌ ‌Fig.‌ ‌A-1,10).‌ ‌The‌ ‌male-to-female‌‌                   

ratio‌ ‌is‌ ‌also‌ ‌similar‌ ‌to‌ ‌that‌ ‌in‌ ‌the‌ ‌official‌ ‌statistics‌ ‌(1.7‌ ‌vs.‌ ‌1.5)‌ ‌and‌ ‌is‌ ‌close‌ ‌to‌ ‌the‌‌                                   

country-wide‌ ‌ratio‌ ‌of‌ ‌1.6‌ ‌(‌as‌ ‌of‌ ‌31.12.2019;‌ ‌‌[295]‌).‌ ‌ 

The‌ ‌subtype‌ ‌composition‌ ‌in‌ ‌Oryol‌ ‌Oblast‌ ‌is‌ ‌more‌ ‌homogeneous‌ ‌compared‌ ‌to‌‌                     

non-Oryol‌ ‌Genbank‌ ‌(Fig.‌‌3.1A),‌‌due‌‌to‌‌interregional‌‌differences‌‌and/or‌‌targeting‌‌of‌‌specific‌‌                       

subtypes‌ ‌in‌ ‌previous‌ ‌studies.‌ ‌Still,‌ ‌both‌ ‌in‌ ‌Oryol‌ ‌Oblast‌ ‌and‌ ‌in‌ ‌Russia‌‌in‌‌general,‌‌the‌‌most‌‌                               

abundant‌‌subtype‌‌is‌‌A‌‌which‌‌has‌‌historically‌‌dominated‌‌the‌‌HIV-1‌‌epidemic‌‌in‌‌Russia‌‌‌[324]‌.‌‌                           

Subtype‌ ‌A‌ ‌is‌ ‌genetically‌ ‌diverse‌ ‌and‌ ‌divided‌ ‌into‌ ‌several‌ ‌clades,‌ ‌or‌‌sub-subtypes.‌‌Initially,‌‌                         

Russian‌ ‌sequences‌ ‌belonging‌ ‌to‌ ‌subtype‌ ‌A‌ ‌were‌ ‌annotated‌ ‌as‌ ‌A1,‌ ‌the‌ ‌most‌ ‌widespread‌‌                         

subtype‌ ‌A‌ ‌clade.‌ ‌Recently,‌ ‌however,‌ ‌this‌ ‌‘Russian‌ ‌A1’‌ ‌was‌ ‌demonstrated‌ ‌to‌ ‌be‌‌genetically‌‌                         

different‌‌from‌‌the‌‌African‌‌A1‌‌‌[337]‌‌and‌‌received‌‌its‌‌own‌‌identifier‌‌A6.‌‌We‌‌kept‌‌the‌‌broader‌‌                               

‘A’‌‌identifier‌‌in‌‌the‌‌text‌‌for‌‌consistency‌‌with‌‌the‌‌results‌‌produced‌‌by‌‌the‌‌SierraPy‌‌subtyping‌‌                             

tool‌‌that‌‌we‌‌used;‌‌another‌‌widely‌‌used‌‌subtyping‌‌tool‌‌that‌‌we‌‌checked,‌‌REGA‌‌‌[338]‌,‌‌utilizes‌‌                             

an‌ ‌old‌ ‌set‌ ‌of‌ ‌reference‌ ‌sequences‌ ‌and‌ ‌still‌ ‌annotates‌ ‌the‌ ‌Russian‌ ‌subtype‌ ‌A‌ ‌as‌ ‌A1.‌ ‌ 

For‌ ‌the‌ ‌three‌ ‌most‌ ‌abundant‌ ‌variants‌ ‌(A,‌‌B,‌‌and‌‌CRF63),‌‌we‌‌used‌‌the‌‌reconstructed‌‌                           

maximum‌ ‌likelihood‌ ‌phylogenetic‌ ‌trees‌ ‌to‌ ‌infer‌‌imports‌‌into‌‌Oryol‌‌Oblast.‌‌Our‌‌approach‌‌is‌‌                         

based‌ ‌on‌ ‌the‌ ‌assumption‌ ‌that‌ ‌all‌ ‌imports‌ ‌are‌ ‌of‌ ‌Russian‌ ‌origin.‌ ‌While‌ ‌some‌ ‌imports‌ ‌could‌‌                             

also‌‌directly‌‌come‌‌from‌‌other‌‌countries,‌‌such‌‌cases‌‌are‌‌probably‌‌rare‌‌as‌‌transborder‌‌travel‌‌is‌‌                             

expected‌ ‌to‌ ‌be‌ ‌much‌ ‌less‌ ‌intense‌ ‌than‌ ‌within-country‌ ‌travel.‌‌ ‌  
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The‌‌inferred‌‌number‌‌of‌‌transmission‌‌lineages‌‌was‌‌robust‌‌to‌‌the‌‌number‌‌of‌‌non-Oryol‌‌                         

sequences‌‌used,‌‌meaning‌‌that‌‌we‌‌have‌‌successfully‌‌resolved‌‌the‌‌sequenced‌‌genetic‌‌diversity‌‌                       

of‌ ‌HIV-1‌ ‌in‌‌Oryol‌‌Oblast‌‌(Fig.‌‌3.4A).‌‌However,‌‌this‌‌number‌‌was‌‌strongly‌‌dependent‌‌on‌‌the‌‌                             

amount‌ ‌of‌ ‌Oryol‌ ‌samples‌‌available:‌‌it‌‌did‌‌not‌‌saturate‌‌as‌‌we‌‌increased‌‌the‌‌number‌‌of‌‌Oryol‌‌                               

samples‌‌in‌‌the‌‌analysis‌‌(Fig.‌‌3.4B).‌‌‌This‌‌implies‌‌that‌‌the‌‌diversity‌‌of‌‌HIV-1‌‌in‌‌Oryol‌‌oblast‌‌is‌‌                                 

higher‌‌than‌‌can‌‌be‌‌captured‌‌by‌‌sequencing‌‌of‌‌a‌‌third‌‌of‌‌the‌‌population,‌‌and/or‌‌that‌‌there‌‌is‌‌a‌‌                                   

constant‌ ‌import‌ ‌of‌ ‌novel‌ ‌HIV-1‌ ‌variants‌ ‌into‌ ‌the‌ ‌region‌.‌ ‌ 

Lineages‌ ‌that‌ ‌were‌ ‌established‌ ‌early‌ ‌contained‌ ‌more‌ ‌samples,‌ ‌implying‌ ‌that‌ ‌early‌‌                     

imports‌‌into‌‌the‌‌region‌‌significantly‌‌contributed‌‌to‌‌the‌‌current‌‌epidemic.‌‌Early‌‌imports‌‌were‌‌                         

mostly‌ ‌associated‌ ‌with‌ ‌IDUs;‌ ‌however,‌ ‌we‌ ‌did‌ ‌not‌ ‌find‌ ‌evidence‌ ‌for‌ ‌preferred‌ ‌seeding‌ ‌of‌‌                           

lineages‌ ‌by‌ ‌IDUs‌ ‌(Supplementary‌ ‌Fig.‌ ‌A-12),‌ ‌suggesting‌ ‌that‌ ‌the‌ ‌prevalence‌ ‌of‌ ‌different‌‌                       

transmission‌ ‌routes‌ ‌was‌ ‌shaped‌ ‌by‌ ‌social‌ ‌factors‌ ‌rather‌ ‌than‌ ‌the‌ ‌biology‌ ‌of‌ ‌transmission.‌ ‌ 

Nearly‌ ‌two-thirds‌ ‌of‌ ‌all‌ ‌samples‌ ‌were‌ ‌attributed‌ ‌to‌ ‌transmission‌ ‌lineages.‌ ‌The‌‌                     

remaining‌ ‌“singleton”‌ ‌sequences‌ ‌did‌ ‌not‌ ‌result‌ ‌in‌ ‌observable‌ ‌transmission‌ ‌within‌ ‌Oryol.‌ ‌A‌‌                       

fraction‌‌of‌‌singletons‌‌could‌‌actually‌‌correspond‌‌to‌‌non-Oryol‌‌residents.‌‌Indeed,‌‌in‌‌Russia,‌‌the‌‌                         

HIV‌‌data‌‌collected‌‌by‌‌an‌‌AIDS‌‌center‌‌is‌‌household-based,‌‌meaning‌‌that‌‌patients‌‌are‌‌assigned‌‌                           

to‌ ‌centers‌ ‌based‌ ‌on‌ ‌their‌ ‌household‌ ‌registration.‌ ‌The‌ ‌attribution‌ ‌of‌ ‌sequences‌ ‌comprising‌‌                       

Oryol‌‌transmission‌‌lineages‌‌as‌‌actually‌‌coming‌‌from‌‌Oryol‌‌Oblast‌‌residents‌‌is‌‌probably‌‌more‌‌                         

reliable.‌‌ ‌  

Using‌‌phylodynamic‌‌approaches,‌‌we‌‌characterized‌‌the‌‌epidemiological‌‌parameters‌‌of‌‌                 

HIV-1‌ ‌spread.‌ ‌These‌ ‌analyses‌ ‌have‌ ‌several‌ ‌limitations.‌ ‌First,‌ ‌we‌ ‌assumed‌ ‌that‌ ‌the‌‌                       

evolutionary‌ ‌rate‌ ‌is‌ ‌independent‌ ‌of‌ ‌the‌ ‌age‌ ‌of‌ ‌the‌ ‌infection‌ ‌and‌ ‌the‌ ‌presence‌ ‌of‌ ‌therapy.‌‌                             

Differences‌ ‌in‌ ‌infection‌ ‌duration‌ ‌and‌ ‌therapy‌ ‌between‌ ‌patients‌ ‌could‌ ‌have‌ ‌affected‌ ‌the‌‌                       

estimated‌ ‌LCA‌ ‌dates.‌ ‌For‌ ‌example,‌ ‌the‌ ‌rate‌ ‌of‌ ‌evolution‌ ‌can‌ ‌be‌ ‌reduced‌ ‌by‌ ‌antiretroviral‌‌                           
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therapy‌ ‌‌[339]‌,‌ ‌pushing‌ ‌the‌ ‌LCA‌ ‌estimates‌ ‌to‌ ‌the‌ ‌present.‌ ‌Such‌ ‌biases‌ ‌could‌ ‌lead‌ ‌to‌ ‌some‌‌                             

unexpected‌‌LCA‌‌datings‌‌that‌‌we‌‌observe.‌‌For‌‌example,‌‌in‌‌several‌‌instances‌‌(e.g.‌‌NODE619‌‌                         

and‌ ‌NODE2359‌ ‌in‌ ‌subtype‌ ‌A‌ ‌or‌ ‌NODE184‌ ‌in‌ ‌subtype‌ ‌B),‌ ‌two‌ ‌or‌ ‌more‌ ‌of‌ ‌the‌ ‌earliest‌‌                               

diagnoses‌ ‌in‌ ‌a‌ ‌transmission‌ ‌lineage‌ ‌had‌ ‌earlier‌ ‌dates‌ ‌than‌ ‌the‌ ‌reconstructed‌ ‌LCA‌ ‌of‌ ‌this‌‌                           

lineage,‌ ‌which‌ ‌is‌ ‌impossible‌ ‌as‌ ‌LCA‌ ‌by‌ ‌definition‌ ‌must‌ ‌correspond‌ ‌to‌ ‌the‌ ‌earliest‌‌                         

transmission‌ ‌between‌ ‌samples‌ ‌of‌‌the‌‌lineage.‌‌We‌‌speculate‌‌that‌‌this‌‌discrepancy‌‌could‌‌have‌‌                         

been‌ ‌caused‌ ‌by‌ ‌differences‌ ‌in‌‌the‌‌antiretroviral‌‌therapy‌‌status‌‌between‌‌sampled‌‌individuals;‌‌                       

indeed,‌ ‌while‌ ‌~40%‌ ‌of‌ ‌our‌ ‌dataset‌ ‌was‌ ‌on‌ ‌therapy,‌ ‌one‌ ‌of‌ ‌the‌‌two‌‌earliest‌‌samples‌‌in‌‌both‌‌                                 

NODE619‌ ‌and‌ ‌NODE2359‌ ‌lineages‌ ‌(of‌ ‌subtype‌ ‌A)‌ ‌and‌ ‌both‌ ‌patients‌ ‌in‌ ‌the‌ ‌NODE184‌‌                         

lineage‌‌(of‌‌subtype‌‌B)‌‌receive(d)‌‌therapy‌‌(Fig.‌‌3.5).‌‌In‌‌theory,‌‌it‌‌may‌‌be‌‌possible‌‌to‌‌account‌‌                               

for‌ ‌differences‌ ‌between‌ ‌patients‌ ‌in‌ ‌viral‌ ‌evolution‌ ‌rates,‌ ‌e.g.‌ ‌by‌ ‌inferring‌ ‌two‌ ‌distinct‌‌                         

evolutionary‌‌rates,‌‌but‌‌the‌‌amount‌‌of‌‌variation‌‌in‌‌duration‌‌and‌‌adherence‌‌to‌‌therapy‌‌would‌‌be‌‌                             

hard‌ ‌to‌ ‌account‌ ‌for.‌ ‌Overall,‌ ‌our‌ ‌results‌ ‌seem‌ ‌qualitatively‌ ‌robust‌ ‌to‌ ‌the‌ ‌choice‌ ‌of‌‌                           

evolutionary‌ ‌rate.‌ ‌ 

Second,‌‌birth-death‌‌models‌‌are‌‌unidentifiable‌‌unless‌‌at‌‌least‌‌one‌‌of‌‌the‌‌parameters‌‌is‌‌                         

fixed‌‌or‌‌strongly‌‌constrained.‌‌We‌‌put‌‌a‌‌strict‌‌prior‌‌on‌‌the‌‌sampling‌‌proportion,‌‌defined‌‌as‌‌the‌‌                               

fraction‌ ‌of‌ ‌all‌ ‌infections‌ ‌being‌ ‌sampled.‌‌Sampling‌‌density‌‌was‌‌strongly‌‌non-uniform‌‌across‌‌                       

years,‌‌with‌‌the‌‌vast‌‌majority‌‌of‌‌samples‌‌collected‌‌over‌‌just‌‌two‌‌years‌‌(2018-2019);‌‌however,‌‌                           

many‌ ‌of‌ ‌these‌ ‌patients‌ ‌became‌ ‌infected‌ ‌years‌ ‌ago.‌ ‌We‌ ‌thus‌ ‌constructed‌‌a‌‌four-dimensional‌‌                         

prior‌‌on‌‌sampling‌‌proportion‌‌based‌‌on‌‌the‌‌subset‌‌of‌‌“rapidly‌‌sequenced”‌‌samples‌‌(Dataset‌‌I,‌‌                           

see‌ ‌3.2.9),‌ ‌and‌ ‌used‌ ‌it‌ ‌for‌‌datasets‌‌that‌‌also‌‌included‌‌old‌‌infections‌‌and‌‌for‌‌which‌‌we‌‌could‌‌                                 

not‌ ‌make‌ ‌an‌ ‌informative‌ ‌assumption‌ ‌about‌ ‌sampling.‌ ‌While‌ ‌the‌ ‌parameters‌‌estimated‌‌from‌‌                       

different‌‌datasets‌‌were‌‌similar‌‌(Fig.‌‌3.6),‌‌those‌‌estimated‌‌based‌‌on‌‌Dataset‌‌I‌‌should‌‌probably‌‌                           

be‌ ‌considered‌ ‌more‌ ‌reliable.‌ ‌ 
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Third,‌ ‌our‌ ‌BDSKY‌ ‌analyses‌ ‌assume‌ ‌that‌ ‌sampling‌‌of‌‌infection‌‌results‌‌in‌‌its‌‌“death”‌‌                         

due‌ ‌to‌ ‌host‌‌recovery‌‌or‌‌change‌‌of‌‌behavior.‌‌Unfortunately,‌‌this‌‌assumption‌‌usually‌‌does‌‌not‌‌                           

hold‌ ‌for‌ ‌long-term‌ ‌infectious‌ ‌diseases‌ ‌such‌ ‌as‌ ‌HIV-1,‌ ‌especially‌ ‌in‌ ‌countries‌ ‌like‌ ‌Russia‌‌                         

where‌ ‌treatment‌ ‌is‌‌available‌‌to‌‌less‌‌than‌‌50%‌‌of‌‌HIV-positive‌‌people‌‌‌[296]‌.‌‌This‌‌may‌‌make‌‌                             

our‌ ‌inferences‌ ‌about‌ ‌the‌ ‌reproduction‌ ‌number‌‌and‌‌the‌‌rate‌‌of‌‌becoming‌‌uninfectious‌‌under-‌‌                         

and‌ ‌overestimated,‌ ‌respectively.‌‌ ‌  

Fourth,‌‌the‌‌obtained‌‌phylodynamic‌‌estimates‌‌are‌‌relevant‌‌for‌‌the‌‌identified‌‌part‌‌of‌‌the‌‌                         

Oryol‌ ‌Oblast‌ ‌epidemic.‌ ‌The‌ ‌unidentified‌ ‌part‌ ‌of‌ ‌the‌ ‌epidemic,‌ ‌i.e.,‌ ‌associated‌ ‌with‌‌                       

non-registered‌ ‌cases‌ ‌(which‌ ‌may‌ ‌comprise‌ ‌up‌ ‌to‌ ‌20%‌ ‌in‌ ‌Russia‌ ‌‌[340]‌),‌ ‌can‌ ‌grow‌ ‌more‌‌                           

rapidly‌ ‌due‌ ‌to‌ ‌lack‌ ‌of‌ ‌awareness‌ ‌of‌ ‌the‌ ‌HIV-1‌ ‌diagnosis‌ ‌‌[341]‌ ‌and‌ ‌a‌ ‌definite‌ ‌absence‌ ‌of‌‌                               

therapy‌ ‌among‌ ‌these‌ ‌people.‌ ‌ 

Fifth,‌ ‌our‌ ‌analyses‌ ‌in‌ ‌the‌ ‌main‌ ‌text‌ ‌use‌ ‌all‌ ‌sites,‌ ‌including‌ ‌those‌ ‌of‌ ‌drug‌ ‌resistance‌‌                             

mutations‌ ‌(DRMs).‌ ‌Changes‌ ‌at‌ ‌such‌ ‌sites‌ ‌are‌ ‌frequently‌ ‌recurrent‌ ‌between‌ ‌patients,‌ ‌and‌‌                       

therefore‌ ‌may‌ ‌obscure‌ ‌phylogenetic‌ ‌analyses.‌ ‌Although‌ ‌drug-resistance‌ ‌mutations‌ ‌were‌‌                 

reported‌‌not‌‌to‌‌bias‌‌the‌‌composition‌‌of‌‌transmission‌‌lineages‌‌‌[342]‌,‌‌they‌‌were‌‌shown‌‌to‌‌affect‌‌                             

some‌‌analyses,‌‌e.g.‌‌the‌‌exact‌‌reconstructed‌‌history‌‌of‌‌transmissions‌‌‌[343]‌.‌‌To‌‌address‌‌this,‌‌we‌‌                           

repeated‌ ‌the‌ ‌maximum-likelihood‌ ‌tree‌ ‌reconstruction,‌ ‌definition‌ ‌of‌ ‌transmission‌ ‌lineages‌‌                 

(Supplementary‌ ‌Fig.‌ ‌A-15),‌ ‌the‌ ‌birth-death‌ ‌analysis‌ ‌on‌ ‌subtype‌ ‌A‌ ‌(‌Supplementary‌ ‌‌Table‌‌                     

A-5),‌ ‌and‌ ‌the‌ ‌comparison‌ ‌of‌ ‌the‌ ‌two‌ ‌largest‌ ‌clades‌ ‌in‌ ‌variants‌ ‌A‌ ‌and‌ ‌CRF63‌ ‌analyses‌‌                             

(Supplementary‌ ‌Fig.‌ ‌A-16)‌ ‌on‌ ‌DRM-masked‌ ‌alignments.‌ ‌We‌ ‌found‌ ‌that‌ ‌the‌ ‌inclusion‌ ‌of‌‌                       

DRM‌ ‌sites‌ ‌did‌ ‌not‌ ‌affect‌ ‌our‌ ‌conclusions.‌ ‌ 

With‌ ‌these‌ ‌limitations‌ ‌in‌ ‌mind,‌ ‌we‌ ‌assessed‌ ‌the‌ ‌characteristics‌ ‌of‌ ‌the‌ ‌epidemic.‌ ‌As‌‌                         

subtype‌‌A‌‌currently‌‌prevails‌‌in‌‌Oryol‌‌Oblast,‌‌epidemiological‌‌parameters‌‌of‌‌its‌‌sub-epidemic‌‌                       

should‌ ‌tone‌ ‌the‌ ‌dynamics‌ ‌of‌ ‌HIV-1‌ ‌in‌ ‌the‌ ‌region.‌ ‌We‌ ‌jointly‌ ‌inferred‌ ‌R‌e‌ ‌and‌ ‌the‌ ‌rate‌ ‌of‌‌                                 
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becoming‌ ‌uninfectious‌ ‌for‌ ‌all‌ ‌imports‌ ‌of‌ ‌subtype‌ ‌A.‌ ‌The‌ ‌estimates‌ ‌produced‌ ‌from‌ ‌both‌‌                         

Dataset‌ ‌I‌ ‌and‌ ‌Dataset‌ ‌II‌ ‌covering‌ ‌subtype‌ ‌A‌ ‌sub-epidemic‌ ‌consistently‌‌inferred‌‌R‌e‌ ‌above‌‌1‌‌                           

(median‌ ‌values‌ ‌are‌ ‌‌2.8‌ ‌and‌ ‌2.6,‌ ‌Fig.‌ ‌3.6),‌ ‌implying‌ ‌a‌ ‌growing‌ ‌epidemic.‌ ‌For‌ ‌the‌‌                           

above-mentioned‌‌reasons,‌‌these‌‌values‌‌should‌‌be‌‌considered‌‌as‌‌lower‌‌boundaries;‌‌the‌‌actual‌‌                       

growth‌ ‌rate‌ ‌is‌ ‌probably‌ ‌higher.‌ ‌The‌ ‌rate‌ ‌of‌ ‌becoming‌ ‌uninfectious‌ ‌is‌‌estimated‌‌as‌‌0.37‌‌and‌‌                             

0.20‌ ‌for‌ ‌datasets‌ ‌I‌ ‌and‌ ‌II,‌ ‌which‌‌is‌‌equivalent‌‌to‌‌the‌‌total‌‌duration‌‌of‌‌infection‌‌of‌‌2.7‌‌and‌‌5‌‌                                     

years,‌ ‌respectively.‌ ‌ 

Independently,‌ ‌we‌ ‌inferred‌ ‌the‌ ‌R‌e‌ ‌dynamics‌ ‌from‌ ‌case‌ ‌count‌ ‌data‌ ‌using‌ ‌EpiEstim‌‌                       

(Supplementary‌ ‌Fig.‌ ‌A-14).‌ ‌These‌ ‌estimates‌ ‌of‌ ‌R‌e‌ ‌were‌ ‌lower,‌ ‌compared‌‌to‌‌the‌‌birth-death‌‌                         

model,‌ ‌although‌ ‌still‌ ‌strictly‌ ‌higher‌ ‌than‌ ‌1.‌ ‌There‌ ‌can‌ ‌be‌ ‌at‌ ‌least‌ ‌two‌ ‌reasons‌ ‌for‌ ‌this‌‌                               

discrepancy.‌ ‌First,‌ ‌we‌ ‌only‌ ‌have‌ ‌incidence‌‌data‌‌starting‌‌from‌‌2000,‌‌and‌‌the‌‌sliding‌‌window‌‌                           

approach‌‌implemented‌‌in‌‌EpiEstim‌‌does‌‌not‌‌allow‌‌us‌‌to‌‌obtain‌‌R‌e‌ ‌estimates‌‌for‌‌years‌‌before‌‌                             

2005.‌‌If‌‌R‌e‌ ‌in‌‌the‌‌1990s‌‌and‌‌early‌‌2000s‌‌was‌‌in‌‌fact‌‌higher‌‌than‌‌that‌‌later‌‌in‌‌the‌‌epidemic,‌‌the‌‌                                       

EpiEstim‌ ‌estimate‌ ‌would‌ ‌not‌ ‌be‌ ‌reflective‌ ‌of‌ ‌the‌ ‌epidemic‌ ‌as‌ ‌a‌ ‌whole‌ ‌and‌ ‌would‌ ‌be‌ ‌an‌‌                               

underestimate.‌ ‌Second,‌ ‌R‌e‌ ‌can‌ ‌be‌ ‌biased‌ ‌by‌ ‌heterogeneity‌ ‌in‌ ‌sampling‌ ‌procedure;‌ ‌for‌‌                       

instance,‌ ‌if‌ ‌the‌‌epidemic‌‌shifts‌‌to‌‌the‌‌heterosexual‌‌population‌‌but‌‌infected‌‌heterosexuals‌‌are‌‌                         

diagnosed‌ ‌more‌ ‌slowly,‌ ‌the‌ ‌count-based‌ ‌R‌e‌‌ ‌estimate‌ ‌would‌ ‌be‌ ‌lowered.‌ ‌ 

Besides‌ ‌subtype‌ ‌A,‌ ‌we‌ ‌separately‌ ‌studied‌ ‌CRF63‌ ‌which‌ ‌recently‌ ‌evolved‌ ‌in‌ ‌the‌‌                       

Siberian‌‌part‌‌of‌‌Russia‌‌as‌‌a‌‌result‌‌of‌‌recombination‌‌between‌‌CRF02‌‌and‌‌subtype‌‌A6‌‌and‌‌has‌‌                               

been‌ ‌spreading‌ ‌across‌ ‌the‌ ‌regions‌ ‌of‌ ‌Russia‌ ‌since‌ ‌then.‌‌We‌‌show‌‌that‌‌in‌‌Oryol‌‌Oblast,‌‌it‌‌is‌‌                                 

mostly‌ ‌represented‌ ‌by‌ ‌a‌ ‌single‌ ‌introduction‌ ‌event‌ ‌that‌ ‌resulted‌ ‌in‌ ‌52‌ ‌identified‌ ‌infections.‌‌                         

This‌ ‌transmission‌ ‌lineage‌ ‌was‌ ‌unexpectedly‌ ‌young‌ ‌for‌ ‌its‌ ‌size,‌ ‌motivating‌ ‌us‌ ‌to‌ ‌compare‌‌                         

epidemiological‌ ‌dynamics‌‌of‌‌subtype‌‌A‌‌and‌‌CRF63.‌‌We‌‌compared‌‌the‌‌two‌‌largest‌‌clades‌‌of‌‌                           

these‌‌variants‌‌using‌‌two‌‌phylodynamic‌‌approaches.‌‌First,‌‌we‌‌inferred‌‌the‌‌growth‌‌rate‌‌of‌‌both‌‌                           
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clades‌‌assuming‌‌logistic‌‌growth;‌‌second,‌‌we‌‌inferred‌‌the‌‌reproduction‌‌number‌‌and‌‌the‌‌rate‌‌of‌‌                           

becoming‌ ‌uninfectious‌ ‌using‌ ‌a‌ ‌birth-death‌ ‌model‌ ‌and‌ ‌a‌ ‌sampling‌ ‌prior‌ ‌used‌ ‌for‌ ‌multi-tree‌‌                         

subtype‌ ‌A‌ ‌analysis.‌ ‌Both‌ ‌analyses‌ ‌indicate‌ ‌a‌ ‌higher‌ ‌growth‌ ‌rate‌ ‌of‌ ‌the‌ ‌CRF63‌ ‌clade.‌ ‌ 

The‌ ‌rapid‌ ‌invasion‌ ‌of‌ ‌CRF63‌ ‌in‌ ‌Oryol‌ ‌Oblast‌ ‌is‌ ‌consistent‌ ‌with‌ ‌the‌ ‌fact‌ ‌that‌ ‌this‌‌                             

variant‌ ‌has‌ ‌been‌ ‌rapidly‌ ‌expanding‌ ‌in‌ ‌several‌ ‌Russian‌ ‌regions‌ ‌in‌ ‌recent‌ ‌years,‌ ‌and‌ ‌has‌‌                           

become‌ ‌the‌ ‌dominant‌ ‌variant‌ ‌in‌ ‌some‌ ‌of‌ ‌them‌ ‌‌[344–346]‌.‌ ‌The‌ ‌differences‌ ‌in‌ ‌the‌ ‌rate‌ ‌of‌‌                             

spread‌ ‌of‌ ‌A‌ ‌and‌ ‌CRF63‌ ‌could‌ ‌result‌ ‌from‌ ‌biological‌ ‌and/or‌ ‌epidemiological‌ ‌differences‌‌                       

between‌ ‌these‌ ‌two‌ ‌variants.‌ ‌CRF63‌ ‌has‌ ‌originated‌ ‌from‌ ‌CRF02‌ ‌and‌ ‌A6‌ ‌‌[347]‌;‌ ‌different‌‌                         

properties‌ ‌of‌ ‌CRF02‌ ‌(‌[164,348]‌,‌ ‌but‌ ‌see‌ ‌‌[349]‌)‌ ‌from‌ ‌the‌ ‌major‌ ‌Russian‌ ‌strain‌ ‌A6‌ ‌may‌ ‌be‌‌                             

responsible‌‌for‌‌CRF63‌‌success,‌‌although‌‌experimental‌‌studies‌‌are‌‌required.‌‌Indeed,‌‌while‌‌the‌‌                       

biological‌ ‌properties‌ ‌of‌ ‌CRF63‌ ‌have‌ ‌not‌ ‌yet‌ ‌been‌ ‌studied‌ ‌extensively,‌ ‌this‌ ‌strain‌ ‌has‌ ‌been‌‌                           

reported‌ ‌to‌ ‌cause‌ ‌a‌ ‌different‌ ‌immunological‌ ‌response‌[350]‌.‌‌There‌‌are‌‌also‌‌epidemiological‌‌                       

differences‌‌between‌‌A‌‌and‌‌CRF63.‌‌CRF63‌‌was‌‌introduced‌‌into‌‌Oryol‌‌Oblast‌‌much‌‌later‌‌than‌‌                           

subtype‌ ‌A;‌ ‌thus,‌ ‌CRF63-associated‌ ‌infections‌ ‌are‌ ‌expected‌ ‌to‌ ‌be‌ ‌younger‌ ‌even‌ ‌when‌‌                       

controlling‌ ‌for‌ ‌the‌ ‌year‌ ‌of‌ ‌diagnosis.‌ ‌Furthermore,‌ ‌a‌ ‌smaller‌ ‌fraction‌ ‌of‌ ‌CRF63-infected‌‌                       

patients‌‌were‌‌reported‌‌to‌‌receive‌‌therapy‌‌(16%‌‌vs.‌‌40%‌‌in‌‌our‌‌dataset,‌‌Fig.‌‌3.7);‌‌this‌‌could‌‌be‌‌                                 

due‌ ‌to‌ ‌a‌ ‌lower‌ ‌rate‌ ‌of‌ ‌disease‌ ‌progression‌ ‌in‌ ‌CRF63‌ ‌resulting‌ ‌in‌ ‌it‌ ‌being‌ ‌transmittable‌ ‌for‌‌                               

longer‌ ‌than‌ ‌A6‌ ‌and‌ ‌producing‌ ‌more‌ ‌infections,‌ ‌but‌ ‌can‌ ‌also‌ ‌be‌ ‌due‌ ‌to‌ ‌infections‌ ‌by‌ ‌this‌‌                               

variant‌‌being‌‌more‌‌recent.‌‌A‌‌high‌‌fraction‌‌of‌‌IDUs‌‌in‌‌the‌‌CRF63‌‌clade‌‌also‌‌hints‌‌at‌‌increased‌‌                                 

transmission‌ ‌through‌ ‌this‌ ‌group.‌ ‌The‌ ‌differences‌ ‌between‌ ‌CRF63‌ ‌and‌ ‌A6‌ ‌merit‌ ‌further‌ ‌study.‌‌ ‌  

The‌‌distribution‌‌of‌‌transmission‌‌routes‌‌is‌‌informative‌‌about‌‌epidemiological‌‌patterns.‌‌                   

We‌ ‌did‌ ‌not‌ ‌observe‌ ‌excessive‌ ‌clustering‌ ‌among‌ ‌males‌ ‌such‌ ‌as‌ ‌has‌ ‌been‌ ‌reported‌ ‌in‌ ‌many‌‌                             

countries‌ ‌where‌ ‌the‌ ‌MSM-associated‌ ‌subtype‌ ‌B‌ ‌is‌ ‌prevalent‌ ‌‌[185–187,325]‌.‌ ‌‌This‌ ‌might‌‌be‌‌                       

explained‌‌by‌‌a‌‌different‌‌structure‌‌of‌‌the‌‌HIV-1‌‌epidemic‌‌in‌‌Russia.‌‌Compared‌‌to‌‌those‌‌areas‌‌                             
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where‌ ‌most‌ ‌new‌ ‌diagnoses‌ ‌come‌ ‌from‌ ‌MSM‌ ‌contacts‌ ‌resulting‌ ‌in‌ ‌a‌ ‌majority‌ ‌of‌ ‌the‌‌                           

HIV-positive‌ ‌population‌ ‌being‌ ‌male,‌ ‌HIV-1‌‌in‌‌Russia‌‌heavily‌‌affects‌‌the‌‌general‌‌population‌‌                       

through‌‌HET‌‌contacts‌‌as‌‌well‌‌as‌‌the‌‌IDUs,‌‌making‌‌the‌‌male-to-female‌‌ratio‌‌less‌‌biased‌‌(Fig.‌‌                             

3.1,‌ ‌refs‌ ‌on‌ ‌official‌ ‌stats‌ ‌on‌ ‌Russia).‌‌ ‌  

By‌ ‌contrast,‌ ‌we‌ ‌do‌ ‌observe‌ ‌clustering‌ ‌of‌ ‌IDUs‌‌in‌‌transmission‌‌lineages.‌‌Part‌‌of‌‌this‌‌                           

effect‌ ‌could‌ ‌arise‌ ‌from‌ ‌a‌ ‌possible‌ ‌fraction‌ ‌of‌ ‌non-Oryol‌ ‌residents‌ ‌outside‌ ‌transmission‌‌                       

l‌ineages‌‌(see‌‌above),‌‌e.g.‌‌if‌‌non-Oryol‌‌residents‌‌are‌‌less‌‌likely‌‌to‌‌be‌‌IDUs.‌‌‌However,‌‌we‌‌also‌‌                               

observe‌‌that‌‌IDUs‌‌are‌‌more‌‌likely‌‌to‌‌co-occur‌‌within‌‌the‌‌same‌‌transmission‌‌lineages,‌‌and‌‌this‌‌                             

bias‌ ‌cannot‌ ‌have‌ ‌a‌ ‌purely‌ ‌geographic‌ ‌nature.‌ ‌Therefore,‌ ‌the‌ ‌observed‌ ‌IDU‌ ‌clustering‌‌                       

probably‌ ‌results‌ ‌from‌ ‌‌increased‌ ‌transmission‌ ‌within‌ ‌‌enclosed‌ ‌communities‌ ‌of‌ ‌drug‌ ‌users,‌‌                     

although‌ ‌this‌ ‌partially‌ ‌may‌ ‌also‌ ‌come‌ ‌from‌ ‌IDU‌ ‌being‌ ‌the‌ ‌major‌ ‌transmission‌ ‌route‌ ‌in‌‌the‌‌                             

early‌ ‌years‌ ‌of‌ ‌the‌ ‌epidemic‌ ‌in‌ ‌Russia.‌‌ ‌  

The‌ ‌MSM‌ ‌transmission‌‌route‌‌was‌‌rarely‌‌(0.8%)‌‌reported‌‌in‌‌our‌‌dataset.‌‌Still,‌‌five‌‌of‌‌                           

six‌‌MSM‌‌cases‌‌belong‌‌to‌‌subtype‌‌B‌‌in‌‌agreement‌‌with‌‌the‌‌historical‌‌association‌‌of‌‌subtype‌‌B‌‌                               

with‌‌this‌‌route‌‌of‌‌transmission.‌‌A‌‌striking‌‌contrast‌‌between‌‌the‌‌number‌‌of‌‌males‌‌in‌‌subtype‌‌B‌‌                               

and‌ ‌a‌ ‌low‌ ‌fraction‌ ‌of‌ ‌MSM‌ ‌probably‌ ‌stems‌ ‌from‌ ‌major‌ ‌underreporting‌ ‌of‌ ‌MSM.‌ ‌ 

In‌ ‌our‌ ‌dataset,‌ ‌only‌‌39%‌‌of‌‌patients‌‌were‌‌on‌‌therapy;‌‌this‌‌fraction‌‌is‌‌lower‌‌than‌‌that‌‌                               

reported‌‌by‌‌the‌‌Oryol‌‌AIDS‌‌center‌‌(65%).‌‌This‌‌is‌‌because‌‌a‌‌significant‌‌fraction‌‌of‌‌our‌‌dataset‌‌                               

corresponds‌ ‌to‌‌recently‌‌diagnosed‌‌patients‌‌who‌‌have‌‌not‌‌started‌‌receiving‌‌therapy‌‌yet.‌‌Prior‌‌                         

to‌ ‌2016,‌ ‌according‌ ‌to‌ ‌government‌ ‌regulations,‌ ‌therapy‌ ‌was‌ ‌only‌ ‌provided‌ ‌to‌ ‌patients‌ ‌with‌‌                         

CD4‌ ‌counts‌ ‌below‌ ‌350‌ ‌‌[351]‌.‌ ‌While‌ ‌post-2018‌ ‌recommendations‌ ‌propose‌ ‌therapy‌ ‌for‌ ‌all‌‌                       

patients‌ ‌‌[352]‌,‌ ‌and‌ ‌the‌ ‌fraction‌ ‌of‌ ‌HIV-positive‌ ‌people‌ ‌on‌ ‌therapy‌ ‌was‌ ‌increasing‌ ‌both‌ ‌in‌‌                           

Oryol‌‌Oblast‌‌and‌‌in‌‌Russia‌‌in‌‌general,‌‌the‌‌funding‌‌allocated‌‌in‌‌2019‌‌‌[353]‌‌and‌‌in‌‌2020‌‌‌[354]‌‌                                 

only‌ ‌covered‌ ‌therapy‌ ‌for‌ ‌60%‌ ‌and‌ ‌64%‌ ‌of‌‌HIV-positive‌‌patients‌‌enrolled‌‌in‌‌care‌‌in‌‌Russia.‌‌                             
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Our‌‌finding‌‌of‌‌large‌‌R‌e‌ ‌is‌‌in‌‌line‌‌with‌‌the‌‌insufficient‌‌effectiveness‌‌of‌‌the‌‌policies‌‌currently‌‌in‌‌                                 

place‌ ‌to‌ ‌curb‌ ‌the‌ ‌HIV-1‌ ‌epidemic‌ ‌in‌ ‌Russia.‌ ‌ 

Taken‌ ‌together,‌ ‌the‌ ‌results‌ ‌presented‌ ‌in‌ ‌this‌ ‌work‌ ‌offer‌ ‌the‌ ‌most‌ ‌in-depth‌‌                       

molecular-based‌ ‌characteristic‌ ‌of‌ ‌the‌ ‌HIV-1‌ ‌sub-epidemic‌ ‌within‌ ‌Russia.‌ ‌Multiple‌ ‌lines‌ ‌of‌‌                     

evidence‌‌indicate‌‌that‌‌the‌‌HIV-1‌‌epidemic‌‌in‌‌Oryol‌‌Oblast‌‌is‌‌clearly‌‌growing,‌‌mainly‌‌due‌‌to‌‌                             

subtype‌‌A.‌‌We‌‌provide‌‌evidence‌‌that‌‌the‌‌frequency‌‌of‌‌the‌‌recently‌‌introduced‌‌CRF63‌‌grows‌‌                           

faster‌‌compared‌‌to‌‌subtype‌‌A,‌‌and‌‌suggest‌‌that‌‌this‌‌variant‌‌may‌‌eventually‌‌start‌‌to‌‌contribute‌                             

more‌ ‌significantly‌ ‌to‌ ‌the‌ ‌Oryol‌ ‌epidemic.‌ ‌CRF63‌ ‌should‌ ‌be‌ ‌a‌ ‌high-priority‌ ‌target‌ ‌for‌‌                         

molecular‌ ‌surveillance‌ ‌and‌ ‌experimental‌ ‌studies‌ ‌in‌ ‌Oryol‌ ‌Oblast.‌ ‌ 

‌ 

‌ 

‌ 

‌   
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CHAPTER‌ ‌4:‌ ‌Molecular‌ ‌epidemiology‌ ‌of‌ ‌SARS-CoV-2‌ ‌in‌ ‌Russia‌‌ 

early‌ ‌in‌ ‌the‌ ‌pandemic‌ ‌ 

4.1.‌ ‌Introduction‌ ‌ 

Russia‌‌is‌‌among‌‌the‌‌five‌‌countries‌‌with‌‌the‌‌highest‌‌number‌‌of‌‌confirmed‌‌COVID-19‌‌                         

cases‌ ‌‌[355]‌.‌ ‌However,‌ ‌the‌ ‌outbreak‌ ‌in‌ ‌Russia‌ ‌started‌ ‌later‌ ‌than‌ ‌in‌ ‌many‌ ‌neighboring‌‌                         

European‌ ‌countries‌ ‌‌[356–358]‌,‌ ‌possibly‌ ‌in‌ ‌part‌ ‌due‌ ‌to‌ ‌early‌ ‌implementation‌ ‌of‌‌                     

non-pharmaceutical‌ ‌interventions‌ ‌(NPIs)‌ ‌limiting‌ ‌virus‌ ‌import.‌ ‌Early‌ ‌NPIs‌ ‌included‌‌                 

introduction‌ ‌of‌ ‌quarantine‌ ‌for‌ ‌passengers‌ ‌arriving‌ ‌from‌‌China‌‌on‌‌January‌‌23,‌‌2020,‌‌closing‌‌                         

the‌‌land‌‌border‌‌with‌‌China‌‌on‌‌January‌‌31,‌‌cancellation‌‌of‌‌most‌‌incoming‌‌flights‌‌from‌‌China‌‌                             

on‌‌February‌‌1,‌‌restricting‌‌the‌‌entrance‌‌of‌‌non-Russian‌‌citizens‌‌from‌‌China‌‌on‌‌February‌‌4,‌‌and‌‌                             

restricting‌‌entrance‌‌from‌‌Iran‌‌and‌‌South‌‌Korea‌‌in‌‌late‌‌February‌‌‌[359–367]‌.‌‌While‌‌the‌‌earliest‌‌                           

formally‌ ‌confirmed‌ ‌two‌ ‌cases‌ ‌in‌ ‌Russia‌ ‌dated‌ ‌to‌ ‌January‌ ‌and‌ ‌could‌ ‌be‌ ‌associated‌ ‌with‌ ‌a‌‌                             

direct‌ ‌introduction‌ ‌from‌ ‌China‌ ‌‌[368]‌,‌ ‌no‌ ‌further‌ ‌cases‌ ‌were‌ ‌detected‌ ‌until‌ ‌March‌ ‌2,‌ ‌2020,‌‌                           

when‌ ‌a‌ ‌woman‌ ‌returning‌ ‌from‌ ‌Italy‌ ‌tested‌ ‌positive‌ ‌‌[369]‌.‌ ‌ 

Nevertheless,‌‌since‌‌March‌‌3,‌‌a‌‌steady‌‌increase‌‌in‌‌confirmed‌‌cases‌‌has‌‌started,‌‌with‌‌the‌‌                           

initial‌ ‌country-wide‌ ‌estimated‌ ‌reproduction‌ ‌number‌ ‌R‌ ‌of‌ ‌~2‌ ‌‌[370]‌.‌ ‌Before‌ ‌March‌ ‌21,‌ ‌all‌‌                         

confirmed‌ ‌Russian‌ ‌cases‌ ‌were‌ ‌imported,‌ ‌while‌ ‌most‌ ‌European‌ ‌countries‌ ‌already‌ ‌had‌ ‌local‌‌                       

transmission‌‌by‌‌this‌‌time‌‌‌[356,371]‌.‌‌Since‌‌early‌‌March,‌‌Russian‌‌regional‌‌authorities‌‌had‌‌been‌‌                         

implementing‌ ‌their‌ ‌own‌ ‌NPIs.‌ ‌In‌ ‌particular,‌ ‌specific‌ ‌measures‌ ‌were‌ ‌introduced‌ ‌in‌‌Moscow‌‌                       

and‌ ‌Saint‌ ‌Petersburg,‌ ‌the‌ ‌two‌ ‌largest‌ ‌transportation‌ ‌hubs‌ ‌responsible‌ ‌respectively‌ ‌for‌ ‌67%‌‌                       

[372–374]‌‌and‌‌10%‌‌‌[375]‌‌of‌‌Russia’s‌‌international‌‌air‌‌traffic.‌‌In‌‌Moscow,‌‌since‌‌March‌‌5,‌‌all‌‌                             

international‌ ‌travelers‌ ‌were‌‌temperature‌‌checked‌‌at‌‌the‌‌border;‌‌and‌‌passengers‌‌coming‌‌from‌‌                       

countries‌ ‌with‌ ‌registered‌ ‌cases‌ ‌of‌ ‌SARS-CoV-2‌ ‌had‌ ‌to‌ ‌report‌ ‌to‌ ‌authorities;‌ ‌while‌ ‌those‌‌                         
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coming‌ ‌from‌ ‌countries‌ ‌with‌ ‌high‌ ‌case‌‌counts‌‌at‌‌the‌‌time,‌‌including‌‌China,‌‌Italy,‌‌Spain,‌‌and‌‌                             

the‌ ‌UK,‌‌were‌‌quarantined‌‌‌[376]‌.‌‌Since‌‌March‌‌14,‌‌mandatory‌‌quarantine‌‌was‌‌also‌‌applied‌‌to‌‌                           

passengers’‌‌family‌‌members‌‌‌[377]‌,‌‌and‌‌since‌‌March‌‌16,‌‌it‌‌was‌‌introduced‌‌for‌‌all‌‌international‌‌                           

travelers‌ ‌‌[378]‌.‌ ‌The‌ ‌NPIs‌ ‌at‌‌Saint‌‌Petersburg‌‌were‌‌timed‌‌similarly‌‌‌[379]‌.‌‌On‌‌March‌‌13,‌‌the‌‌                             

entrance‌ ‌of‌ ‌non-Russian‌ ‌citizens‌ ‌from‌ ‌Italy‌ ‌was‌ ‌restricted‌ ‌at‌ ‌the‌ ‌state‌ ‌level‌ ‌‌[380]‌,‌ ‌and‌ ‌on‌‌                             

March‌ ‌18,‌ ‌entrance‌ ‌into‌‌Russia‌‌for‌‌all‌‌non-Russian‌‌citizens‌‌for‌‌non-emergency‌‌reasons‌‌was‌‌                         

banned‌ ‌‌[381]‌.‌ ‌While‌ ‌inbound‌ ‌flights,‌ ‌mainly‌ ‌returning‌ ‌Russian‌ ‌citizens‌ ‌from‌ ‌abroad,‌ ‌were‌‌                       

still‌‌operating‌‌as‌‌of‌‌early‌‌July‌‌2020,‌‌passenger‌‌traffic‌‌has‌‌decreased‌‌drastically‌‌(e.g.,‌‌20-fold‌‌                           

at‌ ‌the‌ ‌Moscow‌ ‌Sheremetyevo‌ ‌airport,‌ ‌the‌ ‌one‌ ‌that‌ ‌accepts‌‌most‌‌international‌‌flights‌‌during‌‌                         

the‌ ‌pandemic‌ ‌‌[382,383]‌).‌‌ ‌  

Here,‌ ‌we‌ ‌report‌ ‌the‌ ‌analysis‌ ‌of‌ ‌211‌ ‌SARS-CoV-2‌ ‌complete‌ ‌genome‌ ‌sequences‌‌                     

obtained‌ ‌in‌ ‌Russia‌ ‌between‌ ‌March‌ ‌11,‌ ‌2020‌ ‌(when‌ ‌there‌ ‌were‌ ‌just‌ ‌28‌ ‌confirmed‌ ‌cases‌‌                           

Russia-wide)‌ ‌and‌ ‌April‌ ‌23,‌ ‌2020‌ ‌(when‌ ‌there‌ ‌were‌ ‌62,773‌ ‌confirmed‌ ‌cases)‌ ‌‌[384,385]‌.‌‌                       

Phylogenetic‌‌analysis‌‌reveals‌‌distinct‌‌introduced‌‌lineages‌‌associated‌‌with‌‌transmission‌‌within‌‌                   

Russia,‌‌as‌‌well‌‌as‌‌multiple‌‌individual‌‌samples‌‌phylogenetically‌‌intertwined‌‌with‌‌non-Russian‌‌                     

sequences.‌ ‌The‌ ‌largest‌ ‌identified‌ ‌lineage‌‌corresponds‌‌to‌‌an‌‌outbreak‌‌at‌‌the‌‌Vreden‌‌hospital;‌‌                         

phylodynamic‌ ‌analysis‌ ‌of‌ ‌this‌ ‌outbreak‌ ‌reveals‌ ‌between‌ ‌2‌ ‌and‌ ‌3‌ ‌distinct‌ ‌introductions‌ ‌and‌‌                         

initial‌ ‌rapid‌ ‌spread‌ ‌curbed‌ ‌by‌ ‌subsequent‌ ‌establishment‌ ‌of‌ ‌quarantine.‌ ‌ 

‌   
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4.2.‌ ‌Methods‌ ‌ 

4.2.1.‌ ‌Sample‌ ‌collection‌ ‌and‌ ‌sequencing‌ ‌ 

Nasopharyngeal‌ ‌and/or‌ ‌throat‌ ‌swabs‌ ‌were‌ ‌collected‌ ‌in‌ ‌virus‌ ‌transport‌ ‌media.‌ ‌Total‌‌                     

RNA‌ ‌was‌ ‌extracted‌ ‌using‌ ‌the‌ ‌RiboPrep‌ ‌DNA/RNA‌ ‌extraction‌ ‌kit‌ ‌(AmpliSens,‌ ‌Russia).‌‌                     

Extracted‌ ‌RNA‌ ‌was‌ ‌immediately‌ ‌tested‌ ‌for‌ ‌SARS-CoV-2‌ ‌using‌ ‌LightMix‌ ‌®‌ ‌SarbecoV‌‌                     

E-gene‌ ‌plus‌ ‌EAV‌ ‌control‌ ‌(TIB‌ ‌Molbiol,‌ ‌Berlin,‌ ‌Germany)‌ ‌provided‌ ‌by‌‌the‌‌WHO‌‌Regional‌‌                         

Office‌ ‌for‌ ‌Europe‌ ‌and‌ ‌based‌ ‌on‌ ‌Charite‌ ‌protocol‌ ‌‌[386]‌.‌‌LightMix‌‌®‌‌SarbecoV‌‌E-gene‌‌plus‌‌                           

EAV‌‌control‌‌was‌‌used‌‌with‌‌BioMaster‌‌qRT-PCR‌‌Kit‌‌(Biolabmix,‌‌Russia).‌‌Briefly,‌‌each‌‌20 μL‌‌                         

reaction‌‌mixture‌‌contained‌‌10 μL‌‌of‌‌2x‌‌buffer,‌‌0,5 μL‌‌of‌‌LightMix‌‌SarbecoV‌‌E-gene‌‌reagent‌‌                         

mix,‌‌4.7 μL‌‌of‌‌nuclease-free‌‌water,‌‌0.8 μL‌‌of‌‌the‌‌enzyme,‌‌and‌‌4 μL‌‌of‌‌extracted‌‌RNA‌‌as‌‌the‌‌                               

template.‌‌RT-PCR‌‌was‌‌performed‌‌on‌‌a‌‌LightCycler‌‌96‌‌RT-PCR‌‌system‌‌(Roche).‌‌The‌‌thermal‌‌                         

cycling‌‌conditions‌‌were‌‌55 °C‌‌for‌‌15 min,‌‌95 °C‌‌for‌‌5 min,‌‌followed‌‌by‌‌45‌‌cycles‌‌of‌‌95 °C‌‌for‌‌                               

5 s,‌‌60 °C‌‌for‌‌15 s‌‌and‌‌72 °C‌‌for‌‌15 s.‌‌Specimens‌‌with‌‌Ct‌‌values‌‌less‌‌than‌‌30‌‌were‌‌selected‌‌for‌‌                                   

whole-genome‌ ‌sequencing.‌‌ ‌  

4.2.2.‌ ‌Ethics‌ ‌ 

Samples‌ ‌used‌ ‌in‌ ‌this‌ ‌study‌ ‌were‌ ‌collected‌ ‌as‌ ‌part‌ ‌of‌ ‌approved‌‌ongoing‌‌surveillance‌‌                         

conducted‌ ‌by‌ ‌the‌ ‌Smorodintsev‌ ‌Research‌ ‌Institute‌ ‌of‌ ‌Influenza.‌ ‌Written‌ ‌informed‌ ‌consent‌‌                     

was‌ ‌obtained‌ ‌from‌ ‌all‌ ‌subjects.‌ ‌All‌ ‌samples‌‌were‌‌de-identified‌‌prior‌‌to‌‌receipt‌‌by‌‌the‌‌study‌‌                             

team.‌‌The‌‌study‌‌was‌‌presented‌‌to‌‌the‌‌Local‌‌Ethics‌‌Committee‌‌at‌‌the‌‌Smorodintsev‌‌Research‌‌                           

Institute‌ ‌of‌ ‌Influenza.‌ ‌The‌ ‌Committee‌ ‌concluded‌ ‌(protocol‌ ‌#151)‌ ‌that‌ ‌the‌ ‌study‌ ‌does‌ ‌not‌‌                         

make‌ ‌use‌ ‌of‌ ‌new‌ ‌identifiable‌ ‌biological‌ ‌samples‌ ‌and‌ ‌does‌ ‌not‌ ‌bring‌ ‌forward‌ ‌any‌ ‌new‌‌                           
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sensitive‌ ‌data.‌ ‌Therefore,‌ ‌according‌ ‌to‌ ‌the‌ ‌rules‌ ‌of‌ ‌the‌ ‌Committee‌ ‌and‌ ‌national‌ ‌regulations‌‌                         

this‌ ‌project‌ ‌does‌ ‌not‌ ‌require‌ ‌ethical‌ ‌approval.‌ ‌ 

4.2.3.‌ ‌Virus‌ ‌isolation‌ ‌ 

For‌ ‌some‌ ‌of‌ ‌the‌ ‌SARS-CoV-2‌ ‌PCR-positive‌ ‌samples,‌ ‌viruses‌ ‌were‌ ‌isolated‌ ‌in‌ ‌Vero‌‌                       

cell‌ ‌culture‌ ‌(ATCC‌ ‌#CCL-81).‌ ‌Cells‌ ‌were‌ ‌propagated‌ ‌in‌ ‌MEM‌ ‌(Gibco)‌ ‌supplemented‌‌with‌‌                       

GlutaMax‌ ‌(Gibco),‌‌Sodium‌‌Pyruvate‌‌(Gibco),‌‌and‌‌10%‌‌FBS‌‌(Gibco‌‌#10500).‌‌2‌‌days‌‌before‌‌                         

inoculation‌ ‌cells‌ ‌were‌ ‌seeded‌ ‌in‌‌5.5‌‌cm‌2‌ ‌cell‌‌culture‌‌tubes‌‌(Nunc)‌‌at‌‌1:4‌‌ratio‌‌and‌‌5%‌‌FBS.‌‌                                 

Samples‌ ‌were‌ ‌diluted‌ ‌1:10‌‌with‌‌serum-free‌‌media‌‌containing‌‌antibiotic-antimycotic‌‌(Gibco)‌‌                   

and‌ ‌inoculated‌ ‌to‌ ‌cells‌ ‌in‌ ‌a‌ ‌volume‌ ‌of‌ ‌0.5‌ ‌ml/tube.‌ ‌After‌ ‌incubation‌ ‌for‌ ‌2‌ ‌h‌ ‌at‌ ‌37°C,‌ ‌the‌‌                                   

inoculum‌ ‌was‌ ‌removed‌ ‌and‌ ‌3‌ ‌ml‌ ‌of‌ ‌serum-free‌ ‌media‌ ‌with‌ ‌anti-anti‌ ‌was‌ ‌added‌ ‌to‌ ‌tubes.‌                             

Viruses‌ ‌were‌ ‌harvested‌ ‌4-6‌ ‌days‌ ‌post-inoculation‌ ‌(p.i.)‌ ‌when‌ ‌cytopathic‌ ‌effect‌ ‌(CPE)‌ ‌was‌‌                       

near‌‌80-100%,‌‌while‌‌first‌‌signs‌‌of‌‌CPE‌‌were‌‌typically‌‌observed‌‌2-4‌‌days‌‌p.i.‌‌For‌‌subsequent‌‌                             

work,‌ ‌0.15‌ ‌ml‌ ‌of‌‌virus‌‌suspension‌‌was‌‌lysed‌‌in‌‌0.5‌‌ml‌‌RLT‌‌buffer‌‌(QIAGEN)‌‌and‌‌stored‌‌at‌‌                                 

-20°C‌ ‌until‌ ‌RNA‌ ‌extraction.‌ ‌ 

4.2.4.‌ ‌Whole-genome‌ ‌sequencing‌ ‌ 

RNA‌ ‌from‌ ‌primary‌ ‌clinical‌ ‌specimens‌ ‌and‌ ‌virus‌ ‌isolates‌ ‌was‌ ‌re-extracted‌ ‌using‌‌                     

QIAamp‌‌Viral‌‌RNA‌‌Mini‌‌Kit‌‌or‌‌RNeasy‌‌Mini‌‌Kit‌‌(QIAGEN).‌‌Whole-genome‌‌amplification‌‌                       

of‌‌the‌‌SARS-CoV-2‌‌virus‌‌genome‌‌was‌‌performed‌‌using‌‌ARTIC‌‌Network‌‌protocol‌‌‌[387]‌‌with‌‌                         

modifications.‌ ‌ARTIC‌ ‌Network‌ ‌primer‌ ‌sets‌ ‌were‌ ‌modified‌ ‌by‌ ‌adding‌ ‌ONT‌ ‌universal‌ ‌tags:‌‌                       

5’-TTTCTGTTGGTGCTGATATTGC-3’‌ ‌and‌ ‌5’-ACTTGCCTGTCGCTCTATCTTC-3’‌ ‌for‌‌       

forward‌ ‌and‌ ‌reverse‌ ‌primers,‌ ‌respectively.‌ ‌1D‌‌Ligation‌‌sequencing‌‌kit‌‌(SQK-LSK109)‌‌with‌‌                     
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PCR‌ ‌barcoding‌ ‌expansion‌ ‌(EXP-PBC096)‌ ‌was‌ ‌utilized‌ ‌for‌ ‌sequencing‌ ‌library‌ ‌preparation.‌‌                   

MinION‌ ‌(Oxford‌ ‌Nanopore)‌ ‌(flow‌ ‌cell‌ ‌R9.4.1)‌ ‌was‌ ‌used‌ ‌for‌ ‌whole-genome‌ ‌sequencing.‌ ‌ 

4.2.5.‌ ‌Genome‌ ‌assembly‌ ‌and‌ ‌consensus‌ ‌correction‌ ‌ 

Fast5‌ ‌files‌ ‌produced‌ ‌by‌ ‌minION‌ ‌were‌ ‌basecalled‌ ‌using‌ ‌guppy_basecaller‌ ‌v3.6.0‌‌                   

[388]‌.‌‌Basecalled‌‌reads‌‌were‌‌processed‌‌by‌‌Porechop‌‌v0.2.4‌‌‌[389]‌‌in‌‌two‌‌steps.‌‌First,‌‌for‌‌each‌‌                             

sequencing‌ ‌run,‌ ‌reads‌ ‌were‌ ‌demultiplexed‌ ‌with‌ ‌default‌ ‌settings,‌ ‌with‌ ‌built-in‌ ‌barcode‌ ‌and‌‌                       

adapter‌ ‌sequences‌ ‌cleaved‌ ‌from‌ ‌read‌ ‌ends.‌ ‌Second,‌ ‌PCR‌ ‌primers‌ ‌were‌ ‌trimmed‌ ‌from‌‌                       

demultiplexed‌‌reads‌‌with‌‌options‌‌--end_size‌‌70‌‌--no_split.‌‌Processed‌‌reads‌‌corresponding‌‌to‌‌                     

one‌ ‌sample‌ ‌were‌ ‌combined.‌ ‌ 

For‌‌each‌‌sample,‌‌we‌‌then‌‌mapped‌‌reads‌‌onto‌‌the‌‌Wuhan-Hu-1‌‌SARS-CoV-2‌‌genome‌‌                       

sequence‌ ‌(NCBI‌ ‌ID:‌ ‌MN908947.3)‌ ‌using‌ ‌minimap2‌ ‌v2.17‌ ‌‌[390]‌ ‌with‌ ‌default‌ ‌settings‌ ‌and‌‌                       

filtered‌ ‌out‌ ‌chimeric‌ ‌reads‌ ‌and‌ ‌reads‌ ‌that‌ ‌had‌ ‌secondary‌ ‌alignments.‌ ‌SAMtools-mpileup‌‌                     

v1.10‌ [391]‌ ‌was‌ ‌used‌ ‌to‌ ‌produce‌ ‌draft‌ ‌consensus‌ ‌sequences‌ ‌which‌ ‌were‌ ‌then‌ ‌corrected‌ ‌as‌‌                           

follows.‌ ‌Mappings‌ ‌were‌‌converted‌‌into‌‌.tsv‌‌files‌‌using‌‌sam2tsv‌‌‌[392]‌,‌‌and‌‌for‌‌each‌‌position‌‌                           

in‌ ‌the‌ ‌genome,‌ ‌we‌ ‌computed‌ ‌the‌ ‌frequencies‌ ‌of‌ ‌all‌ ‌variants‌ ‌present.‌ ‌We‌‌further‌‌considered‌‌                           

positions‌ ‌with‌ ‌coverage‌ ‌15‌ ‌or‌ ‌higher‌ ‌and‌ ‌alternative‌ ‌(compared‌ ‌to‌ ‌Wuhan-Hu-1)‌ ‌variant‌‌                       

frequency‌ ‌50%‌ ‌or‌ ‌higher.‌ ‌We‌ ‌corrected‌ ‌the‌‌draft‌‌consensus‌‌sequences‌‌based‌‌on‌‌the‌‌defined‌‌                           

set‌‌of‌‌alternative‌‌variants.‌‌Each‌‌introduced‌‌correction‌‌was‌‌assessed‌‌by‌‌visually‌‌analyzing‌‌the‌‌                         

corresponding‌ ‌region‌ ‌of‌ ‌mapped‌ ‌reads‌ ‌in‌ ‌IGV‌ ‌v2.8.0‌ [393]‌.‌ ‌Additionally,‌ ‌we‌ ‌manually‌‌                       

assessed‌ ‌all‌ ‌alternative‌ ‌variants‌ ‌that‌ ‌had‌ ‌coverage‌ ‌100‌ ‌and‌ ‌below.‌ ‌We‌ ‌observed‌ ‌several‌‌                         

spurious‌ ‌mutations‌ ‌that‌ ‌were‌ ‌not‌ ‌included‌ ‌in‌ ‌final‌ ‌consensus‌ ‌sequences,‌ ‌including‌ ‌the‌‌                       

homoplasic‌‌mutation‌‌G11083T‌‌residing‌‌at‌‌the‌‌end‌‌of‌‌the‌‌poly-T‌‌tract‌‌in‌‌the‌‌genome‌‌that‌‌was‌‌                               

observed‌ ‌in‌ ‌five‌ ‌of‌ ‌our‌ ‌samples.‌ ‌ 
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4.2.6.‌ ‌SARS-CoV-2‌ ‌dataset‌ ‌preparation‌ ‌and‌ ‌filtering‌ ‌ 

All‌ ‌complete‌ ‌high‌ ‌coverage‌ ‌genomes‌ ‌of‌ ‌SARS-CoV-2‌ ‌for‌ ‌all‌ ‌regions‌ ‌were‌‌                     

downloaded‌ ‌from‌ ‌GISAID‌ ‌on‌ ‌May‌ ‌26,‌ ‌2020,‌‌for‌‌a‌‌total‌‌of‌‌20,469‌‌global‌‌sequences‌‌and‌‌78‌‌                               

Russian‌ ‌sequences.‌ ‌To‌ ‌this‌ ‌dataset,‌ ‌we‌ ‌added‌ ‌the‌ ‌136‌ ‌sequences‌ ‌obtained‌ ‌in‌ ‌this‌ ‌study.‌‌                           

Sequences‌‌shorter‌‌than‌‌29,000‌‌bp,‌‌sequences‌‌with‌‌more‌‌than‌‌300‌‌positions‌‌with‌‌missing‌‌data‌‌                           

(Ns),‌ ‌sequences‌ ‌excluded‌ ‌by‌ ‌Nextstrain,‌ ‌and‌ ‌samples‌ ‌corresponding‌ ‌to‌ ‌resequencing‌‌of‌‌the‌‌                       

same‌ ‌patients‌‌were‌‌removed.‌‌This‌‌led‌‌to‌‌exclusion‌‌of‌‌one‌‌Russian‌‌sample‌‌sequenced‌‌in‌‌this‌                             

study‌ ‌(hCoV-19/Russia/Ulan-Ude-RII4560S/2020),‌ ‌as‌ ‌well‌ ‌as‌ ‌834‌ ‌non-Russian‌ ‌sequences.‌ ‌ 

The‌ ‌obtained‌ ‌sequences‌ ‌were‌ ‌aligned‌‌with‌‌MAFFT‌‌v7.453‌‌‌[394]‌‌with‌‌the‌‌following‌‌                       

parameters:‌ ‌‘--addfragments‌ ‌--keeplength’.‌ ‌We‌ ‌utilized‌ ‌Wuhan-Hu-1/2019‌ ‌(NCBI‌ ‌ID:‌‌               

MN908947.3)‌ ‌as‌ ‌the‌ ‌reference‌ ‌sequence.‌ ‌To‌ ‌remove‌ ‌low-quality‌ ‌bases‌‌from‌‌the‌‌alignment,‌‌                       

100‌‌nucleotides‌‌from‌‌the‌‌beginning‌‌and‌‌the‌‌end‌‌were‌‌trimmed.‌‌The‌‌final‌‌alignment‌‌was‌‌used‌‌                             

to‌ ‌construct‌ ‌the‌ ‌phylogenetic‌ ‌tree‌ ‌with‌ ‌IQ-Tree‌ ‌v1.6.12‌ ‌‌[395]‌ ‌with‌ ‌the‌ ‌GTR‌ ‌substitution‌‌                         

model‌‌and‌‌the‌‌‘-fast’‌‌option.‌‌We‌‌used‌‌TreeTime‌‌v0.7.5‌‌‌[318]‌‌to‌‌reconstruct‌‌the‌‌sequences‌‌of‌‌                             

the‌ ‌internal‌ ‌tree‌ ‌nodes.‌ ‌Sequences‌ ‌separated‌ ‌from‌‌the‌‌tree‌‌root‌‌by‌‌more‌‌than‌‌ten‌‌nucleotide‌‌                             

mutations‌ ‌were‌ ‌excluded‌ ‌as‌ ‌probable‌ ‌results‌ ‌of‌ ‌incorrect‌ ‌base‌ ‌calling;‌ ‌this‌ ‌included‌ ‌two‌‌                         

sequences‌ ‌from‌ ‌Russia‌ ‌(Russia/SCPM-O-02/2020‌ ‌and‌ ‌Russia/SCPM-O-05/2020).‌ ‌The‌ ‌final‌‌               

dataset‌ ‌contained‌ ‌19,834‌ ‌virus‌ ‌SARS-CoV-2‌ ‌sequences.‌ ‌The‌ ‌resulting‌ ‌tree‌ ‌is‌ ‌available‌ ‌as‌‌                       

[396]‌.‌ ‌ 

4.2.7.‌ ‌Phylogenetic‌ ‌analysis‌ ‌ 

We‌ ‌categorized‌ ‌each‌ ‌Russian‌ ‌sequence‌ ‌into‌ ‌one‌ ‌of‌ ‌the‌ ‌five‌ ‌phylogenetic‌ ‌categories‌‌                       

based‌‌on‌‌its‌‌phylogenetic‌‌position,‌‌defined‌‌as‌‌follows.‌‌A‌‌Russian‌‌transmission‌‌lineage‌‌is‌‌a‌‌set‌‌                             

of‌ ‌two‌ ‌or‌ ‌more‌ ‌sequences‌ ‌that‌ ‌form‌ ‌a‌ ‌Russian-only‌ ‌clade.‌ ‌A‌ ‌Russian‌ ‌singleton‌ ‌is‌ ‌a‌ ‌single‌‌                               
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Russian‌‌sequence‌‌that‌‌differs‌‌from‌‌all‌‌other‌‌Russian‌‌sequences‌‌and‌‌is‌‌not‌‌a‌‌part‌‌of‌‌a‌‌Russian‌‌                                 

transmission‌ ‌lineage.‌ ‌A‌ ‌Russian‌ ‌stem‌‌cluster‌‌is‌‌a‌‌set‌‌of‌‌Russian‌‌sequences‌‌identical‌‌to‌‌each‌‌                             

other‌ ‌and‌ ‌some‌ ‌non-Russian‌ ‌sequences.‌ ‌A‌ ‌Russian‌ ‌stem-derived‌ ‌transmission‌ ‌lineage‌ ‌is‌ ‌a‌‌                       

Russian‌‌transmission‌‌lineage‌‌whose‌‌immediate‌‌ancestor‌‌is‌‌a‌‌Russian‌‌stem‌‌cluster.‌‌A‌‌Russian‌‌                         

stem-derived‌ ‌singleton‌ ‌is‌ ‌a‌ ‌Russian‌ ‌singleton‌ ‌whose‌ ‌immediate‌ ‌ancestor‌ ‌is‌ ‌a‌ ‌Russian‌‌stem‌‌                         

cluster.‌ ‌These‌ ‌categories‌ ‌are‌ ‌schematically‌ ‌represented‌ ‌in‌ ‌Fig.‌ ‌4.3.‌ ‌ 

As‌ ‌sampling‌ ‌dates,‌ ‌we‌ ‌used‌ ‌the‌ ‌collection‌ ‌dates‌ ‌reported‌ ‌in‌ ‌GISAID.‌ ‌For‌ ‌some‌‌                         

samples,‌‌either‌‌the‌‌day‌‌or‌‌both‌‌the‌‌day‌‌and‌‌the‌‌month‌‌of‌‌the‌‌collection‌‌were‌‌missing.‌‌In‌‌such‌‌                                   

cases,‌‌the‌‌date‌‌was‌‌set‌‌to‌‌the‌‌latest‌‌date‌‌possible,‌‌e.g.‌‌“2020-03”‌‌to‌‌“2020-03-31”‌‌and‌‌“2020”‌‌                               

to‌‌“2020-12-31”.‌‌The‌‌date‌‌for‌‌the‌‌lineage‌‌introduction‌‌was‌‌estimated‌‌as‌‌the‌‌earliest‌‌collection‌‌                           

date‌‌among‌‌all‌‌samples‌‌in‌‌the‌‌particular‌‌lineage,‌‌which‌‌in‌‌fact‌‌reflects‌‌the‌‌latest‌‌possible‌‌date‌‌                               

the‌ ‌lineage‌ ‌could‌ ‌have‌ ‌been‌ ‌introduced.‌‌ ‌  

In‌ ‌phylogeographic‌ ‌analysis,‌‌we‌‌assumed‌‌that‌‌the‌‌possible‌‌source(-s)‌‌of‌‌introduction‌‌                     

for‌‌Russian‌‌transmission‌‌lineages‌‌and‌‌Russian‌‌singletons‌‌were‌‌the‌‌sampling‌‌country(-ies)‌‌of‌‌                       

the‌ ‌non-Russian‌ ‌sequences‌ ‌ancestral‌ ‌to‌ ‌the‌ ‌considered‌ ‌lineage;‌ ‌for‌ ‌Russian‌ ‌stem-derived‌‌                     

transmission‌ ‌lineages‌ ‌and‌ ‌Russian‌ ‌stem-derived‌ ‌singletons,‌ ‌these‌ ‌were‌ ‌the‌ ‌non-Russian‌‌                   

sequences‌ ‌identical‌ ‌to‌ ‌the‌ ‌ancestral‌ ‌stem‌ ‌cluster.‌ ‌For‌ ‌stem‌ ‌clusters,‌ ‌the‌ ‌possible‌ ‌source‌ ‌of‌‌                           

introduction‌ ‌were‌ ‌the‌ ‌countries‌ ‌of‌ ‌origin‌ ‌for‌ ‌the‌ ‌sequences‌ ‌identical‌ ‌to‌ ‌those‌ ‌in‌ ‌the‌ ‌stem‌‌                             

cluster.‌ ‌As‌ ‌a‌ ‌possible‌ ‌source‌ ‌of‌ ‌introduction,‌ ‌we‌ ‌only‌ ‌considered‌ ‌those‌ ‌countries‌ ‌with‌ ‌the‌‌                           

earliest‌ ‌collection‌ ‌date‌ ‌earlier‌ ‌than‌ ‌the‌ ‌earliest‌ ‌collection‌ ‌date‌ ‌among‌ ‌all‌ ‌samples‌ ‌in‌ ‌the‌‌                           

lineage‌ ‌(or‌‌than‌‌the‌‌collection‌‌date‌‌of‌‌the‌‌singleton).‌‌For‌‌patients‌‌with‌‌known‌‌travel‌‌history,‌‌                             

we‌‌considered‌‌the‌‌country‌‌(continent)‌‌of‌‌origin‌‌as‌‌uniquely‌‌identified‌‌by‌‌phylogeography‌‌if‌‌it‌‌                           

was‌ ‌either‌ ‌the‌ ‌only‌ ‌country‌ ‌(continent)‌ ‌on‌ ‌the‌ ‌ancestral‌ ‌stem‌ ‌or‌ ‌the‌ ‌one‌ ‌with‌ ‌the‌ ‌earliest‌‌                               

collection‌‌date.‌‌For‌‌samples‌‌with‌‌no‌‌travel‌‌data,‌‌the‌‌same‌‌logic‌‌was‌‌applied,‌‌except‌‌we‌‌only‌‌                               
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infer‌‌the‌‌country‌‌or‌‌continent‌‌of‌‌origin‌‌if‌‌it‌‌was‌‌the‌‌only‌‌one‌‌on‌‌the‌‌stem.‌‌If‌‌there‌‌were‌‌more‌‌                                       

than‌ ‌eight‌ ‌countries‌ ‌on‌ ‌the‌ ‌list,‌ ‌countries‌ ‌were‌ ‌merged‌ ‌into‌ ‌regions:‌ ‌Africa,‌ ‌Asia,‌ ‌Europe,‌‌                           

North‌‌America,‌‌and‌‌South‌‌America.‌‌To‌‌study‌‌the‌‌possibility‌‌of‌‌introduction‌‌from‌‌China,‌‌we‌‌                           

performed‌‌the‌‌same‌‌analysis‌‌but‌‌considered‌‌China,‌‌Hong‌‌Kong,‌‌and‌‌Taiwan‌‌separately‌‌from‌‌                         

the‌ ‌rest‌ ‌of‌ ‌Asia.‌‌ ‌  

To‌‌understand‌‌whether‌‌introductions‌‌to‌‌Russia‌‌occurred‌‌through‌‌major‌‌transportation‌‌                   

hubs‌ ‌(Moscow‌ ‌and‌ ‌Saint‌ ‌Petersburg),‌ ‌we‌ ‌considered‌ ‌all‌ ‌Russian‌ ‌samples‌ ‌not‌ ‌included‌ ‌in‌‌                         

Russian‌‌transmission‌‌lineages.‌‌For‌‌these‌‌samples,‌‌we‌‌calculated‌‌the‌‌branch‌‌lengths‌‌from‌‌each‌‌                         

sample‌ ‌to‌ ‌its‌ ‌immediate‌ ‌ancestor‌ ‌and‌ ‌labeled‌ ‌all‌ ‌samples‌ ‌by‌ ‌two‌ ‌categories:‌ ‌major‌ ‌hubs‌‌                           

(Moscow,‌ ‌Moscow‌ ‌region,‌ ‌Saint‌ ‌Petersburg,‌ ‌and‌ ‌Leningrad‌ ‌region)‌ ‌and‌ ‌other‌ ‌locations‌‌                     

(samples‌ ‌from‌ ‌all‌ ‌other‌‌locations‌‌in‌‌Russia).‌‌On‌‌this‌‌data,‌‌we‌‌performed‌‌a‌‌permutation‌‌test,‌‌                             

shuffling‌ ‌labels‌ ‌across‌ ‌the‌ ‌dataset‌ ‌1000‌ ‌times.‌ ‌The‌ ‌two-sided‌ ‌p-value‌ ‌was‌ ‌calculated.‌ ‌ 

4.2.8.‌ ‌Phylodynamics‌ ‌of‌ ‌SARS-CoV-2‌ ‌in‌ ‌Vreden‌ ‌hospital‌ ‌ 

As‌ ‌discussed‌ ‌in‌ ‌Section‌ ‌4.3.4,‌ ‌the‌ ‌Vreden‌ ‌samples‌ ‌belong‌ ‌to‌ ‌three‌ ‌distinct‌‌                       

phylogenetic‌ ‌groups.‌ ‌To‌ ‌account‌ ‌for‌ ‌this,‌ ‌we‌ ‌constrained‌ ‌the‌ ‌phylogeny‌ ‌as‌ ‌follows:‌‌                       

(((group1),‌‌group‌‌2),‌‌(group‌‌3)).‌‌We‌‌independently‌‌ran‌‌BEAST2‌‌v2.6.2‌‌on‌‌three‌‌datasets:‌‌(i)‌‌                           

the‌‌whole‌‌Vreden‌‌dataset‌‌comprising‌‌groups‌‌1,‌‌2,‌‌and‌‌3;‌‌(ii)‌‌groups‌‌1‌‌and‌‌2;‌‌and‌‌(iii)‌‌group‌‌1‌‌                                     

only.‌ ‌The‌ ‌model‌ ‌details‌‌were‌‌as‌‌follows.‌‌The‌‌effective‌‌reproductive‌‌number‌‌was‌‌allowed‌‌to‌‌                           

change‌‌on‌‌March‌‌27‌‌(which‌‌delimits‌‌the‌‌suspected‌‌out-of-hospital‌‌period)‌‌and‌‌again‌‌on‌‌April‌‌                           

8‌‌(which‌‌corresponds‌‌to‌‌the‌‌introduction‌‌of‌‌quarantine).‌‌The‌‌prior‌‌on‌‌the‌‌clock‌‌rate‌‌was‌‌set‌‌to‌‌                                 

be‌ ‌a‌ ‌normal‌ ‌distribution‌ ‌with‌ ‌a‌ ‌mean‌ ‌of‌ ‌9.41*10‌-4‌ ‌and‌ ‌a‌ ‌standard‌ ‌deviation‌ ‌of‌ ‌4.99*10‌-5‌,‌                             

based‌‌on‌‌the‌‌estimates‌‌from‌‌the‌‌UK‌‌study‌‌‌[397]‌.‌‌Other‌‌priors‌‌are‌‌provided‌‌in‌‌Supplementary‌‌                             

Table‌ ‌B-7.‌ ‌Supplementary‌ ‌Tables‌ ‌B-4,‌ ‌B-5,‌ ‌and‌ ‌B-6‌ ‌contain‌ ‌the‌ ‌Bayesian‌ ‌estimates‌ ‌of‌ ‌the‌‌                           
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model‌‌parameters‌‌for‌‌three‌‌datasets‌‌comprising‌‌groups‌‌1,‌‌2,‌‌and‌‌3,‌‌groups‌‌1‌‌and‌‌2,‌‌and‌‌group‌‌                                 

1,‌ ‌respectively.‌ ‌ 

We‌‌ran‌‌a‌‌birth-death‌‌skyline‌‌model‌‌with‌‌multiple‌‌rho-sampling‌‌events.‌‌This‌‌sampling‌‌                       

strategy‌ ‌allows‌ ‌us‌ ‌to‌ ‌take‌ ‌into‌ ‌account‌ ‌that‌ ‌the‌ ‌sampling‌ ‌was‌ ‌not‌‌continuous‌‌over‌‌time‌‌but‌‌                               

instead‌ ‌was‌ ‌performed‌ ‌on‌ ‌specific‌ ‌dates‌ ‌(April‌ ‌3,‌ ‌7,‌ ‌10,‌ ‌14,‌ ‌22).‌ ‌ 

The‌ ‌time-dependent‌ ‌R‌e‌ ‌was‌ ‌independently‌ ‌estimated‌ ‌from‌ ‌incidence‌ ‌data‌ ‌using‌‌                   

EpiEstim‌ ‌package‌ ‌v2.2-3‌ ‌in‌ ‌R‌ ‌‌[322]‌ ‌with‌ ‌a‌ ‌7-days‌ ‌sliding‌ ‌window‌ ‌and‌ ‌parametric‌ ‌serial‌‌                           

interval‌ ‌distribution‌ ‌with‌ ‌a‌ ‌mean‌ ‌of‌ ‌4.6‌ ‌and‌ ‌standard‌ ‌deviation‌ ‌of‌ ‌2.0.‌ ‌ 

4.2.9.‌ ‌Public‌ ‌information‌ ‌and‌ ‌data‌ ‌visualization‌ ‌ 

The‌‌initial‌‌Russian‌‌map‌‌was‌‌downloaded‌‌from‌‌GADM‌‌(sf,‌‌level‌‌1)‌‌‌[398]‌.‌‌The‌‌number‌‌                           

of‌ ‌confirmed‌ ‌cases‌ ‌in‌ ‌Russia‌ ‌by‌ ‌region‌ ‌was‌ ‌downloaded‌ ‌on‌ ‌May‌ ‌26,‌ ‌2020‌ ‌from‌ ‌‌[399]‌.‌‌                             

Patients'‌ ‌age‌ ‌data‌ ‌for‌ ‌Russian‌ ‌samples‌ ‌were‌ ‌extracted‌ ‌from‌ ‌GISAID‌ ‌metadata;‌ ‌for‌ ‌12‌‌                         

samples,‌ ‌age‌ ‌data‌ ‌were‌ ‌missing.‌ ‌The‌‌Spearman‌‌correlation‌‌between‌‌age‌‌and‌‌collection‌‌date‌‌                         

was‌ ‌calculated‌ ‌in‌ ‌R‌ ‌version‌ ‌3.6.3‌ ‌with‌ ‌cor.test()‌ ‌function.‌ ‌Maps‌ ‌were‌ ‌visualized‌ ‌with‌ ‌the‌‌                           

ggplot2‌‌v3.3.0‌‌package‌‌in‌‌R.‌‌Phylogenetic‌‌trees‌‌were‌‌visualized‌‌with‌‌the‌‌ETE3‌‌toolkit‌‌v2.3.2‌‌                           

[400]‌‌in‌‌Python‌‌v3.6‌‌and‌‌iTOL‌‌v4‌‌‌[401]‌.‌‌The‌‌maximum‌‌clade‌‌credibility‌‌tree‌‌was‌‌visualized‌‌                             

with‌ ‌FigTree‌ ‌v1.4.4‌ ‌‌[402]‌.‌ ‌ 

Supplementary‌ ‌materials‌ ‌for‌ ‌this‌ ‌Chapter‌ ‌are‌ ‌provided‌ ‌in‌ ‌Appendix‌ ‌B.‌ ‌ 

‌   
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4.3.‌ ‌Results‌ ‌ 

4.3.1.‌ ‌Sampling‌ ‌and‌ ‌data‌ ‌acquisition‌ ‌ 

Samples‌ ‌were‌ ‌obtained‌ ‌from‌ ‌hospitals‌ ‌and‌ ‌out-patient‌ ‌clinics‌ ‌as‌ ‌part‌ ‌of‌ ‌COVID-19‌‌                       

surveillance‌ ‌and‌ ‌sequenced‌ ‌at‌ ‌the‌ ‌Smorodintsev‌ ‌Research‌ ‌Institute‌ ‌of‌ ‌Influenza.‌ ‌We‌‌                     

sequenced‌ ‌complete‌ ‌genomes‌ ‌of‌ ‌135‌ ‌samples‌ ‌from‌ ‌Russia,‌ ‌including‌ ‌133‌ ‌from‌ ‌Saint‌‌                       

Petersburg,‌‌1‌‌from‌‌the‌‌Leningrad‌‌region,‌‌and‌‌1‌‌from‌‌the‌‌Republic‌‌of‌‌Buryatia.‌‌Samples‌‌were‌‌                             

obtained‌ ‌between‌ ‌March‌ ‌15‌ ‌and‌ ‌April‌ ‌23.‌ ‌For‌ ‌analysis,‌ ‌we‌ ‌combined‌ ‌this‌ ‌dataset‌ ‌with‌‌                           

additional‌‌76‌‌genomes‌‌from‌‌Russia‌‌available‌‌at‌‌GISAID‌‌‌[403]‌‌as‌‌of‌‌May‌‌26,‌‌2020,‌‌obtained‌‌                             

between‌‌March‌‌11‌‌and‌‌April‌‌14.‌‌The‌‌resulting‌‌dataset‌‌includes‌‌211‌‌sequences‌‌from‌‌25‌‌out‌‌of‌‌                               

the‌ ‌85‌‌regions‌‌(federal‌‌subjects)‌‌of‌‌Russia‌‌(including‌‌the‌‌Republic‌‌of‌‌Crimea),‌‌with‌‌the‌‌two‌‌                             

regions‌ ‌with‌ ‌the‌ ‌largest‌ ‌numbers‌ ‌of‌ ‌cases,‌ ‌Moscow‌ ‌and‌ ‌Saint‌ ‌Petersburg,‌ ‌most‌ ‌densely‌‌                         

covered.‌ ‌Therefore,‌ ‌while‌ ‌coverage‌ ‌differs‌‌between‌‌regions,‌‌this‌‌dataset‌‌is‌‌representative‌‌of‌‌                       

the‌ ‌early‌ ‌outbreak‌ ‌in‌‌Russia‌‌in‌‌terms‌‌of‌‌geographic‌‌spread‌‌(Fig.‌‌4.1a).‌‌For‌‌the‌‌phylogenetic‌‌                             

context,‌ ‌we‌‌also‌‌used‌‌the‌‌19,623‌‌whole-length,‌‌high-quality‌‌GISAID‌‌genomes‌‌from‌‌the‌‌rest‌‌                         

of‌ ‌the‌ ‌world‌ ‌available‌ ‌on‌ ‌May‌ ‌26,‌ ‌2020.‌‌ ‌  
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Figure‌ ‌4.1.‌ ‌Early‌ ‌epidemiology‌ ‌of‌ ‌SARS-CoV-2‌ ‌in‌ ‌the‌ ‌Russian‌ ‌Federation.‌ ‌‌(a)‌ ‌The‌ ‌number‌ ‌of‌‌                           
confirmed‌‌cases‌‌(a,‌‌red)‌‌and‌‌the‌‌number‌‌of‌‌sequenced‌‌complete‌‌genomes‌‌(a,‌‌grey‌‌circles)‌‌per‌‌region‌‌                               
of‌ ‌the‌ ‌Russian‌ ‌Federation‌ ‌(including‌ ‌the‌ ‌Republic‌ ‌of‌ ‌Crimea)‌ ‌as‌ ‌of‌ ‌May‌ ‌26.‌ ‌Circle‌ ‌sizes‌ ‌are‌‌                               
proportional‌‌to‌‌the‌‌numbers‌‌of‌‌obtained‌‌sequences,‌‌which‌‌are‌‌also‌‌shown‌‌next‌‌to‌‌the‌‌circles.‌‌For‌‌the‌‌                                 
purpose‌ ‌of‌ ‌this‌ ‌figure,‌ ‌Moscow‌ ‌was‌ ‌pooled‌ ‌with‌ ‌the‌ ‌surrounding‌ ‌Moscow‌ ‌Region,‌ ‌and‌ ‌Saint‌‌                           
Petersburg‌ ‌was‌ ‌pooled‌ ‌with‌ ‌the‌ ‌surrounding‌ ‌Leningrad‌ ‌Region.‌ ‌(b)‌ ‌Identified‌‌Russian‌‌lineages‌‌and‌‌                         
corresponding‌‌regions;‌‌circle‌‌size‌‌is‌‌proportional‌‌to‌‌the‌‌number‌‌of‌‌sequences‌‌belonging‌‌to‌‌the‌‌lineage‌‌                             
at‌ ‌this‌ ‌region,‌ ‌and‌ ‌lineages‌ ‌spanning‌ ‌multiple‌ ‌regions‌ ‌are‌ ‌connected‌ ‌by‌ ‌lines.‌‌  
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4.3.2.‌ ‌Multiple‌ ‌origins‌ ‌of‌ ‌SARS-CoV-2‌ ‌in‌ ‌Russia‌ ‌ 

Phylogenetic‌ ‌analysis‌ ‌indicates‌ ‌that‌ ‌the‌ ‌Russian‌ ‌samples‌ ‌are‌ ‌scattered‌ ‌across‌ ‌the‌‌                     

SARS-CoV-2‌ ‌evolutionary‌ ‌tree,‌ ‌representing‌ ‌much‌ ‌of‌ ‌its‌ ‌global‌ ‌diversity.‌ ‌Most‌ ‌samples‌‌                     

correspond‌ ‌to‌ ‌the‌ ‌B.1,‌‌B.1.1,‌‌and‌‌B.1.*‌‌lineages‌‌(PANGOLIN‌‌nomenclature‌‌‌[404]‌)‌‌or‌‌clade‌‌                         

G,‌ ‌GR,‌ ‌and‌ ‌GH‌ ‌(GISAID‌ ‌nomenclature‌ ‌‌[405]‌)‌‌which‌‌are‌‌wide-spread‌‌in‌‌Europe‌‌(Fig.‌‌4.2).‌‌                           

While‌‌the‌‌predominantly‌‌Asian‌‌A,‌‌B,‌‌and‌‌B.2‌‌lineages‌‌comprised‌‌53%‌‌of‌‌the‌‌sampled‌‌global‌‌                             

viral‌ ‌diversity‌ ‌around‌ ‌the‌ ‌time‌ ‌of‌ ‌Russian‌ ‌border‌ ‌closure‌ ‌(March‌ ‌27),‌ ‌only‌ ‌4‌ ‌(2%)‌ ‌of‌ ‌the‌‌                               

Russian‌ ‌samples‌ ‌belonged‌ ‌to‌ ‌them.‌ ‌ 

We‌ ‌aimed‌ ‌to‌ ‌identify‌ ‌distinct‌ ‌introductions‌ ‌of‌ ‌SARS-CoV-2‌ ‌into‌ ‌Russia.‌‌                   

Phylogenetically,‌ ‌each‌ ‌of‌ ‌the‌ ‌211‌ ‌Russian‌ ‌sequences‌ ‌belongs‌ ‌to‌ ‌one‌ ‌of‌‌the‌‌three‌‌categories‌‌                           

(Fig.‌ ‌4.3).‌ ‌Firstly,‌ ‌77‌ ‌(36%)‌ ‌of‌ ‌these‌ ‌sequences‌ ‌form‌ ‌the‌ ‌9‌ ‌distinct‌ ‌Russian‌ ‌transmission‌‌                           

lineages‌ ‌(Fig.‌ ‌4.2,4.3),‌ ‌defined‌ ‌as‌ ‌monophyletic‌ ‌groups‌ ‌(clades)‌ ‌carrying‌ ‌more‌ ‌than‌ ‌one‌‌                       

sequence‌ ‌all‌ ‌of‌ ‌which‌ ‌are‌ ‌Russian.‌ ‌These‌ ‌lineages‌ ‌indicate‌ ‌within-Russia‌ ‌transmission‌ ‌of‌‌                       

introduced‌ ‌variants.‌ ‌Three‌ ‌of‌ ‌these‌ ‌lineages‌ ‌had‌ ‌no‌ ‌Russian‌ ‌sequences‌ ‌at‌ ‌their‌ ‌ancestral‌‌                         

nodes,‌ ‌indicating‌ ‌that‌ ‌they‌ ‌originated‌ ‌from‌ ‌at‌ ‌least‌ ‌three‌ ‌distinct‌ ‌introduction‌ ‌events‌ ‌(Fig.‌‌                         

4.4c-d;‌ ‌Supplementary‌ ‌Note‌ ‌B).‌‌ ‌  
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‌ 
Fig.‌ ‌4.2.‌ ‌Phylogeny‌ ‌of‌ ‌SARS-CoV-2‌ ‌in‌ ‌Russia.‌ ‌Russian‌ ‌sequences‌ ‌are‌ ‌identified‌ ‌with‌ ‌dots‌ ‌and‌‌                           
highlighted‌ ‌in‌‌gray.‌‌Russian‌‌transmission‌‌lineages‌‌are‌‌truncated‌‌to‌‌the‌‌founder‌‌node‌‌and‌‌highlighted‌‌                           
with‌ ‌color‌ ‌(the‌ ‌color‌ ‌scheme‌ ‌is‌ ‌consistent‌ ‌between‌ ‌Figs.‌ ‌4.1,‌ ‌4.2,‌ ‌4.4-4.6).‌ ‌Major‌ ‌SARS-CoV-2‌‌                           
lineages‌ ‌are‌ ‌labeled‌ ‌according‌ ‌to‌ ‌Nextstrain81‌ ‌and‌ ‌PANGOLIN|GISAID‌ ‌nomenclature‌ ‌in‌ ‌red‌ ‌and‌‌                       
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blue,‌‌respectively.‌‌Non-Russian‌‌sequences‌‌and‌‌lineages‌‌carrying‌‌no‌‌Russian‌‌sequences‌‌are‌‌truncated,‌‌                       
with‌‌numbers‌‌of‌‌such‌‌sequences‌‌shown‌‌in‌‌brackets.‌‌Sequences‌‌from‌‌the‌‌Vreden‌‌hospital‌‌and‌‌lineages‌‌                             
carrying‌‌such‌‌sequences‌‌are‌‌marked‌‌with‌‌stars,‌‌triangles,‌‌and‌‌diamonds.‌‌Branch‌‌lengths‌‌represent‌‌the‌‌                           
number‌ ‌of‌ ‌nucleotide‌ ‌substitutions.‌ ‌“hCoV-19/”‌ ‌prefixes‌ ‌are‌ ‌excluded‌ ‌from‌ ‌all‌ ‌sample‌ ‌names‌ ‌for‌‌                         
clarity.‌ ‌‌The‌ ‌inset‌ ‌summarizes‌ ‌the‌ ‌distribution‌ ‌of‌‌Russian‌‌singletons,‌‌stem‌‌clusters,‌‌and‌‌transmission‌                         
lineages‌ ‌across‌ ‌major‌ ‌SARS-CoV-2‌ ‌clades.‌ ‌ 

‌ 

‌ 

Fig.‌ ‌4.3:‌ ‌Terminology‌ ‌for‌ ‌phylogenetic‌ ‌groups‌ ‌of‌ ‌samples.‌ We‌ ‌categorized‌‌Russian‌‌samples‌‌into‌‌                         
five‌‌categories:‌‌Russian‌‌transmission‌‌lineage-set‌‌of‌‌two‌‌or‌‌more‌‌sequences‌‌that‌‌form‌‌a‌‌Russian-only‌‌                           
clade;‌‌Russian‌‌singleton-single‌‌Russian‌‌sequence‌‌that‌‌forms‌‌a‌‌clade‌‌of‌‌its‌‌own‌‌and‌‌is‌‌not‌‌a‌‌part‌‌of‌‌a‌‌                                     
Russian‌ ‌transmission‌ ‌lineage;‌ ‌Russian‌ ‌stem‌ ‌cluster-set‌ ‌of‌ ‌Russian‌‌sequences‌‌identical‌‌to‌‌each‌‌other‌‌                         
and‌ ‌to‌ ‌some‌ ‌non-Russian‌ ‌sequences;‌ ‌Russian‌ ‌stem-derived‌ ‌transmission‌ ‌lineage-a‌ ‌Russian‌‌                   
transmission‌ ‌lineage‌ ‌whose‌ ‌immediate‌‌ancestor‌‌is‌‌a‌‌Russian‌‌stem‌‌cluster;‌‌and‌‌Russian‌‌stem-derived‌‌                         
singleton-Russian‌ ‌singleton‌ ‌whose‌ ‌immediate‌ ‌ancestor‌ ‌is‌ ‌a‌ ‌Russian‌ ‌stem‌ ‌cluster.‌ ‌ 

‌ 
‌ 
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‌ 
Fig.‌ ‌4.4.‌ ‌Examples‌ ‌of‌ ‌Russian‌ ‌transmission‌ ‌lineages.‌ ‌‌Only‌ ‌the‌ ‌phylogeny‌ ‌of‌ ‌the‌ ‌Russian‌‌                         
transmission‌ ‌lineage‌ ‌is‌ ‌shown,‌ ‌together‌ ‌with‌‌its‌‌ancestral‌‌phylogenetic‌‌node.‌‌Russian‌‌sequences‌‌are‌‌                         
marked‌ ‌with‌ ‌dots‌ ‌and‌ ‌highlighted‌ ‌in‌ ‌gray.‌ ‌All‌ ‌other‌ ‌sequences‌ ‌corresponding‌ ‌to‌ ‌an‌ ‌ancestral‌ ‌node‌‌                             
(black‌‌vertical‌‌line)‌‌or‌‌descendant‌‌from‌‌it‌‌(black‌‌rectangle)‌‌are‌‌truncated,‌‌with‌‌the‌‌region/country‌‌and‌‌                             
the‌ ‌earliest‌ ‌collection‌ ‌date‌‌shown.‌‌(a)‌‌Lineage‌‌1,‌‌a‌‌lineage‌‌endemic‌‌to‌‌Saint‌‌Petersburg,‌‌includes‌‌an‌‌                               
individual‌ ‌with‌ ‌a‌‌history‌‌of‌‌travel‌‌to‌‌Spain.‌‌(b)‌‌Lineage‌‌4‌‌includes‌‌individuals‌‌with‌‌travel‌‌history‌‌to‌‌                                 
two‌‌different‌‌countries,‌‌suggesting‌‌recurrent‌‌introduction.‌‌(c)‌‌The‌‌ancestral‌‌node‌‌of‌‌lineage‌‌3‌‌uniquely‌‌                           
maps‌‌to‌‌Switzerland.‌‌(d)‌‌The‌‌ancestral‌‌node‌‌of‌‌lineage‌‌9‌‌uniquely‌‌maps‌‌to‌‌the‌‌USA,‌‌and‌‌this‌‌lineage‌‌                                   
spans‌‌two‌‌different‌‌regions‌‌of‌‌Russia.‌‌Flags‌‌represent‌‌individuals‌‌with‌‌a‌‌known‌‌history‌‌of‌‌travel‌‌to‌‌the‌‌                                 
corresponding‌ ‌country;‌ ‌the‌ ‌Russian‌ ‌flag‌ ‌shows‌ ‌a‌ ‌known‌ ‌lack‌ ‌of‌ ‌travel‌‌history.‌‌Diamonds‌‌represent‌‌                           
samples‌‌associated‌‌with‌‌group‌‌3‌‌of‌‌the‌‌Vreden‌‌hospital‌‌outbreak.‌‌See‌‌Supplementary‌‌Fig.‌‌B-1‌‌for‌‌all‌‌                               
nine‌ ‌transmission‌ ‌lineages.‌ ‌ 
‌ 
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‌ 
Fig.‌‌4.5.‌‌Examples‌‌of‌‌Russian‌‌singletons‌‌and‌‌stem‌‌clusters.‌‌‌Notation‌‌is‌‌the‌‌same‌‌as‌‌in‌‌Fig.‌‌4.4.‌‌(a)‌‌                                   
The‌ ‌singleton‌ ‌obtained‌ ‌from‌ ‌a‌ ‌patient‌ ‌with‌ ‌known‌ ‌travel‌ ‌history‌ ‌to‌ ‌France‌ ‌has‌ ‌French‌ ‌and‌ ‌Danish‌‌                               
sequences‌‌at‌‌the‌‌ancestral‌‌node,‌‌with‌‌French‌‌sequences‌‌having‌‌an‌‌earlier‌‌date.‌‌(b)‌‌A‌‌singleton‌‌with‌‌a‌‌                                 
uniquely‌‌Saudi‌‌Arabian‌‌ancestral‌‌node.‌‌(c)‌‌A‌‌singleton‌‌with‌‌the‌‌known‌‌absence‌‌of‌‌travel‌‌history.‌‌(d)‌‌                               
A‌ ‌stem‌ ‌cluster‌ ‌with‌‌associated‌‌stem-derived‌‌singletons‌‌where‌‌multiple‌‌introductions‌‌were‌‌observed.‌‌                       
See‌ ‌Supplementary‌ ‌Figs.‌ ‌B-2,3,4‌ ‌for‌ ‌all‌ ‌singletons‌ ‌and‌ ‌stem‌ ‌clusters.‌ ‌ 
‌ 
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‌ 
Fig.‌ ‌4.6.‌‌The‌‌timeline‌‌of‌‌SARS-CoV-2‌‌introduction‌‌into‌‌Russia.‌‌‌Depending‌‌on‌‌their‌‌phylogenetic‌‌                         
position,‌‌Russian‌‌samples‌‌are‌‌classified‌‌as‌‌belonging‌‌to‌‌Russian‌‌transmission‌‌lineages,‌‌singletons,‌‌or‌‌                         
stem‌ ‌clusters‌‌(Fig.‌‌4.3).‌‌Circles‌‌correspond‌‌to‌‌Russian‌‌samples‌‌colored‌‌by‌‌category.‌‌(a)‌‌The‌‌number‌‌                             
of‌‌new‌‌registered‌‌COVID-19‌‌cases‌‌per‌‌day‌‌in‌‌Russia‌‌between‌‌March‌‌5‌‌and‌‌April‌‌30.‌‌(b)‌‌Correlation‌‌                                 
between‌‌sample‌‌collection‌‌date‌‌and‌‌patient‌‌age.‌‌The‌‌linear‌‌fit‌‌(r = 0.32;‌‌p = 3.9 × 10-6)‌‌is‌‌shown‌‌(blue‌‌                             
line),‌‌with‌‌the‌‌95%‌‌confidence‌‌interval‌‌indicated‌‌as‌‌a‌‌shaded‌‌area.‌‌Spearman‌‌correlation‌‌coefficient‌‌is‌‌                             
shown.‌ ‌(c)‌ ‌Estimated‌ ‌introduction‌ ‌dates‌ ‌for‌ ‌Russian‌ ‌transmission‌ ‌lineages,‌ ‌singletons,‌ ‌and‌ ‌stem‌‌                       
clusters.‌ ‌The‌ ‌circle‌ ‌size‌ ‌is‌‌proportional‌‌to‌‌the‌‌number‌‌of‌‌samples.‌‌Black‌‌lines‌‌correspond‌‌to‌‌the‌‌full‌‌                                 
date‌ ‌range.‌ ‌For‌ ‌each‌ ‌Russian‌ ‌transmission‌ ‌lineage,‌ ‌the‌ ‌indicated‌ ‌date‌ ‌corresponds‌ ‌to‌ ‌the‌‌collection‌‌                           
date‌ ‌of‌‌the‌‌earliest‌‌sample.‌‌For‌‌stem-derived‌‌Russian‌‌transmission‌‌lineages‌‌(lineages‌‌4,‌‌6,‌‌7,‌‌and‌‌8),‌‌                               
the‌ ‌earliest‌ ‌date‌ ‌of‌ ‌the‌ ‌corresponding‌ ‌stem‌ ‌cluster‌ ‌is‌ ‌also‌ ‌shown‌ ‌with‌ ‌a‌ ‌gray‌ ‌dot.‌ ‌ ‌   

104‌ ‌ 
‌ 



The‌ ‌remaining‌ ‌six‌ ‌Russian‌ ‌transmission‌ ‌lineages‌ ‌carried‌ ‌both‌ ‌non-Russian‌ ‌and‌‌                   

Russian‌ ‌sequences‌ ‌at‌‌their‌‌ancestral‌‌nodes‌‌(Fig.‌‌4.4a-b).‌‌Such‌‌lineages,‌‌hereafter‌‌referred‌‌to‌‌                         

as‌ ‌“stem-derived‌ ‌transmission‌ ‌lineages”,‌ ‌could‌‌also‌‌result‌‌from‌‌distinct‌‌introduction‌‌events;‌‌                     

alternatively,‌ ‌their‌ ‌last‌ ‌common‌ ‌ancestor‌ ‌could‌ ‌already‌ ‌reside‌ ‌in‌ ‌Russia.‌ ‌To‌ ‌estimate‌ ‌the‌‌                         

number‌ ‌of‌ ‌introductions‌ ‌giving‌ ‌rise‌ ‌to‌‌the‌‌stem-derived‌‌lineages,‌‌we‌‌make‌‌use‌‌of‌‌the‌‌direct‌‌                             

data‌ ‌on‌ ‌travel‌ ‌history‌ ‌(or‌ ‌lack‌ ‌thereof)‌ ‌available‌ ‌for‌ ‌a‌ ‌fraction‌ ‌of‌ ‌our‌ ‌patients.‌ ‌Using‌ ‌a‌‌                               

statistical‌ ‌model,‌ ‌we‌ ‌estimate‌ ‌that‌ ‌these‌ ‌lineages‌ ‌together‌ ‌resulted‌ ‌from‌ ‌roughly‌ ‌three‌‌                       

additional‌ ‌introduction‌ ‌events‌ ‌(Supplementary‌ ‌Note‌ ‌B).‌ ‌This‌ ‌number‌ ‌could‌ ‌be‌ ‌an‌‌                     

underestimate‌ ‌due‌ ‌to‌ ‌the‌ ‌undersampling‌ ‌of‌ ‌diversity‌ ‌outside‌ ‌Russia.‌ ‌Indeed,‌ ‌one‌ ‌of‌ ‌the‌‌                         

identified‌ ‌lineages‌ ‌(Fig.‌ ‌4.4b)‌ ‌involves‌ ‌two‌ ‌samples‌ ‌that‌ ‌had‌ ‌travel‌‌history‌‌to‌‌two‌‌different‌‌                           

countries,‌ ‌indicating‌ ‌likely‌ ‌double‌ ‌introduction‌ ‌within‌ ‌the‌ ‌same‌ ‌lineage.‌ ‌ 

Secondly,‌‌we‌‌observe‌‌73‌‌(34%)‌‌singletons‌‌that‌‌are‌‌not‌‌involved‌‌in‌‌any‌‌of‌‌the‌‌Russian‌‌                             

transmission‌ ‌lineages,‌ ‌each‌ ‌possessing‌ ‌their‌ ‌own‌‌characteristic‌‌mutations‌‌not‌‌shared‌‌by‌‌any‌‌                       

other‌ ‌Russian‌ ‌sequences‌ ‌(Fig.‌ ‌4.5).‌ ‌These‌ ‌include‌ ‌33‌ ‌singletons‌ ‌without‌ ‌any‌ ‌Russian‌‌                       

ancestral‌ ‌sequences,‌ ‌and‌ ‌40‌ ‌singletons‌ ‌stemming‌ ‌from‌ ‌ancestral‌ ‌nodes‌ ‌with‌ ‌Russian‌‌                     

sequences‌ ‌(hereafter,‌ ‌“stem-derived‌ ‌singletons”).‌ ‌We‌ ‌assume‌ ‌that‌ ‌the‌ ‌former‌ ‌correspond‌ ‌to‌‌                     

sole‌ ‌introduced‌ ‌cases,‌ ‌for‌ ‌a‌ ‌total‌ ‌of‌ ‌33‌ ‌such‌ ‌introductions.‌ ‌Most‌ ‌of‌ ‌them‌ ‌had‌ ‌probably‌‌not‌‌                               

resulted‌ ‌in‌ ‌any‌ ‌within-Russia‌ ‌transmission.‌ ‌However,‌ ‌we‌ ‌find‌ ‌that‌ ‌some‌ ‌of‌ ‌the‌ ‌singleton‌‌                         

sequences‌ ‌were‌ ‌sampled‌ ‌from‌ ‌patients‌‌without‌‌any‌‌travel‌‌history‌‌(Fig.‌‌4.5c).‌‌This‌‌indicated‌‌                         

that‌ ‌at‌ ‌least‌ ‌some‌ ‌of‌ ‌the‌ ‌singletons‌ ‌likely‌ ‌correspond‌ ‌to‌ ‌distinct‌ ‌introductions‌ ‌that‌ ‌yielded‌‌                           

domestic‌‌transmission‌‌clusters,‌‌of‌‌which‌‌just‌‌one‌‌representative‌‌was‌‌sequenced.‌‌Using‌‌travel‌‌                       

data,‌‌we‌‌estimate‌‌that‌‌stem-derived‌‌singletons‌‌resulted‌‌from‌‌~6‌‌additional‌‌introduction‌‌events‌‌                       

(Supplementary‌ ‌Note‌ ‌B).‌ ‌ 
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Thirdly,‌ ‌the‌ ‌remaining‌‌61‌‌sequences‌‌(29%)‌‌fell‌‌into‌‌12‌‌sets‌‌of‌‌two‌‌or‌‌more‌‌identical‌‌                             

sequences,‌ ‌each‌ ‌of‌ ‌which‌ ‌was‌ ‌also‌ ‌identical‌ ‌to‌ ‌some‌ ‌of‌ ‌the‌ ‌non-Russian‌ ‌sequences‌ ‌(Fig.‌‌                           

4.5d).‌ ‌These‌ ‌sets‌‌are‌‌further‌‌referred‌‌to‌‌as‌‌stem‌‌clusters.‌‌Again,‌‌individual‌‌samples‌‌within‌‌a‌‌                             

stem‌ ‌cluster‌ ‌could‌‌correspond‌‌to‌‌distinct‌‌introductions‌‌or‌‌domestic‌‌transmission.‌‌When‌‌data‌‌                       

on‌‌travel‌‌history‌‌is‌‌available,‌‌we‌‌find‌‌that‌‌some‌‌of‌‌such‌‌clusters‌‌include‌‌multiple‌‌individuals‌‌                             

with‌ ‌travel‌ ‌history,‌ ‌suggesting‌ ‌that‌ ‌identical‌ ‌sequences‌ ‌were‌ ‌repeatedly‌ ‌introduced‌ ‌into‌‌                     

Russia‌‌at‌‌least‌‌in‌‌some‌‌instances‌‌(Fig.‌‌4.5d).‌‌On‌‌the‌‌other‌‌hand,‌‌we‌‌also‌‌observe‌‌individuals‌‌                               

without‌ ‌travel‌ ‌history,‌ ‌indicating‌ ‌domestic‌ ‌transmission‌ ‌of‌ ‌these‌ ‌variants.‌‌From‌‌travel‌‌data,‌‌                       

the‌ ‌estimated‌ ‌number‌ ‌of‌ ‌introductions‌ ‌leading‌ ‌to‌ ‌stem‌ ‌cluster‌ ‌sequences‌ ‌is‌ ‌~22.‌ ‌ 

Overall,‌ ‌we‌ ‌estimate‌ ‌the‌ ‌number‌ ‌of‌ ‌independent‌ ‌transmissions‌ ‌into‌ ‌Russia‌ ‌as‌ ‌~6‌‌                       

resulting‌ ‌in‌ ‌transmission‌ ‌lineages,‌ ‌~39‌ ‌resulting‌ ‌in‌ ‌singletons,‌ ‌and‌ ‌~22‌ ‌resulting‌ ‌in‌ ‌stem‌‌                         

clusters,‌ ‌for‌ ‌a‌ ‌total‌ ‌of‌ ‌67‌ ‌events.‌ ‌The‌ ‌uncertainty‌ ‌associated‌ ‌with‌ ‌this‌ ‌estimate‌ ‌is‌ ‌largely‌‌                             

dependent‌‌on‌‌the‌‌approach‌‌for‌‌treating‌‌the‌‌numbers‌‌of‌‌introductions‌‌leading‌‌to‌‌stem‌‌clusters‌‌                           

and‌‌stem-derived‌‌singletons.‌‌If‌‌each‌‌stem‌‌cluster‌‌(together‌‌with‌‌any‌‌singletons‌‌derived‌‌from)‌‌                         

is‌‌assumed‌‌to‌‌originate‌‌from‌‌exactly‌‌one‌‌introduction,‌‌the‌‌estimated‌‌number‌‌of‌‌introductions‌‌                         

is‌ ‌48.‌ ‌If‌ ‌instead‌ ‌each‌ ‌sequence‌ ‌within‌ ‌a‌ ‌stem‌ ‌cluster‌ ‌and‌ ‌each‌ ‌stem-derived‌ ‌singleton‌ ‌has‌‌                             

resulted‌ ‌from‌ ‌a‌ ‌distinct‌ ‌introduction,‌ ‌the‌ ‌estimated‌ ‌number‌ ‌of‌ ‌introductions‌ ‌rises‌ ‌to‌ ‌143.‌‌ ‌  

The‌‌earliest‌‌collection‌‌date‌‌of‌‌a‌‌sample‌‌belonging‌‌to‌‌a‌‌transmission‌‌lineage‌‌represents‌‌                         

the‌‌latest‌‌possible‌‌date‌‌this‌‌lineage‌‌could‌‌have‌‌been‌‌introduced‌‌into‌‌Russia.‌‌For‌‌most‌‌Russian‌‌                             

transmission‌‌lineages,‌‌the‌‌earliest‌‌sample‌‌collection‌‌dates‌‌fall‌‌into‌‌the‌‌range‌‌between‌‌March‌‌                         

11‌ ‌and‌ ‌24,‌ ‌indicating‌ ‌that‌ ‌the‌ ‌corresponding‌‌lineages‌‌were‌‌introduced‌‌not‌‌long‌‌before‌‌(Fig.‌‌                           

4.6b).‌‌Indeed,‌‌out‌‌of‌‌the‌‌nine‌‌Russian‌‌transmission‌‌lineages,‌‌only‌‌two‌‌(lineages‌‌6‌‌and‌‌8)‌‌had‌‌                               

later‌ ‌dates‌ ‌of‌ ‌the‌ ‌earliest‌ ‌sequences.‌ ‌However,‌ ‌those‌ ‌were‌ ‌stem-derived‌ ‌lineages,‌ ‌and‌ ‌the‌‌                         

oldest‌ ‌stem‌ ‌sequences‌ ‌corresponding‌ ‌to‌ ‌them‌ ‌dated‌ ‌to‌ ‌March‌ ‌13,‌ ‌suggesting‌ ‌that‌ ‌these‌‌                         
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transmission‌ ‌lineages‌ ‌could‌ ‌have‌‌also‌‌been‌‌established‌‌by‌‌this‌‌date.‌‌Many‌‌(15‌‌out‌‌of‌‌33)‌‌of‌‌                               

the‌ ‌singletons‌‌were‌‌also‌‌collected‌‌within‌‌this‌‌timeframe,‌‌although‌‌some‌‌were‌‌collected‌‌later‌‌                         

(mean‌ ‌date:‌ ‌March‌ ‌29);‌ ‌together‌‌with‌‌the‌‌fact‌‌that‌‌many‌‌of‌‌the‌‌singletons‌‌have‌‌not‌‌traveled‌‌                               

(Fig.‌ ‌4.5,‌ ‌Supplementary‌ ‌Figs.‌ ‌B-2,3),‌ ‌this‌ ‌indicates‌ ‌that‌ ‌they,‌ ‌in‌ ‌fact,‌ ‌correspond‌‌to‌‌as‌‌yet‌‌                             

unsampled‌‌transmission‌‌lineages.‌‌By‌‌contrast,‌‌most‌‌stem-derived‌‌singletons‌‌were‌‌sampled‌‌at‌‌                     

later‌ ‌dates‌ ‌(mean‌ ‌date:‌ ‌April‌ ‌7,‌ ‌Mann-Whitney‌ ‌U-test,‌ ‌p=0.014),‌ ‌suggesting‌‌that‌‌they‌‌were‌‌                         

more‌ ‌likely‌ ‌than‌ ‌non-stem-derived‌ ‌singletons‌ ‌to‌ ‌originate‌ ‌from‌ ‌the‌ ‌within-Russian‌‌                   

transmission.‌‌ ‌  

By‌‌the‌‌time‌‌introduction‌‌into‌‌Russia‌‌had‌‌started,‌‌the‌‌virus‌‌had‌‌already‌‌spread‌‌through‌‌                           

other‌‌countries,‌‌with‌‌the‌‌same‌‌variant‌‌frequently‌‌present‌‌at‌‌multiple‌‌locations.‌‌Therefore,‌‌the‌                         

source‌ ‌of‌ ‌most‌‌introductions‌‌could‌‌not‌‌be‌‌established‌‌unambiguously.‌‌Still,‌‌for‌‌a‌‌fraction‌‌of‌‌                           

the‌‌samples,‌‌the‌‌phylogenetic‌‌position‌‌is‌‌consistent‌‌with‌‌the‌‌source.‌‌For‌‌example,‌‌the‌‌earliest‌‌                           

patient‌ ‌with‌ ‌known‌ ‌travel‌ ‌history‌ ‌has‌ ‌returned‌ ‌to‌ ‌Russia‌ ‌from‌ ‌France,‌ ‌and‌ ‌her‌ ‌sample‌ ‌is‌‌                             

nested‌ ‌within‌ ‌a‌ ‌clade‌ ‌with‌ ‌just‌ ‌French‌ ‌and‌ ‌Danish‌ ‌sequences‌ ‌at‌ ‌the‌ ‌ancestral‌ ‌node,‌ ‌with‌‌                             

French‌‌having‌‌earlier‌‌dates‌‌and‌‌therefore‌‌arguably‌‌more‌‌plausible‌‌source‌‌(Fig.‌‌4.5a).‌‌For‌‌two‌‌                           

additional‌‌sequences‌‌corresponding‌‌to‌‌regional‌‌outbreaks,‌‌no‌‌direct‌‌travel‌‌data‌‌was‌‌available‌‌                       

but‌‌the‌‌probable‌‌source‌‌could‌‌be‌‌established‌‌from‌‌media‌‌reports‌‌and‌‌was‌‌consistent‌‌with‌‌the‌‌                             

phylogenetic‌‌position‌‌of‌‌the‌‌corresponding‌‌clades.‌‌This‌‌was‌‌the‌‌case‌‌for‌‌the‌‌import‌‌of‌‌clades‌‌                             

from‌‌Switzerland‌‌into‌‌Yakutia‌‌(the‌‌Sakha‌‌Republic)‌‌(Fig.‌‌4.4c)‌‌‌[406]‌‌and‌‌from‌‌Saudi‌‌Arabia‌‌                           

to‌ ‌the‌ ‌Chechen‌ ‌Republic‌ ‌(Fig.‌ ‌4.5b)‌ ‌‌[407]‌.‌ ‌ 

Overall,‌ ‌out‌ ‌of‌ ‌the‌ ‌13‌ ‌patients‌ ‌with‌ ‌known‌ ‌travel‌ ‌history‌ ‌(11‌‌direct‌‌+‌‌2‌‌from‌‌media‌‌                               

reports),‌ ‌the‌ ‌country‌ ‌of‌ ‌origin‌ ‌is‌ ‌consistent‌ ‌with‌ ‌the‌ ‌sampling‌ ‌locations‌ ‌of‌ ‌the‌ ‌same‌ ‌or‌‌                             

ancestral‌ ‌nodes‌ ‌in‌ ‌9‌ ‌cases,‌ ‌including‌ ‌the‌ ‌3‌ ‌cases‌‌when‌‌it‌‌is‌‌uniquely‌‌identified.‌‌In‌‌one‌‌case‌‌                                 

(Supplementary‌‌Fig.‌‌B-4b),‌‌the‌‌travel‌‌direction‌‌(Egypt)‌‌is‌‌inconsistent‌‌with‌‌the‌‌phylogenetic‌‌                       

107‌ ‌ 
‌ 

https://paperpile.com/c/bilIcc/QYGyU
https://paperpile.com/c/bilIcc/WpJmp


position‌‌of‌‌the‌‌sample,‌‌and‌‌in‌‌the‌‌remaining‌‌three‌‌cases,‌‌there‌‌is‌‌not‌‌enough‌‌phylogeographic‌‌                             

data‌ ‌to‌ ‌make‌ ‌a‌ ‌call.‌ ‌For‌ ‌the‌ ‌same‌ ‌9‌ ‌out‌ ‌of‌ ‌the‌ ‌13‌ ‌patients,‌ ‌we‌ ‌were‌ ‌able‌ ‌to‌ ‌correctly‌ ‌and‌‌                                       

uniquely‌ ‌identify‌ ‌the‌ ‌source‌ ‌continent‌ ‌(Europe‌ ‌in‌ ‌all‌ ‌cases).‌‌ ‌  

Partial‌‌consistency‌‌between‌‌direct‌‌travel‌‌history‌‌and‌‌phylogenetic‌‌position‌‌motivated‌‌                   

us‌‌to‌‌attempt‌‌to‌‌infer‌‌the‌‌sources‌‌of‌‌Russian‌‌samples‌‌phylogeographically.‌‌In‌‌the‌‌absence‌‌of‌‌                             

travel‌ ‌data,‌ ‌we‌ ‌position‌ ‌the‌ ‌hypothetical‌ ‌source‌‌of‌‌one‌‌transmission‌‌lineage‌‌(lineage‌‌9,‌‌Fig.‌‌                           

4.4d)‌ ‌as‌ ‌the‌ ‌USA;‌ ‌and‌ ‌of‌ ‌five‌ ‌singletons,‌ ‌as‌ ‌Chile‌ ‌(Supplementary‌ ‌Fig.‌ ‌B-2k),‌ ‌England‌                           

(Supplementary‌ ‌Fig.‌ ‌B-2l),‌ ‌France‌ ‌(Supplementary‌ ‌Fig.‌ ‌B-2m),‌ ‌and‌ ‌Denmark‌‌                 

(Supplementary‌‌Fig.‌‌B-3h,p).‌‌For‌‌6‌‌additional‌‌singletons,‌‌we‌‌position‌‌the‌‌hypothetical‌‌source‌‌                       

to‌‌the‌‌continent‌‌(Europe‌‌in‌‌all‌‌cases).‌‌Finally,‌‌we‌‌estimate‌‌the‌‌hypothetical‌‌origin‌‌of‌‌one‌‌stem‌‌                               

cluster‌ ‌as‌ ‌Sweden‌ ‌(Supplementary‌ ‌Fig.‌ ‌B-4c),‌ ‌and‌ ‌of‌ ‌two‌ ‌more‌ ‌stem‌ ‌clusters,‌ ‌as‌ ‌Europe.‌‌                           

Importantly,‌‌phylogeographic‌‌inferences‌‌are‌‌strongly‌‌sensitive‌‌to‌‌sampling‌‌bias‌‌and‌‌should‌‌be‌‌                       

treated‌ ‌with‌ ‌caution.‌ ‌ 

The‌ ‌individuals‌ ‌importing‌ ‌the‌ ‌virus‌ ‌and‌ ‌seeding‌ ‌the‌ ‌Russian‌ ‌transmission‌ ‌lineages‌‌                     

were‌‌not‌‌a‌‌random‌‌sample‌‌of‌‌the‌‌population.‌‌Very‌‌early‌‌samples‌‌were‌‌collected‌‌from‌‌patients‌‌                             

who‌‌were‌‌on‌‌average‌‌younger‌‌than‌‌those‌‌sampled‌‌later‌‌(Fig.‌‌4.6b).‌‌This‌‌is‌‌consistent‌‌with‌‌the‌‌                               

major‌‌role‌‌of‌‌younger‌‌Russians‌‌in‌‌the‌‌import‌‌of‌‌the‌‌virus‌‌into‌‌Russia‌‌‌[408]‌,‌‌possibly‌‌because‌‌                               

they‌ ‌comprised‌ ‌a‌ ‌larger‌ ‌share‌ ‌among‌ ‌the‌ ‌people‌ ‌returning‌ ‌from‌ ‌business‌ ‌trips‌ ‌or‌ ‌holidays.‌ ‌ 

4.3.3.‌ ‌Temporal‌ ‌dynamics‌ ‌of‌ ‌SARS-CoV-2‌ ‌spread‌ ‌in‌ ‌Russia‌ ‌ 

Following‌ ‌introduction,‌ ‌the‌ ‌virus‌ ‌has‌ ‌spread‌ ‌throughout‌ ‌Russia.‌ ‌Four‌ ‌out‌ ‌of‌ ‌the‌ ‌9‌‌                         

identified‌ ‌Russian‌ ‌transmission‌ ‌lineages,‌ ‌and‌ ‌8‌ ‌out‌ ‌of‌ ‌the‌ ‌12‌ ‌stem‌ ‌clusters,‌ ‌span‌ ‌multiple‌‌                           

regions‌‌(Figs.‌‌4.1b,‌‌4.3c-d,‌‌4.4d).‌‌As‌‌Moscow‌‌and‌‌Saint‌‌Petersburg‌‌are‌‌major‌‌transport‌‌hubs,‌‌                           

together‌ ‌responsible‌ ‌for‌ ‌77%‌ ‌of‌ ‌the‌ ‌international‌ ‌air‌‌traffic‌‌in‌‌Russia,‌‌we‌‌hypothesized‌‌that‌‌                           
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the‌ ‌virus‌ ‌was‌ ‌introduced‌ ‌through‌ ‌these‌ ‌cities,‌ ‌and‌ ‌spread‌ ‌throughout‌ ‌Russia‌ ‌from‌ ‌them.‌‌                         

Contrary‌ ‌to‌ ‌this‌ ‌hypothesis,‌ ‌among‌ ‌the‌ ‌Russian‌ ‌stem‌ ‌clusters‌ ‌and‌ ‌singletons,‌ ‌the‌ ‌samples‌‌                         

from‌ ‌Moscow‌ ‌or‌ ‌Saint‌ ‌Petersburg‌ ‌do‌ ‌not‌ ‌sit‌ ‌on‌ ‌shorter‌ ‌branches‌ ‌than‌ ‌samples‌ ‌from‌ ‌other‌‌                             

regions;‌‌in‌‌fact,‌‌branches‌‌leading‌‌to‌‌them‌‌tend‌‌to‌‌be‌‌slightly‌‌longer‌‌(mean‌‌branch‌‌length‌‌0.88‌‌                               

vs.‌ ‌0.37‌ ‌substitutions,‌ ‌p=0.006,‌ ‌permutation‌ ‌test),‌ ‌probably‌ ‌because‌ ‌of‌ ‌more‌ ‌extensive‌‌                     

regional‌‌sampling‌‌early‌‌in‌‌the‌‌outbreak.‌‌Thus,‌‌we‌‌see‌‌no‌‌evidence‌‌for‌‌a‌‌preferential‌‌direction‌‌                             

of‌ ‌transmission‌ ‌within‌ ‌Russia,‌ ‌suggesting‌ ‌that‌ ‌the‌ ‌Russian‌ ‌epidemic‌ ‌has‌ ‌been‌ ‌seeded‌ ‌by‌‌                         

near-concurrent‌ ‌introduction‌ ‌into‌ ‌multiple‌ ‌regions.‌ ‌ 

4.3.4.‌ ‌Vreden‌ ‌hospital‌ ‌outbreak‌ ‌ 

A‌ ‌major‌‌transmission‌‌cluster‌‌corresponded‌‌to‌‌the‌‌nosocomial‌‌outbreak‌‌at‌‌the‌‌Vreden‌‌                       

Russian‌ ‌Research‌ ‌Institute‌ ‌of‌ ‌Traumatology‌ ‌and‌ ‌Orthopedics‌‌in‌‌Saint‌‌Petersburg‌‌(hereafter,‌‌                     

the‌ ‌Vreden‌ ‌hospital)‌‌‌[409,410]‌.‌‌According‌‌to‌‌an‌‌internal‌‌investigation,‌‌the‌‌suspected‌‌patient‌‌                       

zero‌ ‌at‌ ‌the‌‌hospital‌‌had‌‌surgery‌‌on‌‌March‌‌27,‌‌2020.‌‌While‌‌routine‌‌COVID-19‌‌testing‌‌at‌‌the‌‌                               

Vreden‌ ‌hospital‌ ‌began‌ ‌on‌ ‌March‌ ‌18,‌‌the‌‌earliest‌‌samples‌‌that‌‌tested‌‌positive‌‌were‌‌collected‌‌                           

on‌‌April‌‌3.‌‌Quarantine‌‌was‌‌gradually‌‌introduced‌‌between‌‌April‌‌7‌‌and‌‌April‌‌9,‌‌which‌‌involved‌‌                             

a‌‌complete‌‌lockdown‌‌of‌‌the‌‌hospital,‌‌isolation‌‌of‌‌units‌‌from‌‌each‌‌other,‌‌and‌‌shutdown‌‌of‌‌the‌‌                               

hospital-wide‌ ‌ventilation‌ ‌system.‌‌474‌‌patients‌‌and‌‌270‌‌medical‌‌workers‌‌remained‌‌inside‌‌the‌‌                       

hospital‌ ‌for‌ ‌the‌ ‌following‌ ‌35‌ ‌days.‌ ‌ 

Our‌‌dataset‌‌contains‌‌SARS-CoV-2‌‌genomes‌‌obtained‌‌from‌‌52‌‌of‌‌the‌‌Vreden‌‌hospital‌‌                       

patients‌ ‌or‌ ‌medical‌ ‌workers.‌ ‌Phylogenetic‌ ‌analysis‌ ‌indicates‌ ‌that‌ ‌these‌ ‌samples‌ ‌form‌ ‌three‌‌                       

distinct‌‌groups,‌‌each‌‌defined‌‌by‌‌its‌‌own‌‌set‌‌of‌‌mutations.‌‌The‌‌largest‌‌group,‌‌group‌‌1,‌‌includes‌‌                               

41‌ ‌sequences‌ ‌obtained‌ ‌between‌ ‌April‌ ‌3‌ ‌and‌ ‌April‌ ‌22‌ ‌and‌ ‌represents‌ ‌a‌ ‌distinct‌ ‌Russian‌‌                           

transmission‌ ‌lineage‌ ‌(lineage‌ ‌8,‌ ‌star‌ ‌in‌ ‌Fig.‌ ‌4.2).‌ ‌This‌ ‌lineage‌ ‌derives‌ ‌from‌ ‌a‌ ‌very‌ ‌prolific‌‌                             
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ancestral‌ ‌node‌ ‌that‌ ‌has‌ ‌seeded‌‌multiple‌‌lineages‌‌throughout‌‌the‌‌world,‌‌including‌‌five‌‌of‌‌the‌‌                           

Russian‌‌transmission‌‌lineages,‌‌so‌‌its‌‌origin‌‌cannot‌‌be‌‌positioned‌‌phylogeographically.‌‌Group‌‌                     

2‌ ‌contains‌ ‌7‌ ‌out‌ ‌of‌ ‌9‌ ‌sequences‌ ‌in‌ ‌another‌ ‌clade,‌ ‌which‌ ‌also‌ ‌carries‌ ‌one‌ ‌non-Russian‌‌                             

(English)‌ ‌sequence‌ ‌(triangles‌ ‌in‌ ‌Fig.‌ ‌4.2).‌ ‌Finally,‌ ‌group‌ ‌3‌ ‌includes‌ ‌4‌ ‌sequences‌ ‌and‌‌                         

represents‌ ‌a‌ ‌clade‌ ‌of‌ ‌its‌ ‌own‌ ‌within‌ ‌another‌ ‌Russian‌ ‌transmission‌ ‌lineage‌ ‌(lineage‌ ‌1,‌‌                         

diamonds‌ ‌in‌ ‌Figs.‌ ‌4.2‌ ‌and‌ ‌4.3a).‌ ‌While‌ ‌samples‌ ‌from‌ ‌group‌ ‌1‌ ‌came‌ ‌from‌ ‌different‌ ‌units‌‌                             

located‌ ‌at‌ ‌different‌ ‌floors‌ ‌of‌ ‌the‌ ‌Vreden‌ ‌hospital,‌ ‌samples‌ ‌from‌ ‌groups‌ ‌2‌ ‌and‌ ‌3‌ ‌each‌‌came‌‌                               

from‌ ‌their‌ ‌own‌ ‌unit.‌ ‌ 

Groups‌ ‌1‌ ‌and‌ ‌2‌ ‌are‌ ‌phylogenetically‌ ‌remote‌ ‌from‌ ‌group‌ ‌3,‌ ‌with‌ ‌six‌ ‌mutations‌‌                         

separating‌‌the‌‌most‌‌recent‌‌common‌‌ancestors‌‌(MRCAs)‌‌of‌‌groups‌‌1‌‌and‌‌2‌‌from‌‌group‌‌3‌‌(Fig.‌‌                               

4.2).‌ ‌Groups‌ ‌1‌ ‌and‌ ‌2‌ ‌belong‌ ‌to‌ ‌the‌ ‌B.1.1‌ ‌lineage‌ ‌defined‌ ‌by‌ ‌three‌ ‌mutations‌ ‌at‌ ‌positions‌‌                               

28881,‌‌28882‌‌and‌‌28883,‌‌and‌‌are‌‌further‌‌defined‌‌by‌‌mutations‌‌at‌‌positions‌‌26750‌‌and‌‌1191,‌‌                             

respectively.‌ ‌By‌ ‌contrast,‌ ‌group‌ ‌3‌ ‌belongs‌ ‌to‌ ‌the‌ ‌B.1.5‌ ‌lineage,‌ ‌and‌ ‌is‌ ‌supported‌ ‌by‌ ‌the‌‌                             

mutation‌ ‌at‌ ‌position‌ ‌20268‌ ‌which‌ ‌is‌ ‌widespread‌ ‌over‌ ‌the‌ ‌world‌ ‌and‌ ‌appeared‌ ‌early‌ ‌in‌‌                           

phylogenetic‌ ‌history,‌ ‌as‌ ‌well‌ ‌as‌ ‌by‌‌two‌‌additional‌‌mutations.‌‌This‌‌provides‌‌strong‌‌evidence‌‌                         

that‌ ‌group‌ ‌3‌ ‌originates‌ ‌from‌ ‌a‌ ‌separate‌ ‌introduction‌ ‌to‌ ‌that‌ ‌of‌ ‌groups‌ ‌1‌ ‌and‌ ‌2.‌ ‌ 

To‌ ‌understand‌ ‌the‌ ‌spread‌ ‌of‌ ‌the‌ ‌outbreak‌ ‌at‌ ‌the‌ ‌Vreden‌ ‌hospital,‌ ‌we‌ ‌performed‌ ‌a‌‌                           

Bayesian‌‌phylodynamic‌‌analysis‌‌using‌‌the‌‌birth-death‌‌skyline‌‌model‌‌‌[44]‌‌of‌‌BEAST2‌‌‌[319]‌.‌‌                       

Given‌ ‌the‌ ‌possibility‌ ‌of‌ ‌multiple‌ ‌introductions,‌ ‌we‌ ‌analyzed‌ ‌the‌ ‌whole‌ ‌Vreden‌ ‌dataset‌‌                       

comprising‌‌groups‌‌1,‌‌2,‌‌and‌‌3;‌‌and‌‌also‌‌its‌‌two‌‌subsets‌‌consisting‌‌of‌‌groups‌‌1‌‌and‌‌2,‌‌and‌‌just‌‌                                     

of‌ ‌group‌ ‌1.‌ ‌The‌ ‌results‌ ‌are‌ ‌summarized‌ ‌in‌ ‌Figs.‌ ‌4.7-8‌ ‌and‌ ‌Supplementary‌ ‌Tables‌ ‌B-4,5,6.‌‌ ‌  
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‌ 
Fig.‌‌4.7.‌‌Vreden‌‌hospital‌‌outbreak‌‌parameter‌‌estimates‌‌produced‌‌by‌‌birth-death‌‌skyline‌‌model‌‌                       
in‌ ‌BEAST2.‌ ‌‌Panels‌ ‌show‌ ‌posterior‌ ‌distributions‌ ‌of‌ ‌effective‌ ‌reproductive‌‌number‌‌R‌e‌ ‌(upper‌‌panel)‌‌                         
with‌ ‌the‌ ‌dashed‌ ‌vertical‌ ‌line‌ ‌corresponding‌ ‌to‌ ‌R‌e‌=1‌ ‌and‌ ‌the‌ ‌date‌ ‌of‌ ‌the‌ ‌MRCA‌ ‌(lower‌ ‌panel)‌ ‌for‌‌                                 
analyses‌ ‌based‌ ‌on‌ ‌Vreden‌ ‌hospital‌ ‌samples‌ ‌from‌ ‌groups‌ ‌1,‌ ‌2,‌ ‌and‌ ‌3‌ ‌(left‌ ‌column),‌ ‌groups‌ ‌1‌ ‌and‌‌2‌‌                                   
(middle‌ ‌column)‌ ‌and‌ ‌group‌ ‌1‌ ‌(right‌ ‌column).‌ ‌ 
‌ 

‌ 
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Fig.‌‌4.8.‌‌‌Maximum‌‌clade‌‌credibility‌‌tree‌‌for‌‌the‌‌Vreden‌‌hospital‌‌outbreak.‌‌Groups‌‌1,‌‌2,‌‌and‌‌3‌‌are‌‌                                 
marked‌‌by‌‌a‌‌star,‌‌a‌‌triangle,‌‌and‌‌a‌‌diamond,‌‌respectively.‌‌Pink‌‌bars‌‌represent‌‌95%‌‌credible‌‌intervals.‌‌                               
The‌‌timeline‌‌of‌‌the‌‌outbreak‌‌is‌‌shown‌‌in‌‌gray,‌‌with‌‌the‌‌time‌‌interval‌‌from‌‌patient‌‌zero‌‌(March‌‌27)‌‌till‌‌                                     
the‌ ‌introduction‌ ‌of‌ ‌quarantine‌ ‌(April‌ ‌8)‌ ‌highlighted‌ ‌with‌ ‌a‌ ‌darker‌ ‌tone.‌ ‌ 

‌ 

We‌ ‌found‌ ‌that‌ ‌the‌ ‌Bayesian‌ ‌analysis‌ ‌supports‌ ‌at‌ ‌least‌ ‌two‌ ‌distinct‌ ‌introductions‌ ‌of‌‌                         

SARS-CoV-2‌ ‌into‌ ‌the‌ ‌Vreden‌‌hospital.‌‌This‌‌is‌‌based‌‌on‌‌the‌‌deep‌‌split‌‌between‌‌group‌‌3‌‌and‌‌                               

groups‌ ‌1-2.‌ ‌The‌ ‌MRCA‌ ‌of‌ ‌all‌ ‌three‌ ‌groups‌ ‌dates‌ ‌to‌ ‌February‌ ‌21‌ ‌(95%‌ ‌CI‌ ‌January‌ ‌20‌ ‌—‌‌                                 

March‌ ‌21).‌ ‌This‌ ‌is‌ ‌more‌ ‌than‌‌a‌‌month‌‌before‌‌the‌‌assumed‌‌date‌‌of‌‌introduction‌‌(March‌‌27),‌‌                               

implying‌ ‌that‌ ‌group‌ ‌3‌ ‌and‌ ‌the‌ ‌remaining‌ ‌Vreden‌ ‌samples‌ ‌were‌ ‌introduced‌ ‌independently.‌‌ ‌  

A‌ ‌third‌ ‌introduction‌ ‌into‌ ‌the‌ ‌Vreden‌ ‌hospital‌ ‌is‌ ‌also‌ ‌highly‌ ‌probable.‌ ‌Indeed,‌ ‌the‌‌                         

MRCA‌‌of‌‌groups‌‌1‌‌and‌‌2‌‌dates‌‌to‌‌March‌‌24‌‌(95%‌‌CI‌‌March‌‌6‌‌—‌‌April‌‌1).‌‌As‌‌there‌‌was‌‌no‌‌                                         

sign‌ ‌of‌ ‌infection‌ ‌at‌ ‌the‌ ‌hospital‌ ‌before‌ ‌the‌ ‌end‌ ‌of‌ ‌March,‌ ‌it‌ ‌is‌ ‌quite‌ ‌likely‌ ‌that‌ ‌these‌ ‌two‌‌                                   

groups‌ ‌originated‌ ‌through‌ ‌separate‌ ‌introductions.‌ ‌The‌ ‌root‌ ‌of‌ ‌group‌ ‌1‌ ‌dates‌ ‌to‌ ‌March‌ ‌26‌‌                           

(95%‌ ‌CI‌ ‌March‌ ‌13‌ ‌—‌ ‌April‌ ‌2),‌ ‌which‌‌is‌‌consistent‌‌with‌‌the‌‌suspected‌‌illness‌‌period‌‌of‌‌the‌‌                                 

patient‌‌zero.‌‌Additional‌‌evidence‌‌that‌‌groups‌‌1‌‌and‌‌2‌‌originate‌‌from‌‌distinct‌‌introductions‌‌is‌‌                           

provided‌‌by‌‌the‌‌fact‌‌that‌‌the‌‌clade‌‌that‌‌includes‌‌group‌‌2‌‌also‌‌carries‌‌a‌‌non-Russian‌‌(English)‌‌                               

sequence‌ ‌(Fig.‌ ‌4.2).‌‌ ‌  

We‌‌estimated‌‌the‌‌phylodynamic‌‌parameters‌‌before‌‌and‌‌after‌‌the‌‌quarantine‌‌measures‌‌                     

were‌ ‌introduced.‌ ‌In‌ ‌all‌ ‌three‌ ‌analyzes,‌ ‌the‌ ‌estimates‌ ‌were‌ ‌stable‌ ‌and‌ ‌consistent‌ ‌with‌ ‌each‌‌                           

other.‌ ‌Based‌ ‌on‌ ‌the‌ ‌analysis‌ ‌of‌ ‌all‌ ‌three‌ ‌groups,‌ ‌we‌ ‌found‌ ‌that‌ ‌the‌ ‌effective‌ ‌reproductive‌‌                             

number‌ ‌R‌e‌ ‌was‌ ‌3.00‌ ‌(95%‌ ‌CI‌ ‌1.85-4.25)‌ ‌before‌ ‌April‌ ‌8,‌ ‌and‌ ‌dropped‌ ‌to‌ ‌1.76‌ ‌(95%‌ ‌CI‌‌                               

0.91-2.71)‌ ‌after‌ ‌April‌ ‌8‌‌(Fig.‌‌4.7).‌‌The‌‌same‌‌estimates‌‌of‌‌the‌‌effective‌‌reproductive‌‌number‌‌                           

R‌e‌ ‌from‌ ‌group‌ ‌1‌ ‌only‌ ‌are‌ ‌3.64‌ ‌(95%‌ ‌CI‌ ‌2.01-5.43)‌ ‌before‌ ‌quarantine‌ ‌and‌ ‌1.85‌ ‌(95%‌ ‌CI‌‌                               

0.77-3.06)‌‌after‌‌quarantine,‌‌respectively.‌‌These‌‌estimates‌‌are‌‌consistent‌‌with‌‌each‌‌other,‌‌and‌‌                       

the‌‌potential‌‌effects‌‌of‌‌population‌‌structure‌‌do‌‌not‌‌create‌‌considerable‌‌biases.‌‌The‌‌substantial‌‌                         
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decrease‌ ‌of‌ ‌the‌‌R‌e‌ ‌upon‌‌introduction‌‌of‌‌quarantine‌‌can‌‌also‌‌be‌‌seen‌‌from‌‌the‌‌incidence‌‌data‌‌                               

on‌ ‌moderately-to-severely‌ ‌ill‌ ‌patients‌ ‌(those‌ ‌deemed‌ ‌to‌ ‌require‌ ‌transition‌ ‌to‌ ‌specialized‌‌                     

COVID-19‌ ‌facilities;‌ ‌Supplementary‌ ‌Fig.‌ ‌B-5).‌ ‌ ‌   
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4.4.‌ ‌Discussion‌ ‌ 

The‌‌ongoing‌‌pandemic‌‌of‌‌SARS-CoV-2‌‌has‌‌involved‌‌rapid‌‌spread‌‌of‌‌the‌‌virus‌‌across‌‌                         

the‌ ‌borders‌ ‌of‌ ‌most‌ ‌nations‌ ‌within‌ ‌the‌ ‌few‌ ‌weeks‌ ‌of‌ ‌February‌ ‌and‌ ‌March‌ ‌of‌ ‌2020.‌ ‌While‌‌                               

Russia‌‌was‌‌behind‌‌many‌‌of‌‌the‌‌neighboring‌‌countries‌‌in‌‌the‌‌initial‌‌rise‌‌of‌‌the‌‌case‌‌counts,‌‌it‌‌                                 

has‌ ‌rapidly‌ ‌caught‌ ‌up‌‌in‌‌the‌‌following‌‌weeks.‌‌By‌‌analyzing‌‌the‌‌phylogenetic‌‌distribution‌‌of‌‌                           

211‌‌early‌‌COVID‌‌samples‌‌from‌‌those‌‌dates,‌‌we‌‌provide‌‌details‌‌of‌‌this‌‌process,‌‌shedding‌‌light‌‌                             

on‌ ‌the‌ ‌patterns‌ ‌of‌ ‌transborder‌ ‌transmission‌ ‌of‌ ‌the‌ ‌virus‌ ‌and‌ ‌the‌ ‌factors‌ ‌that‌ ‌affect‌ ‌it.‌ ‌ 

SARS-CoV-2‌‌accumulates‌‌substitutions‌‌at‌‌the‌‌average‌‌rate‌‌of‌‌~1‌‌per‌‌1000‌‌nucleotides‌‌                       

per‌ ‌site‌ ‌per‌ ‌year‌ ‌‌[411]‌,‌ ‌which‌ ‌means‌ ‌that‌ ‌its‌ ‌genome‌ ‌accumulates‌ ‌on‌ ‌average‌ ‌just‌ ‌one‌‌                             

mutation‌ ‌per‌ ‌2-3‌ ‌transmissions.‌ ‌Therefore,‌ ‌phylogenetic‌ ‌trees‌ ‌have‌ ‌lower‌ ‌resolution‌ ‌than‌‌                     

transmission‌ ‌trees,‌ ‌meaning‌ ‌that‌ ‌transmission‌ ‌history‌ ‌cannot‌ ‌be‌ ‌fully‌ ‌resolved‌ ‌from‌‌                     

phylogenetics‌ ‌alone.‌ ‌In‌‌particular,‌‌in‌‌the‌‌absence‌‌of‌‌complete‌‌data‌‌on‌‌travel‌‌history,‌‌there‌‌is‌‌                             

no‌ ‌simple‌ ‌rule‌ ‌for‌ ‌counting‌ ‌the‌ ‌number‌ ‌of‌ ‌introductions.‌ ‌A‌ ‌common‌ ‌rule‌ ‌of‌ ‌thumb‌ ‌is‌‌                             

counting‌ ‌the‌ ‌number‌ ‌of‌ ‌country-specific‌ ‌clades‌ ‌‌[397,412–415]‌.‌ ‌However,‌ ‌multiple‌‌                 

introductions‌ ‌can‌ ‌result‌ ‌in‌ ‌a‌ ‌single‌ ‌clade‌ ‌if‌ ‌the‌ ‌viral‌ ‌diversity‌ ‌abroad‌ ‌is‌ ‌undersampled‌‌                           

[416–418]‌;‌ ‌and‌ ‌a‌ ‌single‌ ‌introduction‌ ‌can‌ ‌result‌ ‌in‌ ‌multiple‌ ‌clades‌ ‌if‌ ‌their‌ ‌last‌ ‌common‌‌                           

ancestor‌ ‌has‌ ‌already‌ ‌been‌ ‌introduced‌ ‌‌[397]‌.‌‌ ‌  

By‌ ‌using‌ ‌direct‌ ‌travel‌ ‌data,‌ ‌we‌‌show‌‌that‌‌both‌‌these‌‌problems‌‌hold.‌‌Indeed,‌‌we‌‌find‌‌                             

transmission‌ ‌lineages‌ ‌apparently‌ ‌co-introduced‌ ‌from‌ ‌multiple‌ ‌countries‌ ‌(Fig.‌ ‌4.4b)‌ ‌or‌‌                   

singletons‌ ‌without‌ ‌any‌ ‌history‌ ‌of‌ ‌travel‌ ‌(Fig.‌ ‌4.5c).‌ ‌The‌ ‌uncertainty‌ ‌in‌ ‌the‌ ‌number‌ ‌of‌‌                           

introduction‌‌events‌‌is‌‌the‌‌highest‌‌for‌‌identical‌‌sequences‌‌with‌‌broad‌‌geographic‌‌distribution,‌‌                       

e.g.,‌ ‌the‌ ‌last‌ ‌common‌ ‌ancestor‌‌of‌‌lineage‌‌B.1.1.‌‌This‌‌node‌‌constitutes‌‌a‌‌stem‌‌cluster‌‌of‌‌100‌‌                               

identical‌ ‌Russian‌ ‌sequences,‌ ‌as‌ ‌well‌ ‌as‌ ‌4,323‌ ‌sequences‌ ‌from‌ ‌outside‌ ‌Russia.‌ ‌It‌ ‌is‌ ‌the‌‌                           

immediate‌ ‌ancestor‌ ‌to‌ ‌five‌ ‌Russian‌ ‌transmission‌ ‌lineages‌ ‌and‌ ‌19‌ ‌stem-derived‌ ‌Russian‌‌                     
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singletons,‌‌so‌‌how‌‌many‌‌times‌‌this‌‌sequence‌‌has‌‌been‌‌introduced‌‌into‌‌Russia‌‌strongly‌‌affects‌‌                           

the‌‌overall‌‌counts‌‌of‌‌the‌‌number‌‌of‌‌introductions.‌‌Travel‌‌data‌‌indicate‌‌that‌‌a‌‌stem‌‌group‌‌can‌‌                               

carry‌ ‌a‌ ‌combination‌ ‌of‌ ‌multiple‌ ‌introduced‌ ‌and‌ ‌domestically‌ ‌transmitted‌ ‌sequences,‌‌                   

complicating‌ ‌the‌ ‌inference‌ ‌of‌ ‌the‌ ‌number‌ ‌of‌ ‌introductions.‌‌ ‌  

Under‌ ‌a‌ ‌simple‌ ‌statistical‌ ‌model‌ ‌combining‌ ‌genetic‌ ‌and‌ ‌available‌ ‌travel‌ ‌data,‌ ‌we‌‌                       

estimate‌ ‌that‌ ‌the‌ ‌sampled‌ ‌diversity‌ ‌of‌ ‌SARS-CoV-2‌ ‌in‌ ‌Russia‌ ‌originated‌ ‌from‌ ‌67‌‌                       

introductions.‌ ‌Since‌ ‌this‌ ‌corresponds‌ ‌to‌ ‌roughly‌‌one‌‌introduction‌‌per‌‌every‌‌three‌‌sequences‌‌                       

sampled,‌‌the‌‌actual‌‌number‌‌of‌‌introductions‌‌was‌‌probably‌‌much‌‌higher,‌‌and‌‌its‌‌estimate‌‌will‌‌                           

likely‌ ‌increase‌ ‌as‌ ‌more‌ ‌sequences‌ ‌are‌ ‌sampled.‌‌  

Overall,‌ ‌the‌ ‌slow‌ ‌mutation‌ ‌rate‌ ‌of‌ ‌SARS-CoV-2‌ ‌together‌ ‌with‌ ‌unequal‌ ‌sampling‌‌                     

among‌ ‌countries‌ ‌complicates‌ ‌phylogeographic‌ ‌inference‌ ‌of‌ ‌introduction‌ ‌sources‌ ‌‌[255,397]‌.‌‌                 

We‌‌attempted‌‌such‌‌inference‌‌for‌‌the‌‌Russian‌‌samples‌‌nevertheless,‌‌and‌‌found‌‌that‌‌its‌‌results‌‌                           

are‌‌largely‌‌supported‌‌by‌‌direct‌‌travel‌‌data‌‌when‌‌such‌‌data‌‌is‌‌available.‌‌The‌‌somewhat‌‌higher‌‌                             

phylogeographic‌ ‌resolution‌ ‌for‌ ‌the‌ ‌Russian‌ ‌lineages‌ ‌compared‌ ‌to‌ ‌that‌ ‌in‌ ‌previous‌ ‌works‌‌                       

[255,397]‌‌may‌‌be‌‌due‌‌to‌‌the‌‌fact‌‌that‌‌most‌‌Russian‌‌lineages‌‌originated‌‌late,‌‌when‌‌the‌‌source‌‌                               

European‌ ‌lineages‌ ‌were‌ ‌already‌ ‌well‌ ‌established.‌ ‌Still,‌ ‌for‌ ‌most‌ ‌of‌ ‌the‌ ‌introductions,‌‌                       

phylogeography‌‌is‌‌not‌‌informative‌‌of‌‌their‌‌origin;‌‌moreover,‌‌phylogeographic‌‌inferences‌‌are‌‌                     

expected‌‌to‌‌be‌‌biased‌‌in‌‌the‌‌presence‌‌of‌‌uneven‌‌sampling‌‌between‌‌countries.‌‌This‌‌illustrates‌‌                           

the‌ ‌need‌ ‌of‌ ‌combining‌ ‌multiple‌ ‌data‌ ‌types,‌ ‌including‌ ‌travel‌ ‌history,‌ ‌for‌ ‌understanding‌ ‌the‌‌                         

viral‌ ‌origin‌ ‌and‌ ‌spread‌ ‌‌[419]‌.‌‌ ‌  

China‌‌is‌‌the‌‌5th‌‌most‌‌popular‌‌destination‌‌for‌‌Russian‌‌citizens,‌‌accounting‌‌for‌‌5.5%‌‌of‌‌                           

all‌ ‌international‌ ‌travel.‌‌Overall,‌‌approximately‌‌five‌‌million‌‌people‌‌traveled‌‌between‌‌the‌‌two‌‌                       

countries‌ ‌in‌ ‌2019,‌ ‌with‌ ‌65%‌ ‌of‌ ‌them‌ ‌traveling‌ ‌by‌ ‌land‌ ‌‌[420,421]‌.‌ ‌Although‌ ‌it‌ ‌is‌ ‌hard‌ ‌to‌‌                               

ascribe‌‌epidemiological‌‌results‌‌to‌‌specific‌‌NPIs,‌‌our‌‌analysis‌‌suggests‌‌that‌‌the‌‌border‌‌closure‌‌                         
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with‌‌China‌‌implemented‌‌in‌‌February‌‌has‌‌effectively‌‌curbed‌‌the‌‌virus‌‌introduction‌‌into‌‌Russia‌‌                         

from‌‌the‌‌Asian‌‌direction.‌‌Indeed,‌‌only‌‌four‌‌of‌‌our‌‌samples‌‌belong‌‌to‌‌lineages‌‌A,‌‌B,‌‌and‌‌B.2‌‌                                 

(GISAID‌‌clades‌‌S,‌‌L,‌‌and‌‌V,‌‌respectively),‌‌which‌‌predominantly‌‌originated‌‌in‌‌Asia;‌‌and‌‌two‌‌                           

of‌‌those‌‌sequences‌‌are‌‌nested‌‌within‌‌other‌‌European‌‌subclades,‌‌indicating‌‌that‌‌the‌‌import‌‌was‌‌                           

through‌ ‌Europe.‌ ‌This‌ ‌fraction‌‌is‌‌not‌‌representative‌‌of‌‌global‌‌case‌‌counts‌‌at‌‌that‌‌time,‌‌and‌‌is‌‌                               

instead‌‌reflective‌‌of‌‌travel‌‌patterns‌‌and‌‌the‌‌history‌‌of‌‌border‌‌closures.‌‌It‌‌is‌‌also‌‌in‌‌contrast‌‌to‌‌                                 

the‌‌situation‌‌in‌‌other‌‌countries‌‌where‌‌the‌‌outbreaks‌‌started‌‌earlier‌‌and‌‌were‌‌probably‌‌seeded‌‌                           

by‌ ‌a‌ ‌direct‌ ‌introduction‌ ‌from‌ ‌Asia‌ ‌‌[422–424]‌.‌ ‌ 

For‌ ‌most‌ ‌of‌ ‌the‌‌discovered‌‌transmission‌‌lineages,‌‌the‌‌earliest‌‌sampled‌‌sequence‌‌was‌‌                       

collected‌‌between‌‌March‌‌11‌‌and‌‌24,‌‌2020‌‌(Fig.‌‌7b).‌‌In‌‌the‌‌larger‌‌UK‌‌dataset,‌‌the‌‌mean‌‌time‌‌                                 

between‌ ‌the‌ ‌importation‌ ‌date‌ ‌of‌ ‌a‌ ‌lineage‌ ‌and‌‌its‌‌earliest‌‌sampling‌‌date‌‌within‌‌the‌‌UK‌‌was‌‌                               

estimated‌ ‌to‌ ‌be‌ ‌approximately‌ ‌two‌ ‌weeks,‌‌although‌‌this‌‌depends‌‌on‌‌many‌‌factors‌‌including‌‌                         

lineage‌‌size‌‌and‌‌sampling‌‌intensity‌‌‌[397]‌.‌‌If‌‌this‌‌can‌‌be‌‌extrapolated‌‌to‌‌Russian‌‌transmission‌‌                           

lineages,‌‌this‌‌implies‌‌that‌‌these‌‌lineages‌‌typically‌‌originated‌‌from‌‌imports‌‌in‌‌the‌‌last‌‌week‌‌of‌‌                             

February‌‌and‌‌the‌‌first‌‌week‌‌of‌‌March.‌‌A‌‌contributing‌‌factor‌‌could‌‌have‌‌been‌‌intensive‌‌travel‌‌                             

around‌ ‌the‌‌Russian‌‌state-mandated‌‌long‌‌holidays‌‌of‌‌February‌‌22-24‌‌and‌‌March‌‌7-9.‌‌Further‌‌                         

establishment‌‌of‌‌Russian‌‌transmission‌‌lineages‌‌could‌‌be‌‌limited‌‌by‌‌NPIs,‌‌in‌‌particular,‌‌by‌‌the‌‌                           

introduction‌ ‌of‌ ‌mandatory‌ ‌quarantine‌ ‌for‌ ‌incoming‌ ‌travelers‌ ‌on‌ ‌March‌ ‌5,‌ ‌as‌‌well‌‌as‌‌by‌‌the‌‌                             

overall‌ ‌radical‌ ‌reduction‌ ‌in‌ ‌international‌ ‌travel‌ ‌after‌ ‌these‌ ‌dates.‌ ‌ 

Detailed‌ ‌analysis‌ ‌of‌ ‌localized‌ ‌transmission‌ ‌clusters‌ ‌helps‌ ‌understand‌ ‌viral‌ ‌spread.‌‌                   

Well-studied‌ ‌examples‌ ‌include‌ ‌the‌ ‌Diamond‌ ‌Princess‌ ‌cruise‌ ‌ship‌ ‌‌[425–428]‌;‌ ‌the‌ ‌Grand‌‌                     

Princess‌ ‌cruise‌ ‌ship‌ ‌‌[429]‌;‌‌an‌‌international‌‌conference‌‌in‌‌Boston‌‌‌[413]‌;‌‌a‌‌community‌‌living‌‌                         

facility‌‌in‌‌the‌‌Boston‌‌area‌‌‌[413]‌;‌‌and‌‌the‌‌nosocomial‌‌outbreak‌‌in‌‌the‌‌Netcare‌‌St.‌‌Augustine’s‌‌                             

Hospital‌ ‌in‌ ‌South‌ ‌Africa‌‌‌[430]‌.‌‌In‌‌all‌‌but‌‌one‌‌of‌‌these‌‌cases,‌‌the‌‌outbreaks‌‌were‌‌genetically‌‌                               
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homogenous,‌ ‌indicating‌ ‌that‌ ‌they‌ ‌each‌ ‌arose‌ ‌from‌ ‌a‌ ‌single‌ ‌case.‌ ‌In‌ ‌the‌ ‌community‌ ‌living‌‌                           

facility,‌ ‌multiple‌ ‌introductions‌ ‌have‌ ‌occurred,‌ ‌but‌ ‌there‌ ‌was‌‌a‌‌dominant‌‌clade‌‌that‌‌included‌‌                         

nearly‌‌all‌‌the‌‌samples,‌‌while‌‌other‌‌clades‌‌were‌‌rare‌‌‌[413]‌.‌‌By‌‌contrast,‌‌at‌‌the‌‌Vreden‌‌hospital‌‌                               

outbreak,‌ ‌we‌ ‌observe‌‌multiple‌‌(2-3)‌‌introductions,‌‌each‌‌of‌‌which‌‌gave‌‌a‌‌prolific‌‌clade.‌‌This‌‌                           

indicates‌ ‌that‌ ‌this‌ ‌outbreak‌ ‌could‌ ‌have‌ ‌originated‌ ‌from‌ ‌multiple‌ ‌superspreading‌ ‌events.‌‌                     

Furthermore,‌ ‌we‌ ‌estimate‌ ‌the‌ ‌initial‌ ‌effective‌ ‌reproductive‌ ‌number‌ ‌R‌e‌ ‌during‌ ‌the‌‌                     

pre-quarantine‌‌period‌‌at‌‌~3.00,‌‌which‌‌is‌‌rather‌‌high.‌‌Multiple‌‌superspreading‌‌events‌‌and‌‌the‌‌                         

high‌‌R‌e‌ ‌can‌‌be‌‌due‌‌to‌‌some‌‌of‌‌the‌‌conditions‌‌specific‌‌to‌‌a‌‌hospital‌‌not‌‌specifically‌‌equipped‌‌                                 

for‌ ‌infection‌ ‌control,‌ ‌including‌ ‌dense‌ ‌contacts‌ ‌(in‌ ‌particular,‌ ‌spread‌ ‌by‌ ‌medical‌ ‌workers),‌‌                       

absence‌‌of‌‌protective‌‌measures,‌‌and‌‌lack‌‌of‌‌awareness.‌‌In‌‌the‌‌second‌‌phase‌‌of‌‌the‌‌outbreak,‌‌                             

we‌‌observe‌‌a‌‌significant‌‌decrease‌‌in‌‌R‌e‌ ‌down‌‌to‌‌~1.76.‌‌This‌‌change‌‌can‌‌be‌‌explained‌‌by‌‌two‌‌                                 

factors.‌‌Firstly,‌‌it‌‌can‌‌be‌‌due‌‌to‌‌increased‌‌awareness‌‌and‌‌quarantine‌‌measures‌‌which‌‌were‌‌in‌‌                             

effect‌‌after‌‌April‌‌7.‌‌Secondly,‌‌it‌‌can‌‌be‌‌due‌‌to‌‌a‌‌large‌‌number‌‌of‌‌people‌‌already‌‌ill,‌‌preventing‌‌                                   

further‌‌infection;‌‌indeed,‌‌around‌‌30%‌‌of‌‌people‌‌at‌‌the‌‌hospital‌‌had‌‌been‌‌infected‌‌by‌‌April‌‌22.‌‌                               

We‌ ‌cannot‌ ‌quantify‌ ‌the‌ ‌contribution‌ ‌of‌ ‌these‌ ‌factors‌ ‌to‌‌the‌‌slowing‌‌rate‌‌of‌‌infection‌‌spread‌‌                             

with‌ ‌available‌ ‌data‌ ‌and‌ ‌methods.‌ ‌ 

‌   
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CHAPTER‌ ‌5:‌ ‌CONCLUSIONS‌ ‌ 

In‌ ‌this‌ ‌Ph.D.‌ ‌thesis,‌ ‌I‌ ‌demonstrate‌ ‌how‌ ‌methods‌ ‌of‌ ‌molecular‌ ‌epidemiology‌ ‌can‌ ‌be‌‌                         

applied‌ ‌to‌ ‌study‌ ‌two‌ ‌infectious‌ ‌diseases‌ ‌affecting‌ ‌the‌ ‌population‌ ‌of‌ ‌Russia.‌ ‌ 

‌ 

The‌ ‌first‌ ‌part‌ ‌of‌ ‌the‌ ‌thesis‌ ‌is‌ ‌devoted‌ ‌to‌ ‌the‌ ‌analysis‌ ‌of‌ ‌a‌ ‌densely‌ ‌sampled‌ ‌HIV-1‌‌                               

epidemic‌ ‌in‌ ‌Oryol‌ ‌Oblast,‌ ‌Russia.‌ ‌Our‌ ‌findings‌ ‌can‌ ‌be‌ ‌summarized‌ ‌as‌ ‌follows:‌ ‌ 

1.‌ ‌The‌ ‌HIV-1‌ ‌epidemic‌ ‌in‌ ‌Oryol‌ ‌Oblast‌ ‌resulted‌ ‌from‌ ‌at‌ ‌least‌ ‌332‌ ‌imports,‌‌with‌‌82‌‌                             

imports‌ ‌giving‌ ‌rise‌ ‌to‌ ‌observable‌ ‌further‌ ‌transmission‌ ‌within‌ ‌the‌ ‌region.‌ ‌ 

2.‌ ‌Subtype‌ ‌A‌ ‌predominates‌ ‌the‌ ‌epidemic‌ ‌(87.2%),‌ ‌followed‌ ‌by‌ ‌CRF63‌ ‌(7.2%)‌ ‌and‌‌                       

subtype‌ ‌B‌ ‌(2.5%).‌ ‌ 

3.‌ ‌Subtype‌ ‌A‌ ‌is‌ ‌responsible‌ ‌for‌ ‌the‌ ‌moderate‌‌growth‌‌of‌‌the‌‌epidemic‌‌with‌‌R‌e‌ ‌of‌‌2.8‌‌                               

[1.7-4.4].‌ ‌ 

4.‌ ‌CRF63‌ ‌which‌ ‌emerged‌ ‌in‌ ‌Siberia‌ ‌in‌ ‌the‌ ‌2000s‌ ‌and‌ ‌was‌ ‌recently‌ ‌introduced‌ ‌into‌‌                           

Oryol‌‌Oblast‌‌demonstrates‌‌more‌‌rapid‌‌growth‌‌with‌‌R‌e‌ ‌of‌‌11.8‌‌[4.6-28.7]‌‌indicating‌‌the‌‌need‌‌                           

for‌ ‌close‌ ‌monitoring‌ ‌and‌ ‌investigation‌ ‌of‌ ‌this‌ ‌variant.‌ ‌ 

5.‌ ‌Injecting‌ ‌drug‌ ‌users‌ ‌but‌‌not‌‌males‌‌are‌‌clustered‌‌together‌‌in‌‌transmission‌‌lineages,‌‌                         

reflecting‌ ‌the‌ ‌structure‌ ‌of‌ ‌the‌ ‌HIV-1‌ ‌population‌ ‌in‌ ‌the‌ ‌region.‌ ‌ 

6.‌ ‌The‌ ‌MSM‌ ‌transmission‌ ‌route‌ ‌is‌ ‌associated‌ ‌with‌ ‌subtype‌ ‌B;‌ ‌still,‌ ‌the‌ ‌highly‌‌                         

unbalanced‌ ‌male-to-female‌ ‌ratio‌ ‌suggests‌ ‌underreporting‌ ‌of‌ ‌the‌ ‌MSM‌ ‌route‌ ‌among‌ ‌males‌‌                     

infected‌ ‌with‌ ‌subtype‌ ‌B‌ ‌in‌ ‌our‌ ‌dataset.‌ ‌ 

‌ 

The‌ ‌second‌ ‌part‌‌of‌‌the‌‌thesis‌‌is‌‌focused‌‌on‌‌a‌‌much‌‌less‌‌densely‌‌sampled‌‌dataset‌‌and‌‌                               

investigates‌ ‌the‌ ‌emergence‌ ‌of‌ ‌SARS-CoV-2‌ ‌in‌ ‌Russia‌ ‌early‌ ‌in‌ ‌the‌ ‌COVID-19‌ ‌pandemic.‌‌ ‌  
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1.‌ ‌Using‌ ‌travel‌ ‌data,‌ ‌we‌ ‌estimate‌ ‌that‌ ‌the‌ ‌analyzed‌ ‌dataset‌ ‌of‌ ‌211‌ ‌Russian‌‌                         

SARS-CoV-2‌ ‌sequences‌ ‌resulted‌ ‌from‌ ‌at‌ ‌least‌ ‌67‌ ‌imports.‌ ‌ 

2.‌ ‌Among‌ ‌these‌ ‌imports,‌ ‌nine‌ ‌transmission‌ ‌lineages‌ ‌resulted‌ ‌in‌ ‌an‌ ‌observable‌‌                     

domestic‌ ‌transmission‌ ‌of‌ ‌the‌ ‌virus‌ ‌within‌ ‌Russia.‌ ‌ 

3.‌‌A‌‌nosocomial‌‌outbreak‌‌in‌‌the‌‌Vreden‌‌hospital‌‌in‌‌Saint‌‌Petersburg‌‌resulted‌‌from‌‌2-3‌‌                           

independent‌ ‌introduction‌ ‌events;‌ ‌we‌ ‌observe‌ ‌a‌ ‌decrease‌ ‌of‌ ‌R‌e‌ ‌after‌ ‌the‌ ‌quarantine‌ ‌was‌‌                         

introduced‌ ‌in‌ ‌the‌ ‌hospital.‌ ‌ 

‌ 

Despite‌ ‌obvious‌ ‌social‌ ‌significance,‌ ‌neither‌ ‌SARS-CoV-2‌ ‌nor‌ ‌HIV-1‌ ‌possesses‌‌                 

enough‌ ‌genetic‌ ‌data‌ ‌for‌ ‌a‌ ‌decent‌ ‌resolution‌ ‌of‌ ‌the‌ ‌Russian‌ ‌part‌ ‌of‌ ‌the‌ ‌epidemics;‌ ‌current‌‌                             

sequencing‌‌efforts‌‌in‌‌Russia‌‌are‌‌obviously‌‌not‌‌enough‌‌to‌‌cover‌‌a‌‌sensible‌‌fraction‌‌of‌‌a‌‌large‌‌                               

epidemic.‌ ‌For‌ ‌the‌ ‌HIV-1‌ ‌project,‌ ‌we‌ ‌tried‌ ‌to‌ ‌tackle‌ ‌this‌ ‌by‌ ‌focusing‌ ‌on‌ ‌a‌ ‌single‌ ‌HIV-1‌‌                               

sub-epidemic‌‌for‌‌which‌‌sufficient‌‌sequencing‌‌coverage‌‌could‌‌be‌‌attained.‌‌This‌‌allowed‌‌us‌‌to‌‌                         

provide‌‌a‌‌detailed‌‌description‌‌of‌‌the‌‌epidemic‌‌structure.‌‌Importantly,‌‌because‌‌HIV-1‌‌requires‌‌                       

certain‌ ‌types‌ ‌of‌ ‌direct‌ ‌contacts‌ ‌between‌ ‌people‌ ‌to‌ ‌be‌ ‌transmitted,‌ ‌it‌ ‌is‌ ‌to‌ ‌a‌ ‌notable‌ ‌extent‌‌                               

isolated‌ ‌between‌ ‌various‌‌geographic‌‌areas:‌‌the‌‌number‌‌of‌‌the‌‌inferred‌‌imports‌‌was‌‌stable‌‌to‌‌                           

the‌ ‌number‌ ‌of‌ ‌available‌ ‌sequences‌ ‌sampled‌ ‌outside‌ ‌Oryol‌ ‌Oblast‌ ‌even‌ ‌though‌ ‌sampling‌‌                       

density‌ ‌outside‌ ‌Oryol‌ ‌Oblast‌ ‌was‌ ‌extremely‌ ‌low.‌ ‌ 

In‌‌contrast,‌‌SARS-CoV-2‌‌possesses‌‌much‌‌higher‌‌mobility‌‌being‌‌characterized‌‌by‌‌both‌‌                     

direct‌ ‌and‌ ‌indirect‌ ‌transmission‌ ‌and‌ ‌a‌ ‌much‌ ‌shorter‌ ‌serial‌ ‌interval.‌ ‌Consistently,‌ ‌although‌‌                       

two-thirds‌ ‌of‌ ‌our‌ ‌dataset‌ ‌were‌ ‌collected‌ ‌in‌‌Saint‌‌Petersburg,‌‌we‌‌observed‌‌four‌‌transmission‌‌                         

lineages‌‌and‌‌eight‌‌stem‌‌clusters‌‌carrying‌‌samples‌‌from‌‌different‌‌geographic‌‌areas.‌‌In‌‌the‌‌case‌‌                           

of‌ ‌SARS-CoV-2,‌ ‌dense‌ ‌sampling‌ ‌of‌ ‌a‌ ‌particular‌ ‌geographic‌ ‌region‌ ‌would‌ ‌not‌ ‌have‌ ‌been‌‌                         

informative‌ ‌of‌ ‌separate‌ ‌imports‌ ‌unless‌ ‌sufficient‌ ‌coverage‌ ‌outside‌ ‌this‌ ‌region‌ ‌had‌ ‌been‌‌                       
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provided.‌ ‌Targeted‌ ‌sampling‌ ‌of‌ ‌infections‌ ‌observed‌ ‌in‌ ‌the‌ ‌Vreden‌ ‌hospital‌ ‌allowed‌ ‌us‌ ‌to‌‌                         

apply‌‌phylodynamics‌‌to‌‌study‌‌the‌‌outbreak,‌‌although‌‌the‌‌inferred‌‌number‌‌of‌‌imports‌‌provides‌‌                         

only‌ ‌a‌ ‌lower‌ ‌estimate.‌ ‌The‌ ‌inference‌ ‌of‌ ‌transmission‌ ‌events,‌ ‌including‌ ‌imports,‌ ‌is‌ ‌further‌‌                         

complicated‌ ‌by‌ ‌a‌ ‌relatively‌ ‌low‌ ‌mutation‌ ‌rate‌ ‌of‌ ‌the‌ ‌virus.‌‌ ‌  

The‌ ‌two‌ ‌viruses‌ ‌studied‌ ‌in‌ ‌this‌ ‌thesis‌ ‌are‌ ‌among‌ ‌the‌ ‌few‌ ‌pathogens‌ ‌that‌ ‌can‌ ‌be‌‌                             

analyzed‌ ‌in‌ ‌this‌ ‌way‌ ‌in‌ ‌Russia.‌ ‌Currently,‌ ‌‌Mycobacterium‌ ‌tuberculosis‌ ‌(due‌ ‌to‌ ‌routine‌‌                       

molecular‌ ‌surveillance‌ ‌of‌ ‌drug-resistant‌ ‌variants),‌ ‌and,‌ ‌to‌ ‌a‌ ‌lesser‌ ‌extent,‌ ‌influenza‌ ‌A‌ ‌and‌‌                         

hepatitis‌ ‌C,‌ ‌are‌ ‌probably‌ ‌the‌ ‌only‌ ‌other‌ ‌pathogens‌ ‌that‌ ‌could‌ ‌possess‌ ‌enough‌ ‌genetic‌ ‌data‌‌                           

obtained‌ ‌in‌ ‌Russia‌ ‌to‌ ‌be‌ ‌analyzed‌ ‌in‌ ‌a‌ ‌similar‌ ‌way.‌ ‌This‌ ‌thesis,‌ ‌describing‌ ‌epidemics‌ ‌with‌‌                             

different‌ ‌sampling‌ ‌densities,‌ ‌timespan,‌ ‌and‌ ‌differences‌ ‌in‌ ‌evolutionary‌ ‌rate‌ ‌and‌ ‌generation‌‌                     

time‌ ‌of‌ ‌the‌ ‌causative‌ ‌viruses,‌ ‌provides‌ ‌an‌ ‌illustrative‌ ‌example‌ ‌of‌ ‌how‌ ‌molecular‌‌                       

epidemiology‌ ‌studies‌ ‌can‌ ‌be‌ ‌designed‌ ‌and‌ ‌performed‌ ‌to‌ ‌investigate‌ ‌Russian‌‌epidemics‌‌and‌‌                       

local‌ ‌outbreaks.‌ ‌It‌ ‌also‌ ‌offers‌ ‌some‌ ‌practical‌ ‌implications.‌ ‌ 

Our‌‌results‌‌on‌‌the‌‌HIV-1‌‌project‌‌are‌‌of‌‌promising‌‌practical‌‌use.‌‌First,‌‌we've‌‌informed‌‌                           

the‌‌Oryol‌‌AIDS‌‌center‌‌on‌‌drug‌‌resistance‌‌predicted‌‌from‌‌assembled‌‌‌pol‌‌fragments;‌‌this‌‌will‌‌                           

be‌‌used‌‌to‌‌adjust‌‌ART‌‌where‌‌needed.‌‌Second,‌‌transmission‌‌lineages‌‌we‌‌identified‌‌can‌‌be‌‌used‌‌                             

to‌ ‌track‌ ‌the‌ ‌growth‌ ‌of‌ ‌the‌ ‌epidemic.‌ ‌The‌ ‌Oryol‌ ‌AIDS‌ ‌center‌ ‌occasionally‌ ‌surveys‌‌infected‌‌                           

people‌ ‌and‌ ‌tests‌ ‌their‌ ‌reported‌ ‌contacts‌ ‌for‌ ‌HIV;‌ ‌information‌ ‌on‌ ‌actively‌ ‌growing‌ ‌lineages‌‌                         

can‌ ‌make‌ ‌these‌ ‌interventions‌ ‌targeted‌ ‌and‌ ‌more‌ ‌efficient.‌ ‌Until‌ ‌now,‌ ‌there‌ ‌has‌ ‌been‌ ‌a‌‌                           

substantial‌‌lag‌‌between‌‌sample‌‌collection‌‌and‌‌sequencing;‌‌the‌‌Oryol‌‌center‌‌agreed‌‌to‌‌collect‌‌                         

and‌‌process‌‌new‌‌samples‌‌faster‌‌so‌‌that‌‌our‌‌team‌‌could‌‌analyse‌‌new‌‌cases‌‌on‌‌a‌‌quarterly‌‌basis‌‌                                 

and‌ ‌infer‌ ‌and‌ ‌report‌ ‌actively‌ ‌growing‌ ‌clusters.‌‌ ‌  

We‌ ‌have‌ ‌also‌ ‌informed‌ ‌the‌ ‌Oryol‌ ‌center‌ ‌about‌ ‌a‌ ‌rapidly‌ ‌growing‌ ‌cluster‌ ‌of‌ ‌CRF63‌‌                           

which‌ ‌they‌ ‌promised‌ ‌to‌ ‌start‌ ‌working‌ ‌with‌ ‌shortly,‌ ‌which‌ ‌I‌ ‌think‌ ‌will‌ ‌still‌ ‌be‌ ‌an‌ ‌effective‌‌                               
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intervention‌ ‌despite‌ ‌of‌ ‌a‌ ‌current‌ ‌two-year‌ ‌lag.‌ ‌The‌ ‌CRF63‌ ‌cluster‌ ‌is‌ ‌probably‌ ‌the‌ ‌most‌‌                           

important‌‌observation‌‌in‌‌our‌‌results,‌‌as‌‌it‌‌may‌‌significantly‌‌affect‌‌epidemiological‌‌situation‌‌in‌‌                         

the‌ ‌region,‌ ‌and‌ ‌it‌ ‌definitely‌ ‌deserves‌ ‌intense‌ ‌surveillance‌ ‌and‌ ‌investigation‌ ‌of‌ ‌its‌‌                       

epidemiological‌ ‌and‌ ‌biological‌ ‌properties.‌ ‌ 

As‌ ‌for‌ ‌the‌ ‌SARS-CoV-2‌ ‌project,‌ ‌its‌ ‌immediate‌ ‌applications‌ ‌are‌ ‌less‌ ‌obvious‌ ‌as‌ ‌our‌‌                         

observations‌ ‌are‌ ‌mostly‌ ‌retrospective‌ ‌(which‌ ‌does‌ ‌not‌ ‌affect‌ ‌HIV‌ ‌characterized‌ ‌by‌ ‌a‌ ‌much‌‌                         

slower‌ ‌rate‌ ‌of‌ ‌transmission‌ ‌and‌ ‌a‌ ‌more‌ ‌inert‌ ‌epidemic).‌ ‌For‌ ‌instance,‌ ‌our‌ ‌results‌ ‌on‌ ‌the‌‌                             

SARS-CoV-2‌ ‌project‌ ‌agree‌ ‌with‌ ‌case‌ ‌data‌ ‌on‌ ‌a‌ ‌relatively‌ ‌late‌ ‌onset‌ ‌of‌ ‌the‌ ‌COVID-19‌‌                           

epidemic‌‌in‌‌Russia‌‌and‌‌suggest‌‌that‌‌early‌‌border‌‌closure‌‌with‌‌China‌‌has‌‌helped‌‌postpone‌‌the‌‌                             

ignition‌ ‌of‌ ‌the‌ ‌epidemic‌ ‌in‌ ‌the‌ ‌country.‌ ‌This‌ ‌may‌ ‌sound‌ ‌as‌ ‌an‌ ‌argument‌ ‌for‌ ‌rapid‌ ‌border‌‌                               

closure‌ ‌in‌ ‌this‌ ‌(e.g.‌ ‌as‌ ‌novel‌ ‌potentially‌ ‌more‌ ‌dangerous‌ ‌variants‌ ‌arise)‌ ‌and‌ ‌yet-unknown‌‌                         

future‌ ‌epidemics,‌ ‌although‌ ‌careful‌ ‌simulations‌ ‌are‌ ‌needed‌ ‌to‌ ‌validate‌‌or‌‌predict‌‌effects‌‌like‌‌                         

that‌ ‌properly.‌‌Another‌‌retrospective‌‌observation‌‌coming‌‌from‌‌our‌‌later‌‌work‌‌indicates‌‌that‌‌a‌‌                         

significant‌ ‌but‌ ‌incomplete‌ ‌reduction‌ ‌of‌ ‌international‌ ‌travel‌ ‌traffic‌ ‌in‌ ‌summer‌ ‌2020‌ ‌was‌‌                       

ineffective‌ ‌in‌ ‌preventing‌ ‌seeding‌ ‌new‌ ‌transmission‌ ‌lineages‌ ‌in‌ ‌Russia‌ ‌[434].‌ ‌ 

In‌ ‌the‌ ‌context‌ ‌of‌ ‌SARS-CoV-2,‌ ‌molecular‌ ‌epidemiology‌ ‌is‌ ‌immediately‌ ‌helpful‌ ‌in‌‌                     

tracking‌‌existing‌‌and‌‌emerging‌‌variants.‌‌Our‌‌group‌‌has‌‌recently‌‌identified‌‌and‌‌described‌‌two‌‌                         

potentially‌ ‌more‌ ‌transmissive‌ ‌endemic‌ ‌lineages‌ ‌circulating‌ ‌in‌ ‌Russia‌ ‌in‌ ‌2020‌‌together‌‌with‌‌                       

the‌‌Alpha‌‌lineage‌‌(B.1.1.7)‌‌(all‌‌outcompeted‌‌by‌‌Delta‌‌in‌‌2021)‌‌[435],‌‌and‌‌subsequently‌‌made‌‌                           

a‌ ‌resource‌ ‌that‌ ‌offers‌ ‌the‌ ‌most‌ ‌up-to-date‌ ‌temporal‌ ‌and‌ ‌geographic‌‌spread‌‌of‌‌SARS-CoV-2‌‌                         

variants‌ ‌circulating‌ ‌in‌ ‌Russia‌ ‌(https://taxameter.ru/).‌ ‌ 

Yet,‌‌genomic‌‌coverage‌‌of‌‌the‌‌epidemic‌‌in‌‌Russia‌‌is‌‌rather‌‌low‌‌which‌‌delays‌‌observing‌‌                           

changes.‌ ‌I‌‌think‌‌in‌‌the‌‌context‌‌of‌‌Russia,‌‌achieving‌‌more‌‌general,‌‌non-molecular,‌‌objectives‌‌                         

in‌ ‌epidemiology‌ ‌is‌ ‌most‌ ‌crucial‌ ‌at‌ ‌the‌ ‌moment,‌ ‌which‌ ‌include‌ ‌intensive‌ ‌testing‌ ‌(ideally,‌‌                         
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variant-specific‌ ‌PCR‌ ‌panels‌ ‌that‌ ‌allow‌ ‌for‌ ‌a‌ ‌less‌ ‌accurate‌ ‌compared‌ ‌to‌ ‌genomic‌ ‌data‌ ‌but‌‌a‌‌                             

faster‌ ‌and‌ ‌cheaper‌ ‌approximation‌ ‌of‌ ‌a‌ ‌variant‌ ‌dynamics),‌‌higher‌‌adherence‌‌to‌‌self-isolation‌‌                       

when‌ ‌needed,‌ ‌and‌ ‌increasing‌ ‌vaccination‌ ‌rate.‌ ‌ 

‌ 

‌ 

‌   
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APPENDIX‌ ‌A‌ ‌ 

Supplementary‌ ‌Figures‌ ‌A‌ ‌ 

‌ 
‌ 

Supplementary‌ ‌Figure‌ ‌A-1.‌ ‌‌The‌ ‌statistics‌ ‌inferred‌ ‌from‌ ‌the‌ ‌sequenced‌ ‌dataset‌ ‌agrees‌ ‌with‌ ‌the‌‌                         
official‌ ‌statistics‌ ‌on‌ ‌the‌‌Oryol‌‌Oblast.‌‌The‌‌plots‌‌show‌‌the‌‌cumulative‌‌number‌‌of‌‌different‌‌categories‌‌                             
according‌ ‌to‌ ‌(A)‌ ‌the‌ ‌statistics‌ ‌on‌ ‌new‌ ‌cases‌ ‌provided‌ ‌by‌ ‌the‌ ‌Oryol‌ ‌Oblast‌ ‌AIDS‌ ‌center‌ ‌and‌ ‌(B)‌‌                                 
sequenced‌‌samples‌‌analyzed‌‌in‌‌this‌‌study‌‌(by‌‌the‌‌year‌‌of‌‌diagnosis).‌‌The‌‌dashed‌‌gray‌‌line‌‌on‌‌A‌‌shows‌‌                                   
the‌‌total‌‌number‌‌of‌‌HIV-1‌‌positive‌‌people‌‌registered‌‌in‌‌Oryol‌‌Oblast‌‌every‌‌year‌‌and‌‌differs‌‌from‌‌the‌‌                                 
black‌ ‌line‌ ‌due‌ ‌to‌ ‌deaths‌ ‌and‌ ‌migrations.‌‌ ‌  
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‌ 

Supplementary‌ ‌Figure‌ ‌A-2.‌ ‌‌The‌ ‌complete‌ ‌phylogenetic‌ ‌tree‌ ‌of‌ ‌the‌ ‌combined‌ ‌Russian‌ ‌dataset,‌‌                       
including‌ ‌multiple‌ ‌samples‌ ‌from‌ ‌repeatedly‌ ‌sequenced‌ ‌patients‌ ‌(joined‌ ‌with‌ ‌purple‌ ‌arcs).‌ ‌ 
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‌ 

Supplementary‌ ‌Figure‌ ‌A-3.‌ ‌Phylogenetic‌ ‌trees‌ ‌reconstructed‌ ‌for‌ ‌subtypes‌ ‌A‌ ‌and‌ ‌B‌ ‌and‌ ‌CRF63.‌‌                         
When‌ ‌more‌ ‌than‌ ‌one‌ ‌sample‌ ‌per‌ ‌patient‌ ‌was‌ ‌available,‌ ‌only‌ ‌the‌ ‌earliest‌ ‌sample‌ ‌was‌ ‌used.‌‌ ‌  
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‌ 

Supplementary‌ ‌Figure‌ ‌A-4.‌‌ ‌Introductions‌ ‌sorted‌ ‌by‌ ‌the‌ ‌earliest‌ ‌diagnosis.‌‌ ‌‌Legend‌ ‌as‌ ‌in‌ ‌Fig.‌ ‌3.5.‌ ‌ 

156‌ ‌ 
‌ 



‌ 

Supplementary‌‌Figure‌‌A-5.‌‌All‌‌subtype‌‌A‌‌introductions‌‌sorted‌‌by‌‌the‌‌earliest‌‌diagnosis.‌‌Legend‌‌as‌‌                           
in‌ ‌Fig.‌ ‌3.5.‌ ‌ 
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‌ 

Supplementary‌ ‌Figure‌ ‌A-6.‌ ‌‌The‌ ‌number‌‌of‌‌days‌‌between‌‌the‌‌earliest‌‌HIV-1‌‌diagnosis‌‌in‌‌a‌‌lineage‌‌                             
and‌ ‌the‌ ‌inferred‌ ‌date‌ ‌of‌ ‌its‌ ‌LCA.‌ ‌ 

‌ 

Supplementary‌‌Figure‌‌A-7.‌‌The‌‌inferred‌‌LCA‌‌date‌‌correlates‌‌with‌‌the‌‌date‌‌of‌‌the‌‌earliest‌‌diagnosis‌‌                             
in‌ ‌a‌ ‌lineage.‌ ‌ 
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‌ 

Supplementary‌ ‌Figure‌‌A-8.‌‌A.‌‌Lineages‌‌with‌‌earlier‌‌LCAs‌‌tend‌‌to‌‌carry‌‌more‌‌Oryol‌‌samples.‌‌The‌‌                             
regression‌‌line‌‌is‌‌shown‌‌for‌‌subtype‌‌A;‌‌the‌‌regression‌‌analysis‌‌for‌‌all‌‌samples‌‌also‌‌shows‌‌a‌‌negative‌‌                                 
dependency‌ ‌(the‌ ‌slope‌ ‌p-value‌ ‌is‌‌1e-04‌‌for‌‌all‌‌lineages‌‌and‌‌3.5e-08‌‌for‌‌subtype‌‌A‌‌lineages).‌‌B.‌‌The‌‌                                 
distribution‌ ‌of‌ ‌samples‌ ‌by‌ ‌routes‌ ‌and‌ ‌the‌ ‌LCA‌ ‌date‌ ‌of‌ ‌their‌ ‌lineages.‌ ‌ 

‌ 

‌   
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‌ 

Supplementary‌ ‌Figure‌ ‌A-9.‌ ‌‌The‌ ‌logistic‌ ‌growth‌ ‌dynamics‌ ‌inferred‌ ‌in‌ ‌BEAST‌ ‌for‌ ‌the‌ ‌two‌ ‌largest‌‌                           
transmission‌‌lineages.‌‌Shading‌‌corresponds‌‌to‌‌1,000‌‌randomly‌‌sampled‌‌trajectories‌‌during‌‌the‌‌MCMC‌‌                       
run.‌ ‌ ‌   
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Supplementary‌‌Figure‌‌A-10.‌‌‌The‌‌distribution‌‌of‌‌samples‌‌by‌‌route‌‌and‌‌diagnosis‌‌date‌‌for‌‌all‌‌samples‌‌                             
(A)‌ ‌and‌ ‌samples‌ ‌belonging‌ ‌to‌ ‌transmission‌ ‌lineages‌ ‌(B).‌ ‌ ‌   
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Supplementary‌‌Figure‌‌A-11.‌‌The‌‌distribution‌‌of‌‌the‌‌earliest‌‌sample‌‌per‌‌import‌‌by‌‌the‌‌route‌‌and‌‌the‌‌                               
first‌ ‌diagnosis‌ ‌date‌ ‌for‌ ‌all‌ ‌imports‌ ‌(A)‌ ‌and‌ ‌transmission‌ ‌lineages‌ ‌(B).‌ ‌ 

‌ 

‌ 
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‌ 

Supplementary‌ ‌Figure‌ ‌A-12.‌ ‌IDUs‌ ‌are‌ ‌not‌ ‌more‌ ‌likely‌ ‌to‌ ‌found‌ ‌a‌ ‌transmission‌ ‌lineage.‌ ‌A.‌ ‌The‌‌                             
number‌‌of‌‌days‌‌between‌‌the‌‌first‌‌HIV-1‌‌diagnosis‌‌in‌‌a‌‌lineage‌‌and‌‌the‌‌date‌‌of‌‌LCA‌‌in‌‌a‌‌matched-pair‌‌                                     
dataset‌‌sorted‌‌by‌‌the‌‌earliest‌‌diagnosis‌‌in‌‌a‌‌lineage‌‌(see‌‌3.2.11).‌‌B.‌‌HIV-1‌‌diagnosis‌‌date‌‌of‌‌HETs‌‌and‌‌                                   
IDUs‌ ‌in‌ ‌a‌ ‌matched-pair‌ ‌dataset‌ ‌sorted‌ ‌by‌ ‌the‌ ‌median‌ ‌date‌ ‌of‌ ‌diagnosis‌ ‌in‌ ‌a‌ ‌lineage.‌ ‌ ‌   
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‌ 

Supplementary‌‌Figure‌‌A-13.‌‌‌The‌‌expected‌‌distribution‌‌of‌‌the‌‌number‌‌of‌‌clustered‌‌sequences‌‌and‌‌the‌‌                           
number‌ ‌of‌ ‌clusters‌ ‌carrying‌ ‌(A)‌ ‌males‌ ‌or‌ ‌(B)‌ ‌IDUs‌ ‌within‌ ‌subtypes‌ ‌B‌ ‌(left)‌ ‌and‌ ‌CRF63‌ ‌(right).‌‌ ‌ ‌    
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Supplementary‌ ‌Figure‌ ‌A-14.‌ ‌The‌ ‌reproduction‌ ‌number‌ ‌dynamics‌ ‌inferred‌ ‌by‌ ‌EpiEstim‌ ‌based‌ ‌on‌‌                       
case‌ ‌counts.‌ ‌ ‌   
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Supplementary‌‌Figure‌‌A-15.‌‌Dependence‌‌of‌‌distribution‌‌of‌‌samples‌‌across‌‌transmission‌‌lineages‌‌on‌‌                       
DRM‌ ‌masking.‌ ‌ 

‌   
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‌ 

Supplementary‌‌Figure‌‌A-16.‌‌‌Comparison‌‌of‌‌two‌‌clades‌‌with‌‌DRM‌‌masked.‌‌A.‌‌Logistic‌‌growth,‌‌B.‌‌                           
BDSKY‌ ‌ ‌   
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‌ 
Supplementary‌‌Figure‌‌A-17.‌‌Inferring‌‌the‌‌time-varying‌‌dynamics‌‌of‌‌R‌e‌ ‌for‌‌subtype‌‌A‌‌introductions.‌‌                         
Upper‌ ‌panel,‌ ‌R‌e‌ ‌was‌ ‌allowed‌ ‌to‌ ‌change‌ ‌in‌ ‌2005,‌ ‌2010,‌ ‌and‌ ‌2015.‌ ‌Lower‌ ‌panel,‌ ‌R‌e‌ ‌was‌‌allowed‌‌to‌‌                                   
change‌ ‌at‌ ‌the‌ ‌same‌ ‌time‌ ‌as‌ ‌sampling‌ ‌proportion.‌ 

‌   
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Supplementary‌ ‌Tables‌ ‌A‌ ‌ 

Supplementary‌ ‌Table‌ ‌A-1.‌ ‌‌Inferring‌ ‌prior‌ ‌on‌ ‌sampling‌ ‌proportion.‌ ‌Estimated‌ ‌fractions‌ ‌are‌‌ 
used‌ ‌as‌ ‌mean‌ ‌values‌ ‌of‌ ‌prior‌ ‌distributions‌ ‌on‌ ‌sampling‌ ‌proportion.‌ ‌ 

‌ 
Supplementary‌ ‌Table‌ ‌A-2.‌‌ ‌Priors‌ ‌used‌ ‌for‌ ‌multi-tree‌ ‌birth-death‌ ‌analysis.‌ ‌Reproduction‌‌ 
number‌ ‌and‌ ‌sampling‌ ‌proportion‌ ‌are‌ ‌implemented‌ ‌in‌ ‌log-scale‌ ‌in‌ ‌this‌ ‌custom‌ ‌BEAST2‌‌ 
release.‌ ‌ 

‌ 
Supplementary‌ ‌Table‌ ‌A-3.‌‌ ‌Priors‌ ‌used‌ ‌for‌ ‌BDSKY‌ ‌analysis‌ ‌of‌ ‌two‌ ‌clades.‌ ‌ 

169‌ ‌ 
‌ 

Time‌ ‌period‌ ‌  Number‌ ‌of‌ ‌new‌‌ 
cases‌ 

Number‌ ‌of‌ ‌recently‌‌ 
diagnosed‌ ‌sequences‌ ‌ 

Fraction‌ ‌ 

Before‌ ‌2014‌ ‌  1600‌ ‌  0‌ ‌  0.0001‌ 
(pseudocounted)‌ ‌ 

2014-2017‌ ‌  1078‌ ‌  8‌ ‌  0.007‌ ‌ 

2018‌ ‌  316‌ ‌  149‌ ‌  0.473‌ ‌ 

2019‌ ‌  290‌ ‌  71‌ ‌  0.246‌ ‌ 

Parameter‌ ‌  Prior‌ ‌ 

ucld.mean‌ ‌  Normal(X,‌ ‌0.001);‌ ‌ 
X‌ ‌=‌ ‌0.00150‌ ‌/‌ ‌0.00080‌ ‌for‌ ‌A‌ ‌/‌ ‌CRF63‌ ‌ 

Reproduction‌ ‌number‌ ‌  Normal(0,1)‌ ‌ 

Rate‌ ‌of‌ ‌becoming‌ ‌uninfectious‌ ‌  Lognormal(-1.5,1)‌ ‌ 

Sampling‌ ‌proportion‌ ‌before‌ ‌2014‌‌ ‌   Normal(-10.00,0.1)‌ ‌ 

Sampling‌ ‌proportion‌ ‌in‌ ‌2014-2017‌‌ ‌   Normal(-4.90,0.1)‌ ‌ 

Sampling‌ ‌proportion‌ ‌in‌ ‌2018‌‌ ‌   Normal(-0.75,0.05)‌ ‌ 

Sampling‌ ‌proportion‌ ‌in‌ ‌2019‌ ‌  Normal(-1.40,0.05)‌ ‌ 

Parameter‌ ‌  Prior‌ ‌ 

ucld.mean‌ ‌  Normal(Slope,‌ ‌0.001);‌ ‌ 
Slope‌ ‌=‌ ‌0.00150‌ ‌/‌ ‌0.00164‌ ‌for‌ ‌A‌ ‌/‌ ‌CRF63‌ ‌ 

Reproduction‌ ‌number‌ ‌  Lognormal(0,1.25)‌ 

Rate‌ ‌of‌ ‌becoming‌ ‌uninfectious‌ ‌  Lognormal(-1.5,1)‌ ‌ 



‌ 
Supplementary‌ ‌Table‌ ‌A-4.‌ ‌‌Priors‌ ‌used‌ ‌for‌ ‌logistic‌ ‌growth‌ ‌analysis.‌ ‌ 

‌ 
Supplementary‌ ‌Table‌ ‌A-5.‌‌ ‌Multitree‌ ‌birth-death‌ ‌estimates‌ ‌produced‌ ‌for‌ ‌subtype‌ ‌A.‌ ‌Median‌‌ 
(95%‌ ‌HPD)‌ ‌values‌ ‌are‌ ‌provided.‌ ‌ 

‌ 
‌ 
‌ 

‌ 

‌   
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Sampling‌ ‌proportion‌ ‌before‌ ‌2014‌‌ ‌   Normal(0.0001,0.001)‌ ‌ 

Sampling‌ ‌proportion‌ ‌in‌ ‌2014-2017‌‌ ‌   Normal(0.007,0.001)‌ ‌ 

Sampling‌ ‌proportion‌ ‌in‌ ‌2018‌‌ ‌   Normal(0.743,0.01)‌ ‌ 

Sampling‌ ‌proportion‌ ‌in‌ ‌2019‌ ‌  Normal(0.246,0.01)‌ ‌ 

Parameter‌ ‌  Prior‌ ‌ 

ucld.mean‌ ‌  Normal(Slope,‌ ‌0.001);‌ ‌ 
Slope‌ ‌=‌ ‌0.00150‌ ‌/‌ ‌0.00164‌ ‌for‌ ‌A‌ ‌/‌ ‌CRF63‌ ‌ 

logistic.popSize‌ ‌  Lognormal(1,5)‌ 

logistic.growthRate‌  Exponential(1)‌ ‌ 

logistic.t50‌ ‌(the‌ ‌number‌ ‌of‌ ‌years‌ ‌from‌ ‌the‌‌ 
most‌ ‌recent‌ ‌sample‌ ‌till‌ ‌the‌ ‌inflection‌ ‌point,‌‌ 
when‌ ‌the‌ ‌epidemic‌ ‌size‌ ‌is‌ ‌popSize/2)‌ ‌ 

Uniform(0,30)‌ ‌/‌ ‌Uniform(0,10)‌ ‌for‌ ‌A‌ ‌/‌‌ 
CRF63‌ ‌ 

‌  Full‌ ‌alignment‌‌ ‌   Alignment‌ ‌with‌ ‌masked‌‌ 
DRM‌ ‌sites‌ ‌ 

Reproduction‌ ‌number‌ ‌  2.64‌ ‌[2.05-3.39]‌ ‌  2.64‌ ‌[2.07-3.46]‌ ‌ 

The‌ ‌rate‌ ‌of‌ ‌becoming‌‌ 
uninfectious‌ ‌ 

0.20‌ ‌[0.15-0.26]‌ ‌  0.20‌ ‌[0.15-0.26]‌ ‌ 

ucld.mean‌ ‌  2.02e-03‌ ‌[1.43-2.66]‌ ‌  2.06e-03‌ ‌[1.50-2.70]‌ ‌ 



APPENDIX‌ ‌B‌ ‌ 

Supplementary‌ ‌Note‌ ‌B‌ ‌ 

To‌ ‌estimate‌ ‌the‌ ‌number‌ ‌of‌ ‌introduction‌ ‌events,‌ ‌we‌ ‌used‌ ‌the‌ ‌following‌ ‌procedure.‌‌                       
When‌‌a‌‌Russian‌‌lineage‌‌or‌‌singleton‌‌had‌‌no‌‌Russian‌‌sequences‌‌in‌‌their‌‌stem‌‌(e.g.,‌‌Figs.‌‌4.4c,‌‌                               
4.4d,‌ ‌4.5a),‌ ‌we‌ ‌assumed‌ ‌that‌ ‌they‌‌originated‌‌from‌‌distinct‌‌introductions.‌‌There‌‌were‌‌3‌‌such‌‌                           
Russian‌‌transmission‌‌lineages‌‌(lineages‌‌2,‌‌3,‌‌and‌‌9)‌‌which‌‌together‌‌included‌‌8‌‌sequences;‌‌and‌‌                           
33‌ ‌such‌ ‌singletons‌ ‌(Supplementary‌ ‌Figs.‌ ‌B-2,3),‌ ‌for‌ ‌a‌ ‌total‌ ‌of‌ ‌36‌ ‌introduction‌ ‌events.‌ ‌ 

‌ 
Additionally,‌‌some‌‌of‌‌the‌‌Russian‌‌lineages‌‌descended‌‌from‌‌internal‌‌nodes‌‌with‌‌a‌‌mix‌‌                         

of‌ ‌Russian‌ ‌and‌‌non-Russian‌‌sequences‌‌(e.g.,‌‌Fig.‌‌4.4a-b).‌‌Similarly,‌‌in‌‌a‌‌fraction‌‌of‌‌cases,‌‌a‌‌                             
Russian‌‌singleton‌‌descended‌‌from‌‌an‌‌internal‌‌node‌‌with‌‌multiple‌‌sequences‌‌corresponding‌‌to‌‌                       
it,‌‌such‌‌that‌‌some‌‌of‌‌them‌‌were‌‌Russian.‌‌These‌‌cases‌‌are‌‌referred‌‌to‌‌as‌‌Russian‌‌stem-derived‌‌                               
transmission‌ ‌lineages‌ ‌and‌ ‌Russian‌ ‌stem-derived‌ ‌singletons,‌ ‌respectively.‌ ‌In‌ ‌these‌ ‌cases,‌‌                   
whether‌‌the‌‌origin‌‌of‌‌the‌‌lineage‌‌or‌‌singleton‌‌corresponded‌‌to‌‌an‌‌introduction‌‌event‌‌could‌‌not‌‌                             
be‌ ‌established‌ ‌unambiguously.‌ ‌Finally,‌ ‌each‌ ‌stem‌ ‌cluster‌ ‌could‌ ‌also‌ ‌originate‌ ‌from‌ ‌any‌‌                       
number‌‌of‌‌introductions,‌‌ranging‌‌between‌‌1‌‌(if‌‌all‌‌transmissions‌‌within‌‌it‌‌were‌‌domestic)‌‌and‌‌                           
the‌‌number‌‌of‌‌sequences‌‌in‌‌the‌‌cluster‌‌(if‌‌each‌‌sequence‌‌was‌‌introduced‌‌independently)‌‌(Fig.‌‌                           
4.3).‌ ‌ 

‌  
To‌‌address‌‌this,‌‌we‌‌used‌‌the‌‌following‌‌statistical‌‌procedure.‌‌We‌‌used‌‌the‌‌fact‌‌that‌‌for‌‌a‌‌                               

fraction‌‌of‌‌samples,‌‌direct‌‌travel‌‌data‌‌were‌‌available:‌‌we‌‌had‌‌information‌‌on‌‌travel‌‌abroad‌‌or‌‌                             
the‌ ‌absence‌ ‌of‌ ‌travel‌ ‌history‌ ‌of‌ ‌the‌ ‌sampled‌ ‌individuals.‌ ‌We‌ ‌assumed‌ ‌that‌ ‌these‌ ‌data‌ ‌are‌‌                             
reflective‌ ‌of‌ ‌the‌ ‌fraction‌ ‌of‌ ‌sequences‌ ‌in‌ ‌the‌ ‌corresponding‌ ‌category‌ ‌(stem-derived‌‌                     
transmission‌ ‌lineages,‌ ‌stem-derived‌ ‌singletons,‌ ‌or‌ ‌stem‌ ‌clusters)‌ ‌that‌ ‌were‌ ‌introduced‌ ‌and‌‌                     
that‌‌this‌‌fraction‌‌is‌‌reflective‌‌of‌‌the‌‌entire‌‌category‌‌of‌‌samples.‌‌For‌‌transmission‌‌lineages,‌‌we‌‌                             
assumed‌‌that‌‌if‌‌at‌‌least‌‌some‌‌individuals‌‌traveled‌‌abroad,‌‌this‌‌lineage‌‌was‌‌introduced;‌‌and‌‌if‌‌                             
some‌ ‌of‌ ‌the‌ ‌individuals‌ ‌had‌ ‌documented‌ ‌absence‌ ‌of‌ ‌travel‌ ‌(but‌ ‌none‌ ‌had‌ ‌traveled‌‌abroad),‌‌                           
this‌‌lineage‌‌was‌‌not‌‌introduced.‌‌Therefore,‌‌for‌‌each‌‌category‌‌ ‌,‌‌we‌‌estimated‌‌the‌‌number‌‌of‌‌                  k            
introductions‌ ‌as‌ ‌ ,‌ ‌where‌ ‌ ‌is‌ ‌the‌ ‌number‌ ‌of‌ ‌sequenced‌ ‌lineages‌ ‌or‌‌    t (t )  ik = nk k/ k + lk     nk                
sequenced‌‌samples‌‌in‌‌a‌‌non-lineage‌‌category;‌‌ ‌is‌‌the‌‌number‌‌of‌‌samples‌‌among‌‌them‌‌with‌‌            tk                  
documented‌ ‌travel‌ ‌history;‌ ‌and‌ ‌ ‌is‌ ‌the‌ ‌number‌‌of‌‌samples‌‌among‌‌them‌‌with‌‌documented‌‌        lk                    
absence‌ ‌of‌ ‌travel‌ ‌history‌ ‌(Supplementary‌ ‌Table‌ ‌B-1).‌ ‌ 

‌  
Using‌‌this‌‌procedure,‌‌we‌‌estimate‌‌that‌‌sequences‌‌among‌‌these‌‌three‌‌categories‌‌result‌‌                       

from‌‌additional‌‌~3‌‌introductions‌‌yielding‌‌transmission‌‌lineages‌‌(three‌‌of‌‌the‌‌lineages‌‌1,‌‌4,‌‌5,‌‌                           
6,‌‌7,‌‌and‌‌8‌‌with‌‌Russian‌‌sequences‌‌at‌‌the‌‌ancestral‌‌node);‌‌~6‌‌introductions‌‌yielding‌‌some‌‌of‌‌                               
the‌ ‌40‌ ‌singletons‌‌with‌‌Russian‌‌sequences‌‌at‌‌ancestral‌‌nodes;‌‌and‌‌~22‌‌introductions‌‌yielding‌‌                         
Russian‌‌sequences‌‌in‌‌stem‌‌clusters.‌‌Therefore,‌‌we‌‌estimate‌‌the‌‌total‌‌number‌‌of‌‌introductions‌‌                         
yielding‌ ‌the‌‌sampled‌‌diversity‌‌in‌‌Russia‌‌as‌‌36+31=67.‌‌This‌‌number‌‌provides‌‌a‌‌conservative‌‌                         
estimate‌ ‌for‌ ‌the‌ ‌number‌ ‌of‌ ‌introductions.‌ ‌It‌ ‌is‌ ‌likely‌ ‌an‌ ‌underestimate;‌ ‌e.g.,‌ ‌if‌ ‌many‌‌of‌‌the‌‌                               
singletons‌ ‌are‌ ‌actually‌‌reflective‌‌of‌‌unsampled‌‌Russian‌‌transmission‌‌lineages,‌‌and‌‌the‌‌index‌‌                       
case‌ ‌of‌ ‌these‌ ‌lineages‌ ‌was‌ ‌never‌ ‌sampled,‌ ‌singleton‌ ‌individuals‌ ‌without‌ ‌travel‌‌history‌‌may‌‌                         
still‌ ‌reflect‌ ‌distinct‌ ‌introductions.‌ ‌ 

‌   
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Supplementary‌ ‌Figures‌ ‌B‌ ‌ 

‌ 
Supplementary‌ ‌Figure‌ ‌B-1.‌ ‌Russian‌ ‌transmission‌ ‌lineages‌ ‌and‌ ‌stem-derived‌ ‌transmission‌‌                 
lineages.‌‌Each‌‌panel‌‌(A-I)‌‌shows‌‌an‌‌independent‌‌transmission‌‌lineage.‌‌Lineage‌‌colors‌‌are‌‌as‌‌                         
in‌ ‌Figs.‌ ‌4.2‌ ‌and‌ ‌4.4-4.6.‌ ‌Notation‌ ‌as‌ ‌in‌‌Fig.‌‌4.4.‌‌Stars‌‌and‌‌diamonds‌‌in‌‌(A)‌‌and‌‌(I)‌‌indicate‌‌                                   
samples‌ ‌associated‌ ‌with‌ ‌the‌ ‌Vreden‌ ‌hospital‌ ‌(see‌ ‌Fig.‌ ‌4.8).‌ ‌ ‌   
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‌ 
Supplementary‌ ‌Figure‌ ‌B-2.‌ ‌Russian‌ ‌singletons‌ ‌(continued‌ ‌on‌‌Supplementary‌‌Figure‌‌B-3).‌‌                   
Each‌ ‌panel‌ ‌(A-O)‌ ‌shows‌ ‌an‌ ‌individual‌ ‌Russian‌ ‌singleton.‌ ‌Notation‌ ‌as‌ ‌in‌ ‌Figs.‌ ‌4.4-4.5.‌ ‌ 
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‌  

‌ 
Supplementary‌‌Figure‌‌B-3.‌‌Russian‌‌singletons‌‌(continued‌‌from‌‌Supplementary‌‌Figure‌‌B-2).‌‌                   
Each‌ ‌panel‌ ‌(A-R)‌ ‌shows‌ ‌an‌ ‌individual‌ ‌Russian‌ ‌singleton.‌ ‌Notation‌ ‌as‌ ‌in‌ ‌Figs.‌ ‌4.4-4.5.‌ ‌ 
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‌  

‌ 
Supplementary‌ ‌Figure‌‌B-4.‌‌Russian‌‌stem‌‌clusters‌‌and‌‌stem-derived‌‌singletons.‌‌Each‌‌panel‌‌                     
(A-L)‌ ‌shows‌ ‌an‌ ‌independent‌ ‌stem‌ ‌cluster‌ ‌together‌ ‌with‌ ‌its‌ ‌descendent‌ ‌stem-derived‌‌                     
singletons.‌ ‌Notation‌ ‌as‌ ‌in‌ ‌Figs.‌ ‌4.4-4.5.‌ ‌Triangles‌ ‌in‌ ‌(G)‌ ‌represent‌ ‌samples‌ ‌associated‌‌with‌‌                         
the‌ ‌Vreden‌ ‌hospital‌ ‌outbreak‌ ‌(see‌ ‌Fig.‌ ‌4.8).‌ ‌ 

‌  
‌ 
‌  
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‌ 

‌ 
Supplementary‌ ‌Figure‌ ‌B-5.‌ ‌Estimated‌ ‌R‌e‌ ‌(mean‌ ‌(solid‌ ‌line)‌ ‌and‌ ‌95%‌ ‌credible‌ ‌interval‌‌                       
(shaded‌ ‌area)‌ ‌inferred‌ ‌from‌ ‌incidence‌ ‌data‌ ‌on‌ ‌moderately/severely‌ ‌ill‌ ‌patients‌ ‌in‌ ‌Vreden‌‌                       
hospital.‌ ‌The‌ ‌red‌ ‌line‌ ‌marks‌ ‌the‌ ‌introduction‌ ‌of‌ ‌quarantine‌ ‌on‌ ‌Apr-7.‌ ‌ 

‌  
‌  
‌  
‌ 
‌  
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Supplementary‌ ‌Tables‌ ‌B‌ ‌ 

Supplementary‌ ‌Table‌ ‌B-1.‌ ‌‌Estimating‌ ‌the‌ ‌number‌ ‌of‌ ‌introduction‌ ‌events‌ ‌giving‌ ‌rise‌ ‌to‌‌                       
Russian‌ ‌stem-derived‌ ‌transmission‌ ‌lineages,‌ ‌Russian‌ ‌stem-derived‌ ‌singletons,‌ ‌and‌ ‌Russian‌‌                 
stem‌ ‌clusters‌ ‌ 

‌  
‌ 
‌  

Supplementary‌ ‌Table‌‌B-2.‌‌Symptom‌‌onset‌‌dates‌‌for‌‌the‌‌11‌‌sequences‌‌for‌‌which‌‌these‌‌data‌‌                           
are‌‌available.‌‌The‌‌green‌‌color‌‌is‌‌for‌‌the‌‌sequences‌‌collected‌‌on‌‌April‌‌7;‌‌blue,‌‌on‌‌April‌‌10;‌‌and‌‌                                   
orange,‌‌on‌‌April‌‌14.‌‌Darker‌‌colors‌‌show‌‌sequences‌‌for‌‌which‌‌the‌‌symptom‌‌onset‌‌date‌‌differs‌‌                             
from‌ ‌the‌ ‌collection‌ ‌date.‌ ‌ 

‌  
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‌   lineages‌ ‌  sequences‌ ‌  travel‌ ‌history‌ ‌  Estimated‌ ‌number‌‌   
of‌ ‌imports‌ ‌ 

yes‌ ‌  no‌ ‌ 

Russian‌‌ 
stem-derived‌‌ 
transmission‌‌ 
lineages‌ ‌ 

6‌ ‌   ‌-‌ ‌  2‌ ‌(50%)‌ ‌  2‌ ‌  =6*0.50=3.00‌ ‌ 

Russian‌‌ 
stem-derived‌‌ 
singletons‌ ‌ 

-‌ ‌  40‌ ‌  1‌ ‌(14%)‌ ‌  6‌ ‌  =40*0.14=5.60‌ ‌ 

Russian‌ ‌stem‌‌   
clusters‌ ‌ 

-‌ ‌  61‌ ‌  4‌ ‌(36%)‌ ‌  7‌ ‌  =61*0.36=21.96‌ ‌ 

Total‌ ‌  ‌   ‌   ‌   ‌   30.56‌ ‌ 

Sample‌ ‌id‌ ‌  Symptoms‌ ‌onset‌ ‌date‌ ‌  Collection‌ ‌date‌ ‌ 

4723‌ ‌  05.04.2020‌ ‌  07.04.2020‌ ‌ 

4724‌ ‌  05.04.2020‌ ‌  07.04.2020‌ ‌ 

4726‌ ‌  07.04.2020‌ ‌  07.04.2020‌ ‌ 



‌  
‌ 

Supplementary‌ ‌Table‌ ‌B-3.‌ ‌‌Vreden‌ ‌hospital‌ ‌samples‌ ‌per‌ ‌collection‌ ‌date.‌‌All‌‌the‌‌sequences‌‌                       
from‌‌April‌‌3,‌‌7,‌‌10,‌‌and‌‌14‌‌are‌‌from‌‌group‌‌1.‌‌The‌‌sequences‌‌from‌‌April‌‌22‌‌belong‌‌to‌‌different‌‌                                     
groups,‌‌in‌‌particular:‌‌3‌‌sequences‌‌from‌‌group‌‌1,‌‌7‌‌sequences‌‌from‌‌group‌‌2,‌‌and‌‌4‌‌sequences‌‌                               
from‌ ‌group‌ ‌3.‌ ‌ 

‌  

‌ 
‌ 
‌  

Multi-rho‌ ‌birth-death‌ ‌skyline‌ ‌model.‌ ‌Supplementary‌ ‌Tables‌‌B-4,5,6‌‌contain‌‌the‌‌Bayesian‌‌                   
estimates‌‌of‌‌the‌‌model‌‌parameters‌‌for‌‌the‌‌three‌‌datasets‌‌comprising‌‌groups‌‌1,‌‌2,‌‌and‌‌3‌‌(Table‌‌                               
4),‌ ‌groups‌ ‌1‌ ‌and‌‌2‌‌(Table‌‌5),‌‌and‌‌group‌‌1‌‌(Table‌‌6).‌‌The‌‌estimates‌‌of‌‌effective‌‌reproductive‌‌                                 
numbers‌ ‌and‌ ‌sampling‌ ‌proportions‌ ‌are‌ ‌consistent‌ ‌throughout‌ ‌all‌ ‌the‌ ‌runs.‌ ‌The‌ ‌tree‌ ‌height‌‌                         
corresponds‌ ‌to‌ ‌the‌ ‌dating‌ ‌of‌ ‌the‌ ‌root.‌ ‌Group‌ ‌1‌ ‌is‌ ‌suspected‌ ‌to‌ ‌correspond‌ ‌to‌ ‌the‌ ‌first‌‌                               
introduction‌ ‌event,‌ ‌so‌ ‌its‌ ‌root‌ ‌corresponds‌ ‌to‌ ‌the‌ ‌suspected‌ ‌beginning‌ ‌of‌ ‌the‌‌outbreak.‌‌The‌‌                           
dating‌‌of‌‌the‌‌root‌‌for‌‌the‌‌two‌‌other‌‌datasets‌‌provides‌‌evidence‌‌for‌‌multiple‌‌introductions.‌‌We‌‌                             
used‌ ‌Tracer‌ ‌v1.7.1(Rambaut‌ ‌et‌ ‌al.,‌ ‌2018)‌ ‌to‌ ‌summarise‌ ‌the‌ ‌results.‌ ‌ 

‌  
Supplementary‌ ‌Table‌ ‌B-4.‌ ‌Phylodynamic‌ ‌parameter‌ ‌estimates‌ ‌for‌ ‌groups‌ ‌1,‌‌2,‌‌and‌‌3.‌‌The‌‌                         
parameter‌ ‌estimates‌ ‌were‌ ‌obtained‌ ‌using‌ ‌BEAST2‌ ‌with‌ ‌the‌ ‌multi-rho‌ ‌birth-death‌ ‌skyline‌‌                     
model.‌ ‌ 

‌  
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‌ 

4728‌ ‌  04.04.2020‌ ‌  07.04.2020‌ ‌ 

4983‌ ‌  10.04.2020‌ ‌  10.04.2020‌ ‌ 

4984‌ ‌  10.04.2020‌ ‌  10.04.2020‌ ‌ 

4985‌ ‌  10.04.2020‌ ‌  10.04.2020‌ ‌ 

4988‌ ‌  09.04.2020‌ ‌  10.04.2020‌ ‌ 

5643‌ ‌  11.04.2020‌ ‌  14.04.2020‌ ‌ 

5644‌ ‌  14.04.2020‌ ‌  14.04.2020‌ ‌ 

5654‌ ‌  13.04.2020‌ ‌  14.04.2020‌ ‌ 

Date‌ ‌  April‌ ‌3‌ ‌  April‌ ‌7‌ ‌  April‌ ‌10‌ ‌  April‌ ‌14‌ ‌  April‌ ‌22‌ ‌ 

Collection‌ ‌dates‌ ‌  3‌ ‌  17‌ ‌  11‌ ‌  7‌ ‌  14‌ ‌ 

Parameter‌ ‌  Estimate‌ ‌  95%‌ ‌credible‌ ‌interval‌ ‌ 

TMRCA‌ ‌date‌ ‌  February‌ ‌21‌  January‌ ‌20‌ ‌—‌ ‌March‌ ‌21‌ ‌ 

clockRate‌ ‌  9.41E-4‌ ‌  [8.44E-4,‌ ‌1.04E-3]‌ ‌ 



‌  
‌  

Supplementary‌ ‌Table‌ ‌B-5.‌ ‌Phylodynamic‌ ‌parameter‌ ‌estimates‌ ‌for‌ ‌groups‌ ‌1‌ ‌and‌ ‌2.‌ ‌The‌‌                       
parameter‌ ‌estimates‌ ‌were‌ ‌obtained‌ ‌using‌ ‌BEAST2‌ ‌with‌ ‌the‌ ‌multi-rho‌ ‌birth-death‌ ‌skyline‌‌                     
model.‌ ‌ 

‌  

‌  
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rho1‌ ‌  0.19‌ ‌  [0.03,‌ ‌0.39]‌ ‌ 

rho2‌ ‌  0.44‌ ‌  [0.25,‌ ‌0.64]‌ ‌ 

rho3‌ ‌  0.43‌ ‌  [0.21,‌ ‌0.66]‌ ‌ 

rho4‌ ‌  0.37‌ ‌  [0.13,‌ ‌0.63]‌ ‌ 

rho5‌ ‌  0.61‌ ‌  [0.21,‌ ‌1.00]‌ ‌ 

reproductiveNumber1‌ ‌ 
before‌ ‌March‌ ‌27‌ ‌ 

0.94‌ ‌  [0.54,‌ ‌1.41]‌ ‌ 

reproductiveNumber2‌ ‌ 
March‌ ‌27-April‌ ‌8‌ ‌ 

3.00‌ ‌  [1.85,‌ ‌4.25]‌ ‌ 

reproductiveNumber3‌ ‌ 
after‌ ‌April‌ ‌8‌ ‌ 

1.76‌ ‌  [0.91,‌ ‌2.71]‌ ‌ 

Parameter‌ ‌  Estimate‌ ‌  95%‌ ‌credible‌ ‌interval‌ ‌ 

TMRCA‌ ‌date‌ ‌  March‌ ‌24‌  March‌ ‌6‌ ‌—‌ ‌April‌ ‌1‌ ‌ 

clockRate‌ ‌  9.40E-4‌ ‌  [8.44E-4,‌ ‌1.04E-3]‌ ‌ 

rho1‌ ‌  0.26‌ ‌  [0.05,‌ ‌0.51]‌ ‌ 

rho2‌ ‌  0.48‌ ‌  [0.28,‌ ‌0.69]‌ ‌ 

rho3‌ ‌  0.50‌ ‌  [0.25,‌ ‌0.74]‌ ‌ 

rho4‌ ‌  0.48‌ ‌  [0.19,‌ ‌0.77]‌ ‌ 

rho5‌ ‌  0.65‌ ‌  [0.22,‌ ‌1.00]‌ ‌ 

reproductiveNumber1‌ ‌ 
before‌ ‌March‌ ‌27‌ ‌ 

0.67‌ ‌  [0.08,‌ ‌1.01]‌ ‌ 

reproductiveNumber2‌ ‌ 
March‌ ‌27-April‌ ‌8‌ ‌ 

3.70‌ ‌  [2.08,‌ ‌5.48]‌ ‌ 

reproductiveNumber3‌ ‌ 
after‌ ‌April‌ ‌8‌ ‌ 

1.70‌ ‌  [0.68,‌ ‌2.84]‌ ‌ 



Supplementary‌ ‌Table‌ ‌B-6.‌ ‌Phylodynamic‌ ‌parameter‌ ‌estimates‌ ‌for‌ ‌group‌ ‌1.‌‌The‌‌parameter‌‌                     
estimates‌ ‌were‌ ‌obtained‌ ‌using‌ ‌BEAST2‌ ‌with‌ ‌the‌ ‌multi-rho‌ ‌birth-death‌ ‌skyline‌ ‌model.‌ ‌ 

‌  

‌  
‌  

Multi-rho‌‌birth-death‌‌skyline‌‌model‌‌with‌‌independent‌‌tree‌‌models.‌‌We‌‌ran‌‌the‌‌multi-rho‌‌                       
birth-death‌‌skyline‌‌model‌‌on‌‌groups‌‌1,‌‌2,‌‌and‌‌3‌‌assuming‌‌that‌‌each‌‌group‌‌has‌‌an‌‌independent‌‌                               
tree‌‌model‌‌in‌‌order‌‌to‌‌address‌‌possible‌‌biases‌‌due‌‌to‌‌the‌‌population‌‌structure‌‌given‌‌the‌‌strong‌‌                               
evidence‌ ‌of‌ ‌three‌ ‌independent‌ ‌introductions‌ ‌into‌ ‌the‌ ‌hospital‌ ‌similar‌ ‌to‌ ‌the‌ ‌analysis‌ ‌in‌‌                         
(Vasylyeva‌‌et‌‌al.,‌‌2019)‌‌(Supplementary‌‌Table‌‌B-7).‌‌Though,‌‌groups‌‌2‌‌and‌‌3‌‌have‌‌only‌‌a‌‌few‌‌                               
sequences‌ ‌representing‌ ‌each‌ ‌of‌ ‌them‌ ‌collected‌ ‌on‌ ‌a‌ ‌single‌ ‌date‌ ‌of‌ ‌April‌ ‌22.‌ ‌We‌ ‌find‌‌                             
parameter‌ ‌estimates‌ ‌for‌ ‌groups‌ ‌2‌ ‌and‌ ‌3‌ ‌seem‌ ‌to‌ ‌be‌ ‌misleading‌ ‌in‌ ‌this‌ ‌model.‌ ‌ 

‌  
Supplementary‌ ‌Table‌ ‌B-7.‌ ‌‌Phylodynamic‌ ‌parameter‌ ‌estimates‌ ‌for‌ ‌groups‌ ‌1,‌ ‌2,‌‌and‌‌3‌‌with‌‌                         
independent‌ ‌tree‌ ‌models.‌ ‌The‌ ‌parameter‌ ‌estimates‌ ‌were‌ ‌obtained‌ ‌using‌ ‌BEAST2‌ ‌with‌ ‌the‌‌                       
multi-rho‌ ‌birth-death‌ ‌skyline‌ ‌model‌ ‌with‌ ‌three‌ ‌separate‌ ‌trees.‌ ‌ 

‌  
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Parameter‌ ‌  Estimate‌ ‌  95%‌ ‌credible‌ ‌interval‌ ‌ 

TMRCA‌ ‌date‌ ‌  March‌ ‌26‌  March‌ ‌13‌ ‌—‌ ‌April‌ ‌2‌ ‌ 

clockRate‌ ‌  9.36E-4‌ ‌  [8.40E-4,‌ ‌1.03E-3]‌ ‌ 

rho1‌ ‌  0.28‌ ‌  [0.05,‌ ‌0.56]‌ ‌ 

rho2‌ ‌  0.52‌ ‌  [0.30,‌ ‌0.74]‌ ‌ 

rho3‌ ‌  0.56‌ ‌  [0.30,‌ ‌0.82]‌ ‌ 

rho4‌ ‌  0.56‌ ‌  [0.22,‌ ‌0.88]‌ ‌ 

rho5‌ ‌  0.45‌ ‌  [0.03,‌ ‌0.94]‌ ‌ 

reproductiveNumber1‌ ‌ 
before‌ ‌March‌ ‌27‌ ‌ 

1.21‌ ‌  [0.40,‌ ‌2.95]‌ ‌ 

reproductiveNumber2‌ ‌ 
March‌ ‌27-April‌ ‌8‌ ‌ 

3.64‌ ‌  [2.01,‌ ‌5.43]‌ ‌ 

reproductiveNumber3‌ ‌ 
after‌ ‌April‌ ‌8‌ ‌ 

1.85‌ ‌  [0.77,‌ ‌3.06]‌ ‌ 

Parameter‌ ‌  Estimate‌ ‌  95%‌ ‌credible‌ ‌interval‌ ‌ 

TMRCA‌ ‌date‌ ‌1‌ ‌  March‌ ‌26‌  March‌ ‌19‌ ‌—‌ ‌April‌ ‌2‌ ‌ 

TMRCA‌ ‌date‌ ‌2‌ ‌  April‌ ‌3‌ ‌  March‌ ‌15‌ ‌—‌ ‌April‌ ‌17‌ ‌ 

TMRCA‌ ‌date‌ ‌3‌ ‌  March‌ ‌27‌  March‌ ‌2‌ ‌—‌ ‌April‌ ‌15‌ ‌ 



‌  
Serial‌‌birth-death‌‌skyline‌‌model.‌‌The‌‌fifty-two‌‌Vreden‌‌samples‌‌were‌‌collected‌‌on‌‌5‌‌distinct‌‌                         
dates,‌ ‌with‌ ‌a‌ ‌substantial‌ ‌lag‌ ‌between‌ ‌subsequent‌ ‌collection‌‌dates‌‌(see‌‌Supplementary‌‌Table‌‌                       
B-3).‌‌For‌‌some‌‌of‌‌the‌‌samples,‌‌the‌‌sample‌‌collection‌‌date‌‌could‌‌differ‌‌substantially‌‌from‌‌the‌‌                             
symptoms‌ ‌onset‌ ‌date.‌ ‌We‌ ‌expect‌ ‌that‌ ‌there‌ ‌might‌ ‌be‌ ‌possible‌ ‌bias‌ ‌due‌ ‌to‌ ‌the‌ ‌loss‌ ‌of‌‌                               
within-patient‌ ‌variation‌ ‌due‌ ‌to‌ ‌variant‌ ‌calling‌ ‌procedure.‌ ‌To‌ ‌address‌ ‌this‌ ‌possible‌ ‌bias,‌ ‌we‌‌                         
used‌ ‌the‌ ‌symptoms‌ ‌onset‌ ‌date‌ ‌instead‌ ‌of‌ ‌the‌ ‌collection‌ ‌date‌ ‌in‌ ‌BEAST2‌ ‌analysis‌ ‌and‌ ‌the‌‌                             
tip-sampling‌ ‌for‌ ‌the‌ ‌rest‌ ‌of‌ ‌the‌ ‌samples.‌ ‌For‌ ‌11‌ ‌samples,‌ ‌the‌ ‌symptoms‌ ‌onset‌ ‌dates‌ ‌were‌‌                             
known‌ ‌(Supplementary‌ ‌Table‌ ‌B-2).‌ ‌For‌ ‌each‌ ‌of‌ ‌the‌ ‌remaining‌ ‌41‌ ‌samples,‌ ‌we‌ ‌produced‌ ‌a‌‌                           
posterior‌ ‌estimate‌ ‌of‌ ‌its‌ ‌symptoms‌‌onset‌‌date‌‌by‌‌using‌‌a‌‌uniform‌‌prior‌‌between‌‌March‌‌31st‌‌                             
and‌ ‌the‌ ‌collection‌ ‌date.‌ ‌The‌ ‌possible‌ ‌problem‌ ‌of‌ ‌this‌‌approach‌‌though‌‌is‌‌the‌‌assumption‌‌of‌‌                             
the‌‌birth-death‌‌skyline‌‌model‌‌that‌‌sampling‌‌immediately‌‌results‌‌in‌‌the‌‌death‌‌of‌‌the‌‌lineage.‌‌In‌‌                             
other‌ ‌words,‌ ‌the‌ ‌resulting‌ ‌model‌ ‌assumes‌ ‌that‌ ‌the‌ ‌patients‌ ‌were‌ ‌isolated‌ ‌immediately‌ ‌after‌‌                         
showing‌‌the‌‌symptoms.‌‌We‌‌could‌‌not‌‌verify‌‌this‌‌assumption,‌‌and‌‌it‌‌is‌‌likely‌‌that‌‌the‌‌patients‌‌                               
were‌ ‌isolated‌ ‌only‌ ‌after‌ ‌the‌ ‌Covid-19‌ ‌was‌ ‌confirmed‌ ‌by‌ ‌PCR‌ ‌test.‌ ‌More‌ ‌detailed‌ ‌analysis‌‌                           

181‌ ‌ 
‌ 

clockRate‌ ‌  9.33E-4‌ ‌  [8.36E-4,‌ ‌1.03E-3]‌ ‌ 

rho1.1‌ ‌  0.27‌ ‌  [0.04,‌ ‌0.55]‌ ‌ 

rho1.2‌ ‌  0.53‌ ‌  [0.32,‌ ‌0.76]‌ ‌ 

rho1.3‌ ‌  0.57‌ ‌  [0.29,‌ ‌0.81]‌ ‌ 

rho1.4‌ ‌  0.57‌ ‌  [0.24,‌ ‌0.89]‌ ‌ 

rho1.5‌ ‌  0.45‌ ‌  [0.01,‌ ‌0.92]‌ ‌ 

rho2‌ ‌  0.54‌ ‌  [0.11,‌ ‌1.00]‌ ‌ 

rho3‌ ‌  0.43‌ ‌  [7.82E-3,‌ ‌0.92]‌ 

reproductiveNumber1.1‌ ‌ 
before‌ ‌April‌ ‌8‌ ‌ 

3.44‌ ‌  [1.73,‌ ‌5.48]‌ ‌ 

reproductiveNumber1.2‌ ‌ 
after‌ ‌April‌ ‌8‌ ‌ 

1.89‌ ‌  [0.80,‌ ‌3.13]‌ ‌ 

reproductiveNumber2.1‌ ‌ 
before‌ ‌April‌ ‌8‌ ‌ 

1.15‌ ‌  [0.41,‌ ‌2.65]‌ ‌ 

reproductiveNumber2.2‌ ‌ 
after‌ ‌April‌ ‌8‌ ‌ 

2.13‌ ‌  [0.88,‌ ‌3.63]‌ ‌ 

reproductiveNumber3.1‌ ‌ 
before‌ ‌April‌ ‌8‌ ‌ 

1.11‌ ‌  [0.45,‌ ‌2.42]‌ ‌ 

reproductiveNumber3.2‌ ‌ 
after‌ ‌April‌ ‌8‌ ‌ 

1.76‌ ‌  [0.64,‌ ‌3.09]‌ ‌ 



including‌ ‌simulations‌‌is‌‌needed‌‌to‌‌verify‌‌whether‌‌this‌‌approach‌‌is‌‌more‌‌or‌‌less‌‌reliable‌‌than‌‌                             
the‌ ‌birth-death‌ ‌model‌ ‌with‌ ‌rho-sampling,‌ ‌which‌ ‌we‌ ‌used‌ ‌in‌ ‌the‌ ‌main‌ ‌text.‌ ‌ 

‌  
Supplementary‌ ‌Tables‌ ‌B-8,9,10‌ ‌contain‌ ‌the‌ ‌Bayesian‌‌estimates‌‌of‌‌the‌‌model‌‌parameters‌‌for‌‌                       
the‌ ‌three‌ ‌datasets‌ ‌comprising‌ ‌groups‌ ‌1,‌ ‌2,‌ ‌and‌ ‌3‌ ‌(Table‌ ‌4),‌ ‌groups‌ ‌1‌ ‌and‌ ‌2‌ ‌(Table‌ ‌5),‌ ‌and‌‌                                   
group‌‌1‌‌(Table‌‌6).‌‌The‌‌estimates‌‌of‌‌effective‌‌reproductive‌‌numbers‌‌and‌‌sampling‌‌proportions‌‌                         
are‌ ‌consistent‌ ‌throughout‌ ‌all‌ ‌the‌ ‌runs.‌‌The‌‌tree‌‌height‌‌corresponds‌‌to‌‌the‌‌dating‌‌of‌‌the‌‌root.‌‌                               
Group‌ ‌1‌‌is‌‌suspected‌‌to‌‌correspond‌‌to‌‌the‌‌first‌‌introduction‌‌event,‌‌so‌‌its‌‌root‌‌corresponds‌‌to‌‌                               
the‌ ‌suspected‌ ‌beginning‌ ‌of‌ ‌the‌ ‌outbreak.‌ ‌The‌ ‌dating‌ ‌of‌ ‌the‌ ‌root‌ ‌for‌ ‌the‌ ‌two‌ ‌other‌ ‌datasets‌‌                               
provides‌ ‌evidence‌ ‌for‌ ‌multiple‌ ‌introductions.‌ ‌We‌ ‌used‌ ‌Tracer‌ ‌​​(Rambaut‌ ‌et‌ ‌al.,‌ ‌2018)‌ ‌to‌‌                         
summarise‌ ‌the‌ ‌results.‌ ‌ 

‌  
Supplementary‌ ‌Table‌ ‌B-8.‌ ‌Phylodynamic‌ ‌parameter‌ ‌estimates‌ ‌for‌ ‌groups‌ ‌1,‌‌2,‌‌and‌‌3.‌‌The‌‌                         
parameter‌ ‌estimates‌ ‌were‌ ‌obtained‌ ‌using‌ ‌BEAST2‌ ‌with‌ ‌the‌ ‌serial‌ ‌birth-death‌ ‌skyline‌ ‌model.‌ ‌ 

‌  

‌  
‌  

Supplementary‌ ‌Table‌ ‌B-9.‌ ‌Phylodynamic‌ ‌parameter‌ ‌estimates‌ ‌for‌ ‌groups‌ ‌1‌ ‌and‌ ‌2.‌ ‌The‌‌                       
parameter‌ ‌estimates‌ ‌were‌ ‌obtained‌ ‌using‌ ‌BEAST2‌ ‌with‌ ‌the‌ ‌serial‌ ‌birth-death‌ ‌skyline‌ ‌model.‌ ‌ 

‌  
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Parameter‌ ‌  Estimate‌ ‌  95%‌ ‌credible‌ ‌interval‌ ‌ 

TMRCA‌ ‌date‌ ‌  February‌ ‌4‌  January‌ ‌1‌ ‌—‌ ‌March‌ ‌7‌ ‌ 

reproductiveNumber1‌ ‌ 
before‌ ‌March‌ ‌27‌ ‌ 

0.92‌ ‌  [0.60,‌ ‌1.16]‌ ‌ 

reproductiveNumber2‌ ‌ 
March‌ ‌27-April‌ ‌8‌ ‌ 

3.72‌ ‌  [2.48,‌ ‌5.05]‌ ‌ 

reproductiveNumber3‌ ‌ 
after‌ ‌April‌ ‌8‌ ‌ 

1.38‌ ‌  [0.48,‌ ‌2.41]‌ ‌ 

samplingProportion1‌ ‌  0.0‌ ‌(fixed)‌ ‌  --‌ ‌ 

samplingProportion2‌ ‌  0.79‌ ‌  [0.46,‌ ‌1.00]‌ ‌ 

samplingProportion3‌ ‌  0.10‌ ‌  [0.01,‌ ‌0.25]‌ ‌ 

samplingProportion4‌ ‌  0.01‌ ‌  [4.77Е-8,‌ ‌0.05]‌ 

clockRate‌ ‌  9.43Е-4‌ ‌  [8.46E-4;‌ ‌1.04E-3]‌ ‌ 

Parameter‌ ‌  Estimate‌ ‌  95%‌ ‌credible‌ ‌interval‌ ‌ 

TMRCA‌ ‌date‌ ‌  March‌ ‌15‌  February‌ ‌25‌ ‌—‌ ‌March‌ ‌31‌ ‌ 

reproductiveNumber1‌ ‌ 
before‌ ‌March‌ ‌27‌ ‌ 

1.12‌ ‌  [0.46,‌ ‌2.42]‌ ‌ 



‌  
‌  

Supplementary‌‌Table‌‌B-10.‌‌Phylodynamic‌‌parameter‌‌estimates‌‌for‌‌group‌‌1.‌‌The‌‌parameter‌‌                     
estimates‌ ‌were‌ ‌obtained‌ ‌using‌ ‌BEAST2‌ ‌with‌ ‌the‌ ‌serial‌ ‌birth-death‌ ‌skyline‌ ‌model.‌ ‌ 

‌  

‌  
Supplementary‌‌Table‌‌B-11.‌‌Priors‌‌used‌‌in‌‌the‌‌analysis‌‌under‌‌the‌‌birth-death‌‌skyline‌‌model.‌‌                         
The‌ ‌clockRate‌ ‌prior‌ ‌was‌ ‌used‌ ‌according‌ ‌to‌ ‌the‌ ‌posterior‌ ‌estimates‌ ‌from‌ ‌the‌ ‌UK‌ ‌analysis‌‌                           
(Pybus‌ ‌et‌ ‌al.,‌ ‌2020).‌ ‌Other‌ ‌priors‌ ‌are‌ ‌the‌ ‌same‌ ‌or‌ ‌similar‌ ‌to‌ ‌those‌ ‌used‌ ‌in‌ ‌the‌ ‌birth-death‌‌                                 
skyline‌ ‌analysis‌ ‌in‌ ‌(Stadler,‌ ‌2020).‌ ‌ 
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reproductiveNumber2‌ ‌ 
March‌ ‌27-April‌ ‌8‌ ‌ 

3.96‌ ‌  [2.52,‌ ‌5.49]‌ ‌ 

reproductiveNumber3‌ ‌ 
after‌ ‌April‌ ‌8‌ ‌ 

1.30‌ ‌  [0.47,‌ ‌2.26]‌ ‌ 

samplingProportion1‌ ‌  0.0‌ ‌(fixed)‌ ‌  --‌ ‌ 

samplingProportion2‌ ‌  0.81‌ ‌  [0.50,‌ ‌1.00]‌ ‌ 

samplingProportion3‌ ‌  0.15‌ ‌  [0.02,‌ ‌0.35]‌ ‌ 

samplingProportion4‌ ‌  0.02‌ ‌  [1.40Е-7,‌ ‌0.06]‌ 

clockRate‌ ‌  9.40Е-4‌ ‌  [8.44E-4;‌ ‌1.04E-3]‌ ‌ 

Parameter‌ ‌  Estimate‌ ‌  95%‌ ‌credible‌ ‌interval‌ ‌ 

TMRCA‌ ‌date‌ ‌  March‌ ‌23‌  March‌ ‌11‌ ‌—‌ ‌March‌ ‌30‌ ‌ 

reproductiveNumber1‌ ‌ 
before‌ ‌March‌ ‌27‌ ‌ 

1.28‌ ‌  [0.42,‌ ‌3.12]‌ ‌ 

reproductiveNumber2‌ ‌ 
March‌ ‌27-April‌ ‌8‌ ‌ 

4.02‌ ‌  [2.46,‌ ‌5.69]‌ ‌ 

reproductiveNumber3‌ ‌ 
after‌ ‌April‌ ‌8‌ ‌ 

1.30‌ ‌  [0.48,‌ ‌2.26]‌ ‌ 

samplingProportion1‌ ‌  0.0‌ ‌(fixed)‌ ‌  --‌ ‌ 

samplingProportion2‌ ‌  0.82‌ ‌  [0.52,‌ ‌1.00]‌ ‌ 

samplingProportion3‌ ‌  0.15‌ ‌  [0.02,‌ ‌0.35]‌ ‌ 

samplingProportion4‌ ‌  0.02‌ ‌  [3.35E-8,‌ ‌0.05]‌ 

clockRate‌ ‌  9.38Е-4‌ ‌  [8.42E-4;‌ ‌1.03E-3]‌ ‌ 

Model‌ ‌  Parameter‌ ‌  Prior‌ ‌distribution‌ ‌ 
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HKY‌ ‌  Gamma‌ ‌shape‌ ‌  Exponential(0.5)‌ ‌ 

‌   Kappa‌  Log‌ ‌Normal(1.0,‌ ‌1.25)‌ ‌ 

Strict‌ ‌clock‌ ‌  Clock‌ ‌rate‌ ‌ 
(per‌ ‌bp‌ ‌per‌ ‌year)‌ ‌ 

Normal(9.41e-4,‌ ‌4.99e-5)‌ ‌ 

Birth‌ ‌Death‌ ‌Skyline‌ ‌  Effective‌ ‌reproductive‌‌   
number‌ ‌ 

Log‌ ‌Normal(0.8,‌ ‌0.5)‌ ‌ 

‌   Date‌ ‌of‌ ‌infection‌ ‌origin‌ ‌  Uniform(0,‌ ‌1000)‌ 

‌   Become‌ ‌uninfectious‌ ‌rate‌ ‌  36.5‌ ‌(fixed)‌ ‌ 

multi-rho‌ ‌  Rho‌ ‌sampling‌ ‌probability‌ ‌  Beta(1,‌ ‌1)‌ ‌ 

serial‌ ‌  Sampling‌ ‌proportion‌ ‌  Uniform(0,‌ ‌1)‌ 


