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Figure 3: Reference flow workflow. All reads are aligned to major-allele reference in
the first pass. High mapping quality alignments are “committed” and included in the
final output. Unaligned reads or reads with low mapping quality are “deferred” and re-
aligned against multiple population genomes in the second-pass. Second-pass alignments
are merged into the final output.

First pass In the first pass, we align all reads to an initial reference genome. For the par-
ticular reference-flow strategies evaluated here (MajorFlow, RandFlow, and RandFlow-
LD), we first aligned to the “global major” reference (Section 2.2). Reads that fail to align
or that align with low mapping quality are “forwarded” to a second pass, whereas reads
that align with high mapping quality are “committed” and are ultimately passed through
to the final output. We use a mapping-quality threshold because it is readily available –
reported by most popular read aligners – and because alignments with low MAPQ are
the most likely to benefit from the second alignment pass. After empirical experiments,
we selected a MAPQ threshold of 10 (Figure S2).

Second pass For reads forwarded to the second pass, we realign to a set of references
that include a wider range of genetic variation. In the methods evaluated here, we use five
second-pass references, each corresponding to a 1000 Genomes Project superpopulation:
AFR (African), AMR (admixed American), EAS (East Asian), EUR (European), and SAS
(South Asian). In the case of the MajorFlow method, the second-pass genomes are simply
the major-allele references corresponding to each of these superpopulations (Section 2.2).
In all cases, the second-pass references consist of a single haplotype.

Stochastic references In the RandFlow and RandFlow-LD strategies, second-pass refer-
ences are designed to represent “random individuals” from the super populations. For
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GATCACAGGTCTATCACCCTATTAACCACTCACGGGAGCTCTCCATGCATTTGGTATTTT 
CGTCTGGGGGGTATGCACGCGATAGCATTGCGAGACGCTGGAGCCGGAGCACCCTATGTC 
GCAGTATCTGTCTTTGATTCCTGCCTCATCCTATTATTTATCGCACCTACGTTCAATATT 
ACAGGCGAACATACTTACTAAAGTGTGTTAATTAATTAATGCTTGTAGGACATAATAATA 
ACAATTGAATGTCTGCACAGCCACTTTCCACACAGACATCATAACAAAAAATTTCCACCA 
AACCCCCCCTCCCCCGCTTCTGGCCACAGCACTTAAACACATCTCTGCCAAACCCCAAAA 
ACAAAGAACCCTAACACCAGCCTAACCAGATTTCAAATTTTATCTTTTGGCGGTATGCAC 
TTTTAACAGTCACCCCCCAACTAACACATTATTTTCCCCTCCCACTCCCATACTACTAAT 
CTCATCAATACAACCCCCGCCCATCCTACCCAGCACACACACACCGCTGCTAACCCCATA 
CCCCGAACCAACCAAACCCCAAAGACACCCCCCACAGTTTATGTAGCTTACCTCCTCAAA 
GCAATACACTGACCCGCTCAAACTCCTGGATTTTGGATCCACCCAGCGCCTTGGCCTAAA 
CTAGCCTTTCTATTAGCTCTTAGTAAGATTACACATGCAAGCATCCCCGTTCCAGTGAGT 
TCACCCTCTAAATCACCACGATCAAAAGGAACAAGCATCAAGCACGCAGCAATGCAGCTC 
AAAACGCTTAGCCTAGCCACACCCCCACGGGAAACAGCAGTGATTAACCTTTAGCAATAA 
ACGAAAGTTTAACTAAGCTATACTAACCCCAGGGTTGGTCAATTTCGTGCCAGCCACCGC 
GGTCACACGATTAACCCAAGTCAATAGAAGCCGGCGTAAAGAGTGTTTTAGATCACCCCC 
TCCCCAATAAAGCTAAAACTCACCTGAGTTGTAAAAAACTCCAGTTGACACAAAATAGAC 
TACGAAAGTGGCTTTAACATATCTGAACACACAATAGCTAAGACCCAAACTGGGATTAGA 
TACCCCACTATGCTTAGCCCTAAACCTCAACAGTTAAATCAACAAAACTGCTCGCCAGAA 
CACTACGAGCCACAGCTTAAAACTCAAAGGACCTGGCGGTGCTTCATATCCCTCTAGAGG 
AGCCTGTTCTGTAATCGATAAACCCCGATCAACCTCACCACCTCTTGCTCAGCCTATATA 
CCGCCATCTTCAGCAAACCCTGATGAAGGCTACAAAGTAAGCGCAAGTACCCACGTAAAG 
ACGTTAGGTCAAGGTGTAGCCCATGAGGTGGCAAGAAATGGGCTACATTTTCTACCCCAG 
AAAACTACGATAGCCCTTATGAAACTTAAGGGTCGAAGGTGGATTTAGCAGTAAACTAAG 
AGTAGAGTGCTTAGTTGAACAGGGCCCTGAAGCGCGTACACACCGCCCGTCACCCTCCTC 
AAGTATACTTCAAAGGACATTTAACTAAAACCCCTACGCATTTATATAGAGGAGACAAGT 
CGTAACCTCAAACTCCTGCCTTTGGTGATCCACCCGCCTTGGCCTACCTGCATAATGAAG 
AAGCACCCAACTTACACTTAGGAGATTTCAACTTAACTTGACCGCTCTGAGCTAAACCTA 
GCCCCAAACCCACTCCACCTTACTACCAGACAACCTTAGCCAAACCATTTACCCAAATAA 
AGTATAGGCGATAGAAATTGAAACCTGGCGCAATAGATATAGTACCGCAAGGGAAAGATG 
AAAAATTATAACCAAGCATAATATAGCAAGGACTAACCCCTATACCTTCTGCATAATGAA 
TTAACTAGAAATAACTTTGCAAGGAGAGCCAAAGCTAAGACCCCCGAAACCAGACGAGCT 
ACCTAAGAACAGCTAAAAGAGCACACCCGTCTATGTAGCAAAATAGTGGGAAGATTTATA 
GGTAGAGGCGACAAACCTACCGAGCCTGGTGATAGCTGGTTGTCCAAGATAGAATCTTAG 
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Table 1: The COVID-19 sequences in human hosts from 79 countries and other related viruses.

Country 2019.12 2020.1 2020.2 2020.3 2020.4 2020.5 Totality of sequences
USA 0 21 113 4271 1968 15 6388

England 0 2 37 6306 7624 276 14245
Spain 0 0 12 474 19 0 505
Italy 0 5 5 57 18 0 85
France 0 9 13 330 36 0 388

Germany 0 9 23 110 40 0 182
India 0 2 0 116 180 46 344
Canada 0 4 7 145 36 0 192
China 25 286 241 103 6 0 661

Asia:Bangladesh(20), Brunei(5), Cambodia(1), China(661), Georgia(15), India(344), Indonesia(9), Iran(6), Israel(223), Japan(130), Jordan(28), Kazakhstan(4), Kuwait(8),
Lebanon(10), Malaysia(15), Nepal(1), Pakistan(3), Philippines(5), Qatar(16), Saudi Arabia(112), Singapore(157), South Korea(36), Sri Lanka(4), Thailand(118),
Turkey(64), United Arab Emirates(25), Vietnam(19). Countries:27; Sequences:2039
Europe: Austria(237), Belarus(2), Belgium(488), Croatia(7), Czech(35), Denmark(584), England(14245), Estonia(5), Finland(41), France(388), Germany(182),
Greece(135), Hungary(32), Iceland(505), Ireland(18), Italy(85), Latvia(25), Lithuania(3), Luxembourg(257), Netherlands(556), Norway(48), Poland(26), Portugal(100),
Romania(2), Russia(207), Serbia(4), Slovakia(4), Slovenia(5), Spain(505), Sweden(163), Switzerland(74). Countries: 31; Sequences: 18968
Africa: Algeria(3), Congo(111), Egypt(2), Gambia(3), Ghana(15), Nigeria(1), Senegal(22), South Africa(19). Countries: 8; Sequences: 176
North America: Canada(192), Costa Rica(6), Jamaica(8), Mexico(17), Panama(1), USA(6388). Countries: 6; Sequences: 6612
South America: Argentina(28), Brazil(62), Chile(144), Colombia(83), Uruguay(9). Countries: 5; Sequences: 326
Oceania: Australia(1176), New Zealand(8). Countries: 2; Sequences: 1184
Di�erent hosts: environment(2), rhinolophine(13), pangolin(6). Sequences: 21
Other viruses with human as host:
HCov viruses: HCov-229E(3), HCov-OC43(78), HCov-NL63(16), HCov-HKU1(4). Sequences: 101
Seven pathogenic viruses: SARS(11), MERS(11), Victoria(11), Lassa(12), Yamagata(11), Ebola(12), Dengue(12). Sequences: 80

Figure 3: The evolution tree of COVID-19 sequences in humanhosts fromdi�erent 79 countries, inwhich there are 10 branches
denoted 1 to 10, respectively. In each branch, COVID-19 sequences fromdi�erent countries shownon the right side of the�gure
are represented with di�erent color dots. The 14 countries with the worst outbreaks in the legend on the left are indicated by
square dots in di�erent colors.

unexpectedly resided in the eighth branches of the later generations
in the tree, which indicates that COVID-19 virus probably began to
spread among people in multiple countries as early as December
2019. This is also con�rmed in a recent study [11].

4) The earliest sampled sequences from the 79 countries are
distributed in di�erent branches of the tree, which indicates the

widespread infections and diversity of the COVID-19 virus in the
world due to traveling and other reasons.

5) Although there is not yet enough evidence to trace COVID-
19’s origin, investigating the earliest generations’ sequences in this
evolution tree may provide some clues.
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ATTCCGG

CCAGGCA
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GTTCGGC
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GTTCTCG

TATTCTG

ATTCTGG

GTTTCGC
TTTCGCT

TGTTGAA

GTTGAAG

TATTGACATTGACT

GTTGATA

GTTGCCG

TATTGCG

ATTGCGG

TATTGCT

ATTGCTG

TACTTTA
ACTTTAA

TTGATAT
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TTACCCG
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GCCGATT

TTCCGCT

CGAGTAA

GACTTCT

CCGAACT

CGAACTT

GCGCGTG

TATCAGC

ATCAGCG

GCAATAC
CAATACG

TAACCGT
AACCGTG

CCAATAT

AGCTTTT

GCTTTTC

CAATGCC

TTAATTA
TAATTAA

CCGAAGG
CGAAGGT

CAATTGA

TCACAAC
CACAACG

GCACAAT

TTACAGA

TACAGAT

CAGAATA
AGAATAC

CCACAGG

TCAGTCT
CAGTCTG

GTACATA
TACATAA

CCACATG

CACATGG

TCGAATC

ACACCAG
CACCAGC

TGTCGAT

GTCGATC

CCTGCCG

CTGCCGT

GCAGTGC

TTACCGC
TACCGCT

GCAGTGG

GGATGCT

GATGCTT

TAGCGGT

AATTGAA

TTACGCG

TATTGAT
ATTGATG

TTACGGT
TACGGTG

TTACGTC
TACGTCG

TCACTAA

CACTAAC

TGAAACG

GCACTAT
CACTATT

TACTCCC

GTTCCGA

TCACTGC

CACTGCA

ATACTGG
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TTAGAAG
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GATGGCC

ATAGCAA
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CGACGCC
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CAGGAAT

TCAGGAT
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GCAGTGA
CAGTGAG

CAGTGCG

TCAGTGG

ACAGTTG
CAGTTGA

TCAGTTT

ATATAAA
TATAAAA

CGATTCT
GATTCTA

TGGCTGG

GGCTGGT

TGTCTCT

GTCTCTG

GCATCAA

TTCTGCG

TTATCGA

TGATATT

GTTCTGG

TTCTGGG

CCATCTG

TCGAGCC
CGAGCCG

CCATGAA

CATGAAA

CATGAAC

ACATGAC
CATGACA

ACATGCA
CATGCAG

CCATGCG

CCATCAC

CATGGCA

CATGGCT

ACATGGT

GCATCAG

ATTCCGC
TTCCGCC

CCCAACG
CCAACGT

TCATTAC

CCATTAG

CCATTAT

CATTATC

GGTGCCG
GTGCCGA

TCATTCT

TTATTGA
CGTCTTT

GTCTTTT

ATGAAAC

CCCAAAT

TCTGAAC

CTGAACT

GCGAGTACCCAATA
CCAATAG

GTCAATT
TCAATTA

ACCACAT

TCACCAG

TCCACCC

CCACCCT

GCCACCG

GCCTTTT
CCTTTTT

ACCACGA

CCACGAA

CCACGAC

CCATGGT

TTCACTG

TCTGACC
CTGACCG

ACCAGAG
CCAGAGG

CCCAGCC

GACATCA

GCCAGGC

TTGACTT

TTGACTC

TTGACTG

GTCATAA
TCATAAC

ACCATCA

CCATCAG

TCCATGA

CTCATGG
TCATGGT

TTCATTC

CTCGCCG

TCGCCGC

GCCCAAA

AATGAGT
ATGAGTG

GCCCACG
CCCACGC

CTTCTGA

CTTCTGG

CAACGCA
AACGCAG

ATGGCAT

CCCCCAC

CCCCCGC

TGGCAAA

TATCCAT
ATCCATC

ATGATGG

AATGCCC

TTCGGCG

TCGGCGG

TTCCGAC

TCCGACT

TCCGACA

CCCGCAC

CCCGCGC

GGCATCA

CCCGGAT

CCCGGAC

TTCCGGC

TCCGGCT

TTCCGTC
TCCGTCG

TTATGGC

TATGGCC

TCCTGCA

AGTCACT

TTTGCCC

TTGCCCA
CCGAACG

TTCGAAG
TCGAAGC

CTCGAAT

TTCGACC

CCGACTA

GCCGATA

CCGATAT

TCGATCG

GTTGCGG
TTGCGGA

CCGATTG

CCGCACC

CCGCATT

CCGCCAA

CCGCCCA

CCGCCGC

CTGCGCT

AGGCACA

GCCGCGG
CCGCGGT

CGCATGG
GCATGGT

CCCCCGA
CCCCGAC

TTGCGGC

CCGCTGG

CCGCTGC

CCGGATA

CCGGCGT

CCGGCTG

CCGGGAT

CCGGTAA

CCGTATT

TTGCTGA

TTCGTCG

GGACACA
GACACAC

CCGTGAG

CCGTGGC

GCCTGTT

GGCAGGT

TGCCGAT

ATGCTTT

TGGCAAG
GGCAAGA

ACCTGCC

TCTGCGG

CTGCGGG

TGGCATC GGCATCC
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CCTCAAC

GCTGACA

CTGACAG

TACAAAA
ACAAAAC

ACCTCCA
CCTCCAA

ATCTCCG

TCTCCGC

CCTCGAA

ACTGGCA

CTGGCAG
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ATGGCCG

TTCTGAA

CCTGACA

TCTGATA

CCTGCAT

TTCTGGA

TCTGGAA

AAATTTA
AATTTAT

TCTGGGA

TCTGGTA

CTCTGTG

TCTGTGT

CCTGTTT

CTAAGGT
TAAGGTA

TGATTTG

TTGAAAA
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GGATTTT
GATTTTT

GTGACGA

GTGCCCC

GCGCAGT
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CTGCCCG

TGAACTT

TTGAAGA
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GCTGGTA

TTGAAGT

CTGAATC

GCCAAAT
CCAAATT

TCGACCG
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CTGACGA
TGACGAC

CTGGTTA

CTGACTG

AGCGCCA
GCGCCAT

GGCAACG

CTGAGGC

TGAGGCG

AATGTAG
ATGTAGG

ATGATAA
TGATAAA

CTCAAAT
TCAAATA

CTGATAG

CTGATGG

CCGATGT
CGATGTT

GAGCCGG
AGCCGGT

CTGATTT

CGCACAG

TTGCGAC
TGCGACA

GTGTCTG

ACCAAAC
CCAAACG

TGGCGAG

CTGCATG

TGCCAGG

CGCCCAA

CTGCCCC

TGCCGGG

CCGCCTA
CGCCTAA

GCACAAA

CCGCGAT
CGCGATG

GCTGGTT

CTGCGGT

CCGCTCA
CGCTCAG

ATTGTTG

TTGTTGG

ACGCTGA

CTGGAAA

TTGCGGT
TGCGGTA

ACGACCA
CGACCAC

CTGGCAC

CGGCTGA

CTGGCCC
TGGCCCC

ACGGCGC
CGGCGCG

GTTACCT

ACGGGAG
CGGGAGT

ACGCCGC
CGCCGCA

TTGGGGC

TGGGGCA

GCGGGTA
CGGGTAA

CTGGTAG

AATTAGC

ACCGATC
CCGATCC

CGGTGCT

CTGGTGG

TGGTGGC

ACGGTTG
CGGTTGA

CTGGTTT

GCGGCTG

GTTCGAA
TTCGAAA

ACGTAAT
CGTAATT

CTGGCGA
TGGCGAC
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GCAGAGG
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TGTTGGG

CTGTTTA
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TGTTTCG
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TGTTTGG
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GGTCGAC
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TACAGGT
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TTAGCAA
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AACCACG

GTTAGTA
TTAGTAG
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TTATAGC
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GTTGGCG

TTATCGG

GTTATGA
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GCATCCA

ACTCAAC
CTCAACA

TTTCACA
TTCACAG
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CTGACCA
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GTTCCAA
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CGTAGCG
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CTCCCCG

GTCATGC
TCATGCA

TTTCCGC

TTTCCTC
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TTTTGCC

TTTCGAC

GCCACCT

CTTCGGA
TTCGGAC

GTTCGGG
TTCGGGC
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AACTTTA
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CTGATGT
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TTGCGAG

GGCGAGT

CTGGCGG

ACTGGAC
CTGGACT

GCTGGAT
CTGGATT

ACTTTAC
CTTTACC

CTGGGAC

TTGGGGT

AACCAGC
ACCAGCT

AATTTCA
ATTTCAG

ATTGTGG
TTGTGGC

TTTGTTG

TTGTTGA

CTTTAAA
TTTAAAC
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ACTTAAG
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COVID-19 evolves in human hosts. Li et al. Submitted 2020
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Variables in C++
int myFavoriteInt;

char grade = 'A';

double gamma = 0.653;

Cat fiona, mia;

Cube rubix;

Person wade;
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Encapsulation
Cube.h Cube.cpp



#pragma once

class Cube {
public:

private:

};

Cube.h1
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19
20



#include "Cube.h"

double Cube::getVolume() {

}

Cube.cpp
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class Cube {
public:
double getVolume();

4
5
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Cube.h


