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Phylogenetic Analysis - COVID-19
1. Introduction

COVID-19is a highly contagious infectious disease caused by SARS-CoV-2 virus.
SARS-CoV-2 spread across the world in a very short period. This led to the World Health
Organization (WHO) declaring COVID-19 as a global pandemic on March 11, 2020. Most
people infected experience mild to moderate respiratory illness (who.int). It is believed to
take five to six days, on average, from when someone is infected with COVID-19, to show
symptoms. It may take upwards of fourteen days to show COVID-19 symptoms. The most
common symptoms include fever, cough, loss of taste/smell, and tiredness. COVID-19
symptoms that require medical attention include difficulty breathing, confusion, chest
pain, and loss of mobility. COVID-19 may spread from an infected person’s mouth or nose
through liquid from breath (who.int).

Coronaviruses (CoVs) are positive-stranded RNA. These viruses have a crown-
like appearance under an electron microscope because of spike glycoproteins on the
envelope (Cascella et.al 2022). With SARS-CoV-2 being an RNA virus, it is more prone
to genetic evolution and mutations over time. Unfortunately, this has resulted in variants
that are very different than the ancestral strains.

The transmission of COVID-19 can be reduced and potentially prevented. To slow
COVID-19 transmission, individuals may get vaccinated, remain farther than 1 meter from
others, wear a face mask in close settings. It is also recommended to wash hands
regularly with water and soap. It is important for others to remain at home and self-isolate
if infected or feeling ill.

2. Goals

Many SARS-CoV-2 variants have been identified through genetic sequencing. During
the duration of the COVID-19 pandemic, there have been five variants considered to be
a “variant of concern (VOCs)” by the World Health Organization. These five were
identified as VOCs based on their impact on global public health. The five variants are
identified as Alpha, Beta, Gamma, Delta, and Omicron. Alpha, Beta, and Gamma are
classified as previously circulating. Delta and Omicron are considered to be currently
circulating VOCs. Omicron is believed to exemplify a 13-fold increase in viral infectivity
and is 2.8 times more infectious than the Delta variant (Cascella et.al 2022).

The goal of this report is to see if the Delta and Omicron variant trends within the data
can be identified based on phylogenetic clades. This will be completed by analyzing the



dates the samples were taken and comparing this to the variant more prominent at the
time based on the COVID-19 timeline provided by the Centers for Disease Control and
Prevention.

3. Data Description

The data was collected from the NIH National Library of Medicine: NCBI Virus in
the SARS-CoV-2 Data Hub. One data set was analyzed.

Figures below represent all 80 sequences of the Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) analyzed under the following conditions: 29,795
nucleotides long, all nucleotides were complete as determined by the NIH NCBI Virus,
the geographic region analyzed was the state of Georgia located in the United States of
America, the source of isolation of the virus for all sequences was the oronasopharynx.
The oronasopharynx refers to the mouth, nose, and pharynx. The data was collected
between 03-23-2021 and 02-04-2022.

4. Methods

The R package phangorn™ was used to fit phylogenetic trees from aligned sequence
data. The sequence data was imported using the 'read.phydat’command as a FASTA file.
A distance matrix was calculated using “dist.ml". Distance-based methods result in a
transformation of the sequence data into pairwise distances. This matrix was then used
to fit the tree. The result of the command displays the calculated evolutionary distance
between each pair of patients, local controls, and the dentist. Next, an UPGMA tree was
computed. UPGMA (unweighted pair group method with arithmetic mean) is a simple
hierarchical clustering method from the bottom-up. The UPGMA is based on unweighted
averages and is a clustering algorithm based on distances. Distances were calculated
between each pair of taxa and these distances are used to construct the tree.

The substitution model named ‘WAG’ was used in the UPGMA tree. The ‘WAG’ model
is based on maximum likelihood fits of amino acid substitution data. Next, the maximum
likelihood tree was fitted using the "pml” and “optim.pml" functions. The “pml" function
takes the UPGMA tree calculated in the previous step as the input and calculates the
likelihood. The “optim.pml” function was used to find the maximum likelihood tree.
Maximum likelihood is an optimality criterion of character data. The likelihood value for
each possible tree was calculated and the best tree was defined as the tree with the
highest likelihood. "optNni=T" was specified so that the tree is optimized along the branch
lengths and over the topology.

Data sampled from March 2021 to April 2021 were considered to be the Gamma
variant. Data sampled from May 2021 to October 2021 were considered to be the Delta
variant. Data sampled from November 2021 to February 2022 were considered to be the



Omicron variant. These distinctions are based on the variant that was most prominent at
the time as decided by the CDC COVID-19 timeline.

5. Analysis

Figure 1 UPGMA All Sequences
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Figure 1 is the phylogenetic tree of all the 80 COVID-19 sequences from the data set of
the infected people fitted using the UPGMA. The tree is labeled based on their “Isolate”

recorded. It should be noted that multiple sequences are believed to be related as they

are within the same clade.



Figure 2 UPGMA All Sequences Fan by Month Group
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Figure 2 is a fan phylogenetic tree of the 80 sequences from COVID-19 infected people
fitted using the UPGMA model. This figure includes all sequences provided in a fan shape
pattern. Each person is color coded to the date of their sample collection. This can be
used to be able to distinguish between people and determine similar groupings. Typically,
the sample collection in the same month groups have similar sequences. The sequences
were colored based on their month range and year of the sample collection. March to
April 2021 is black, May to June 2021 is red, July to August 2021 is green, September to
October 2021 is blue, November to December 2021 is pink, and January to February
2022 is light blue. Many month groups are within similar clades. Month groups close to
their corresponding month groups are more likely to be connected to the same internal
node.



Figure 3 UPGMA All Sequences by Month Group
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Figure 3

Figure 3 is a phylogenetic tree of the 80 sequences from COVID-19 infected people fitted
using the UPGMA model. This figure includes all sequences provided. This portrays the
same data using the same model in figure 2. Each person is color coded to the date of
their sample collection. This can be used to be able to distinguish between people and
determine similar groupings. Typically, the sample collection in the same month groups
have similar sequences. The sequences were colored based on their month range and
year of the sample collection. March to April 2021 is black, May to June 2021 is red, July
to August 2021 is green, September to October 2021 is blue, November to December
2021 is pink, and January to February 2022 is light blue.



Figure 4 — Maximum Likelihood of All Sequences
Maximimum Likelihood All Sequences
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Figure 4 is a phylogenetic tree of the 80 sequences from COVID-19 infected people fitted
using fitted using maximum likelihood. Each person is color coded to the date of their
sample collection, using the criteria above, with the tip label as their “accession”. The
maximum likelihood shows similar color groupings in clusters which may signify a
relationship between the date of the sample collection and the COVID-19 sequence
similarity. March to April 2021 is black, May to June 2021 is red, July to August 2021 is
green, September to October 2021 is blue, November to December 2021 is pink, and
January to February 2022 is light blue. May to June 2021 and July to August 2021. Month
groupings were sometimes within the same clade. These sequences were likely of the
same variant, even if they are in different month groups. See future figures for examples.




Figure 5 UPGMA Sequences in Georgia — Fan Shape
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Figure 5 is a fan phylogenetic tree of the 80 sequences from COVID-19 infected people
fitted using the UPGMA model. This figure includes all sequences provided in a fan shape
pattern. Each person is color coded to the variant that was most prominent at the time as
decided by the CDC COVID-19 timeline. If Delta was the prominent variant, then the label
is red, Omicron was the prominent variant then the label is blue, and Gamma was the
prominent variant then the label is black. This can be used to be able to distinguish
between people and determine similar groupings. Typically, the sample collection with
the same variant circulating at the same time have similar sequences based on being in
the same clade. It should be noted there is an exception with an Omicron, Gamma, and

Delta in the same clade.



Figure 6 UPGMA Sequences in Georgia
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Figure 6 is a phylogenetic tree of the 80 sequences from COVID-19 infected people fitted
using the UPGMA model. This figure includes all sequences provided in a fan shape
pattern. Each person is color coded to the variant that was most prominent at the time as
decided by the CDC COVID-19 timeline. This can be used to be able to distinguish
between people and determine similar groupings. Typically, the sample collection with
the same variant circulating at the same time have similar sequences. If Delta was the
prominent variant, then the label is red, Omicron was the prominent variant then the label
is blue, and Gamma was the prominent variant then the label is black.



Figure 7 — Maximum Likelihood of All Sequences
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520664 T [Sevens acule resp.vara

AT T27R0. 1 | Sawere acite respiralony 5

Sevens Soule respiats
Severe acule respirato

S‘emere AUl fes

1' Severe acule respirslony &

Savere acute regpralory syndrome
Sevare acule 'e:'ﬂll'}i

¥
Sevare goule respiralory syndrame cor
Severe gcufe meepiralory Syndrome oo
Bapare acita raspiralory EnaFOme earo
Sevare acute rAEpITalory Syndrame car
Sevare acula respn
Severe gcufe respiralon: syndrome cor
Severe acute respiralony Spnarome caro

SevEre Acula respira

SENE

. S
N
B

ZI4ATRI. 1 |Sewvare acute respi

K182605 1 |Severs acate respiralory syndrome coro
[OKTIETTY. 1 | Sevara acula rasp

258317.7 [Sevens sculs
AOSTE21 [Sevens soul
OFZATEIT. T | Savare acule respirad

1 AZILTTEY T |Severs acale
EST.T [Sawere acule respi

Z354d16.1 | Bevere acule respivalvy syrdrome coroiavivug 2 isolate SARS-Cov-

virug 2 jsolate SARS-

ory spnarome coroaviug 2 isolale SARS-Col-2huma
wirus 2 lsolale SARS-Col-Zhumar
wirus 2 isolade SARS-CoV-2humar
Bavare acita 'é‘:‘ﬂlﬁi'ﬂry syndrome coroiavivug 2 isolale SARS-CoV-2humar
'l.'lry syndrome coroiavivug 2 isolale SARS-CoV-2humar
ry syrnarome corwviavieus 2 lsolale SHRS CoV-Zhumar

AZBOGSED. 1 | Severe scute raspiralory syndfome caronaviug 2 lsolale SARS-
K1 747811 | Bevere acute respiralory syndrome coronavirus 2 lsolale BARS-
#Z532705.1 |Severe acate respiraiary syndrame coronavius 2 solale SARS-CoV-Bhumar
[ 242405. 1 | Sevare acata raspiralony syndrome caromaviius 2 isolale SARS-CoW-2humar

T2005. 1 | Seveve acute rmspiralory syndrome caronavirug 2 isolale SARS-Cov-Zhumar
Severe acate regpiralony syndrome coronavius 2 isolate SARS-Col-2humar
IZ451957 1 | Severe acute respiralony syndrome coronawius 2 lsolale SARS-CoV-2humar
AZSF2THE.1 | Severe acute raspiralony Synadrome coriviavius 2 isalate SARS-Col-2huma

[ory gynarome coronavirus 2 isolale SARS-Col-2humar
taviis 2 isolale SARS-Col -2
lory Synarome cortviaviug 2 isnlals SARS-Col-2humanUSAGA-COC-MMBO9E 77

434564, 1 | Severs acute respirafory gyndrome corongvirs 2 isolale SARS-Col-ZhumanUSA/GA- COC-MMBD8754818/2021

436971 |Sevens acufe respiralory gyndrome carongvirus 2 isolale SARS-Col-2humanUSA/GA-COC-MMB0ET 5481 52021
Br6550.1 |Sevens acute respralory symdrome coronavirus 2 isolale SARS-Col-2hurman'USAGA-COC-MIMBII 5444782021
ArF642. 1 |Sevens acute regsratory spndrane cofondviug 2 isolble SARS-Col-2MurmanUSAGA-COC-MMBIE 5444782021
A7H0E6.1 |Sevens acute respirafory syndrame corongviug 2 isolble SARS-Col-2hurmanUSAGA-COC-MMBIE 5444782021
A7T458.1 |Sevens acute respiratory gyndrome cofongviug 2 isolsle SARS-Col-2humanUSAGA-COC-MIMBIE 5444782021
B73565.1 |Sevens gcute respiralory symarome corongvinus 2 isolale SARS-Col-Zhumman'USAGA-COC-MIMB0 52 3836/2021

BETIET. 1 |Sevens aculs respiralory spndrome corongvins 2 isolble SARS-CoV-2huran'USAGA-COC-WME!
BEOTIT. | Sevens acuts regmralory syndromme corondgwius 2 isolle SARS-Col-2MhumanUSAGA-COC-MMEI 5258362021
BT4873.1 | Sevens acute regmralory syndrome corongvius 2 isolble SARS-Col-2MhumanUSAGA-COC-MMEMI 5258362021
A5 1 | Sevens scufe respirafory spnarome corongvius 2 isolale SARS-Col-Zhurman/USAGA- CD‘CMHEG‘QE?E-’JI:‘-?G’!'
spndrome corongvius 2 isolile SARS-CoV-2M 52021

8 r&swarary symf arhe cofanavinug 2 solale SARS-Col-2MumanUSAGA-CDC- MMSG‘SJ 5
Y EPRCrOIE CORMIAWTLS 2 ismale SARS-Col-2humsnUSAGA-COC-MWB05E722 32021,

DR 74750 T | Sewers acule respiralory Sdrome cormars 2 isslafe SARS-Col-2humanUSAGA-COC-MMBORaT 2232021, «
AZ434653.1 [Severe acule respiralory syndrome coronavius 2 isolsle SARS-Col-2humanUSAGA-COC-MUE0TST 0162021
sprafanme corangvirug 2 isolale SARS-CoV-2humaniiSAGA

(OM1 15626, 7 |Sevare acuta raspiralory syndrome coronavrus 2 isolsle SARS-CoV-2Muman/USA/GA-COC-FG-215553/202 1, complals Janoames
IMES0852. 1 |Sevin Mmmrary Syﬂﬂ'ﬂm:" eofangviiug 2 isolle SARS-CoV-2human/USAGA-COC-FG-261868/2022, complals panome
MEESI40. 1 |Severs scule yndrame coronavirus 2 isolble SARS-CoV-2hurman'USAGA-COC-FG-26T4T&/ 2022,
g symidrovme covonavings 2 malale SARS-Col-2Ruwman'USAGA-COC-F& -ES2ETAZ022,
DI0G7704. 7 |Severe acute respiralory syndrame coronanrus 2 lsolales SARS-CoV-2humanUSA/GA-COC-FGE-215282/2021, complale Janome
O 77442 7 |Saware acute respiralory syndrome mnmms 2 isplate BARS-CoV-2Nhuman'USA/GA-COC-FG-22535W0202 1, comglale Janoms

DM 7737 |Sevare acuts raspiral %rge‘k‘ﬂm 5 2 isodle SARS-ColV-2MumanUSA'GA-COC-FE-2ME4T/2021, oy
_ﬁjgz a11.7 SE'P&fE amre reapiralory syndrome coromavirug 2 isolate SARS-Col-2Mum

Soplote ganame

parcirou

‘Severs solle respiratory syndrame coranavinug 2 soale SARS-Col-2MumanUSA'GA-COC-LCRIR0I06/ 2021,
SEvens mﬂemm&m% syndrome covonavine 2 solale SARS-CoV-2hamanUSAGA-COC-LCOM0I557/2021,
Severs acile respiatory syndrome coronavinus 2 isofale SARS-Col-2MumanUSAGA-COC-LCMI5E5 32021, complels peviame
SEvens &aﬂeresp.i-’afary synidrome coranavirus 2 solale SARS-Col-2humanUSA'GA-COC-LOM 13556/ 2021, complels peviome
syndrame coranavirus 2 olale SARS-Col-2MumanUSAGA-COC-L CIMOBE52/2021,
syndrome coronavinue 2 solale SARS-CoV-2humanUSAGA-COC-LCOTIIE45/2021,
1 |Severe gcide respiratory syndrome coronavinug 2 iolale SARS-Col-2hamanUSA'GA-COC-LO0TI4E46/ 2021, complels penome
ory Sprdrivhe corwiaiirus 2 fsofale SARS-Col-2hunanUSAGA-COC-LCO0432

evens goule resplratony syndrome coranavinus 2 solale SARS-Col-2MumanUSAGA-COC-L

ne corovianrus 2 iesfale SARS-Col-2hune/ USAGA-COC-LC04T

evere scuwle respiralory syndrome coranavinus 2 isolale SARS-Col-2humanUSAGA-COC-L
Severs acute resmralon syr\:ﬂ-ome caronavivus 2 isolale SARS-CoV-2human iS4
carangvirus 2 isplate SARS-Cov-2humanTrsa
Y spnarome coroiavirus 2 isolale SARS-Col-2huma
wirus 2 lsodale SARS-CoW-2hum
wirus 2 leodale SARS-Col-2hum
g 2 isolate SARS-Col-Zhun,

SAGA-COC-WAME
AZ434665.1 | Severe acute respiralory syndrome corravius 2 isolale SARS-CoV-2human \'.I'S\J'I..G\ﬂ COC- .I.MCIET223.TG'-"‘2C|JF

gynarome corravivus 2 isolate SARS-Col- z.?mmawma COC-MMBOETZ2330/2027, camplele

05238362021

rranUSAAGA-COC-WMBDS

.'-r 92.'-’ 12021,

-COC-MUBSETSTOE2021,

434 oy _.-’vll.[ru'n& COrsavirus 2 issale SARS-Col-2human/USAGA-COC-MUB0E 7484 182021,
2343779, 1 | Severe acule respiralory Syndrome coronavirug 2 feofate SARS-Col-2human/USAGA-COC-MMBOE 748415/ 2021,
i 2406051 |Sevens acule respiratory syndrome coranavinus 2 isolale SARS-Col-2Ruwman/USAGA-COC-MMBOSRRE4 22021,
54531 | Sevens acile respiratory sindrome coronaving 2 isofale SARS-Col-2human/USAGA-COC-MMBOSM855 27207 T,
_MM."QSPEE? 1| Sevens geile respiratony Syndnsme coronavinis 2 malale SARS-Col-2RumanUSAGA-COC-2-41TT206/2021, complals Janams

I\e'l

ﬁaCDC S TM-000046E542021, complale gam
Miria US-‘L'Gﬁ COC-STM-000073551/2021, complads e
B COrovianus Fisolate SARS-Cov-2MumanUSAGA-COC-dE7a5T-001/2022, cm%‘ar& GRS

TEIE
ore

e
are

1, compiele Jeneme
1, complele pemame
1, complele gemame
1, complele gemame
1, cormniele Qerame

T e
e
canmpiele peamme

1, canmmpiele pesana

e e
e
carmpiele gefamme
e
Earmpisle Qe
e e
compisle gefanme
e
compiEle Qe

1, compiale Demame

CarmpiEle e

21, compiele Jefanmes

mmm‘e!e gedraTe
e
commpiale Defarms

1, canmplele genanme
f carmpisle et

1, carmplele pefame
canmpiele e
gerame
e e L

1, cormplele pemame
1, complele Demame

e

1, complele gemame
1, cormplele

BT
Coriele pEfanme
commpiale qenome
cormplele gencme
comlale GRS
COTRTE NS CTErTE
compliele genome
cofmpiahe qenome
complele qenosme
COTyHEle R
compiele Jensme
complele genome
complele qenome
| CommEle g-emm
uu-m.'ere genoms
L'\‘JrJIrJUmE GEime
cormplele QETIOE
compiele qenosme

iere

L'I':Il‘n"lﬂ.l&m‘ Qeiame
cowrplede QEVIONTE
complels genome
COMEElE Genoms

Figure 7 is a phylogenetic tree of the 80 sequences from COVID-19 infected people fitted
using maximum likelihood. Each person is color coded to the variant that was most
prominent at the time as decided by the CDC COVID-19 timeline. The tip label is their
accession. This can be used to be able to distinguish between people and determine
similar groupings. Typically, the sample collection with the same variant circulating at the
same time have similar sequences. If Delta was the prominent variant, then the label is
red, Omicron was the prominent variant then the label is blue, and Gamma was the

prominent variant then the label is black.



6. Conclusion

To infer evolutionary relationships between the taxa, the tree must be rooted. The
conclusions drawn are based on viral genetic variation. As previously mentioned, COVID-
19 is an RNA virus. RNA viruses have a high mutation rate because they are single
stranded. As a result, greater variation in the sequences results in more confidence of
differentiating the strains.

Based on the analysis, genetic relatedness is observed among the COVID-19
sequences from similar date groupings. These date groupings often relate to the variant
more prominent at the time. This relationship was shown through the different
phylogenetic trees in the figures above. Similar date groupings often fell within similar
clades. Typically, the sample collection with the same variant circulating at the same time
had similar sequences.

The Delta and Omicron variant trends within the data were identified based on
phylogenetic clades and phylogenetic relatedness. These methods can be applied to
future variants to visualize variant relatedness.

7. Assumptions

UPGMA is not a good model when the substitution rate varies between branches. The
substitution rate should be considered when drawing conclusions from the UPGMA
model. If the substitution rate is high, a different distance method should be used. The
maximum likelihood approach results in a very large number of possible trees when the
sample size increases. As a result, maximization may become too difficult. Computational
time and costs required may be too great in the maximum likelihood approach.
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