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a b s t r a c t 

Objectives: We used whole-genome sequencing of SARS-CoV-2 to identify variants circulating in the 

Democratic Republic of the Congo and obtain molecular information useful for diagnosis, improving treat- 

ment, and general pandemic control strategies. 

Methods: A total of 74 SARS-CoV-2 isolates were sequenced using Oxford Nanopore platforms. Generated 

reads were processed to obtain consensus genome sequences. Sequences with more than 80% genome 

coverage were used for variant calling, phylogenetic analysis, and classification using Pangolin lineage 

annotation nomenclature. 

Results: Phylogenetic analysis based on Pangolin classification clustered South Kivu sequences into seven 

lineages (A.23.1, B.1.1.6, B.1.214, B.1.617.2, B.1.351, C.16, and P.1). The Delta (B.1.617.2) variant was the 

most dominant and responsible for outbreaks during the third wave. Based on the Wuhan reference 

genome, 289 distinct mutations were detected, including 141 missenses, 123 synonymous, and 25 inser- 

tions/deletions when our isolates were mapped to the Wuhan reference strain. Most of these point muta- 

tions were located within the coding sequences of the SARS-CoV-2 genome that includes spike, ORF1ab, 

ORF3, and nucleocapsid protein genes. The most common mutation was D614G (1841A > G) observed in 

61 sequences, followed by L4715L (14143 C > T) found in 60 sequences. 

Conclusion: Our findings highlight multiple introductions of SARS-CoV-2 into South Kivu through dif- 

ferent sources and subsequent circulation of variants in the province. These results emphasize the im- 

portance of timely monitoring of genetic variation and its effect on disease severity. This work set a 

foundation for the use of genomic surveillance as a tool for future global pandemic management and 

control. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious 

Diseases. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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lobal pandemic of unprecedented proportions in the recent past. 

he adequate clinical course of SARS-CoV-2 infection affects the 

ungs causing a influenza-like syndrome with clinical signs such 

s a cough, fever, and in more severe cases, difficulty in breathing 

 Zou et al., 2020 ; Ruzzenenti et al., 2021 ). 

Although the pandemic continues, until now (February 8, 

022), this virus has infected more than 400 million people, 

ith more than 5.7 million deaths worldwide ( https://www. 

orldometers.info/coronavirus/ ). SARS-CoV-2 belongs to the Coro- 

aviridae family, the Betacoronavirus genus, and it is among the 

argest single-stranded positive-sense RNA viruses. SARS-CoV-2 

enome is ∼30 kilobase in length, consisting of 10 open reading 

rames (ORFs) that code for ORF1ab polyproteins, spike (S), en- 

elope (E), membrane (M), nucleocapsid (N), and other accessory 

roteins ( Tai et al., 2020 ; Lu et al., 2020 ; Bar-On et al., 2020 ).

mong the genes, S glycoprotein plays essential roles in virus at- 

achment, fusion, and entry into the host cell by binding with 

ngiotensin-converting enzyme 2 receptor ( Tai et al., 2020 ) and 

liciting protective humoral and cell-mediated immune responses 

n hosts during infection (Amanat et al., 2020; Belouzard et al., 

012 ). 

To date, SARS-CoV-2 isolates have been classified into 11 clades 

ased on the global initiative on sharing all influenza data (GI- 

AID) nomenclature. These clades include L (the clade to which the 

uhan reference strain belongs), S, V, G, GH, GK, GR, GV, O, S, and

 ( Hamed et al., 2021 ). 

The first COVID-19 case was reported in the DRC on March 10, 

020, in Kinshasa, the capital city ( Butera et al., 2021 ). Since then,

he disease has spread rapidly across the country, including South 

ivu province, and as expected, outbreak dynamics differ among 

rovinces. 

Subsequently, a countrywide partial lockdown that led to 

chools and international boundary closures was imposed by the 

overnment from April 2020 to August 2020. Despite the enforce- 

ent of these preventive measures, the number of COVID-19 cases 

nd deaths continued to increase. This led to the first wave of lo- 

al transmission between March 2020 and August 2020. The par- 

ial lockdown was lifted when schools and other activities re- 

umed in September 2020. However, in December 2020, another 

ave of COVID-19 infection hit the country, peaking in February- 

arch 2021. As a result, new containment measures such as cur- 

ew, the closing of schools, ban on social gatherings, mandatory 

earing of face masks, and proof of a negative polymerase chain 

eaction (PCR) test for international travelers upon arrival were 

nforced. 

Similarly, from June 2021 to September 2021, an exponen- 

ial increase of COVID-19 cases was reported across the country; 

his culminated in the third wave of infection. The situation de- 

eriorated very fast, particularly in South Kivu province, where 

ases quadrupled, compared with previous waves where an aver- 

ge of 30 cases were reported per week. In the third wave, up 

o 320 infection cases and ∼10 deaths per week were reported. 

his placed South Kivu among the top four provinces that were 

ost affected by the COVID-19 pandemic. A total of 2712 infec- 

ion cases and 58 deaths were recorded in South Kivu by Jan- 

ary 14, 2022, of 83,194 cases and 1086 deaths reported country- 

ide. Variability was observed within and between waves in the 

umber of infected people and the severity of the disease in af- 

ected patients. This may indicate variant strains that may be in 

irculation. 

Genomic surveillance is an important tool for global epidemic 

ontrol by enabling monitoring, evolution, tracking the spread, 

nd investigating multiple introductions of the virus ( Fraser et al., 

009 ; Gardy and Loman, 2018 ; Holshue et al., 2020 ). Whole- 

enome sequencing has proven to be a critical epidemiological tool 
137 
or understanding SARS-CoV-2, transmission dynamics, and circu- 

ating variants. 

To date, few studies on genomic characterization of SARS-CoV- 

 circulating in the Congolese population have been reported, 

nd the little available information is restricted to Kinshasa, the 

apital city of the country. However, no information is available 

n SARS-CoV-2 variants circulating in the eastern part of the 

RC. 

South Kivu province is of special interest owing to its geo- 

raphical location. It borders several countries, including Burundi, 

wanda, and Tanzania. The province consists of a mixed popula- 

ion from different countries bordering the DRC and may favor 

he introduction and circulation of different SARS-CoV-2 lineages. 

his study reports the complete genome sequences and phyloge- 

etic analysis of 74 SARS-CoV-2 isolates from the first, second, 

nd third waves of the epidemic in South Kivu province, eastern 

RC. 

ethods 

ample collection 

A total of 130 nasopharyngeal swab samples were selected 

rom SARS-CoV-2 positive samples (from the first, second, and 

hird waves) at the Molecular Biology Laboratory of the Université

vangélique en Afrique, DRC. Testing was performed following a 

uantitative reverse transcriptase-polymerase chain reaction (qRT- 

CR) method. The samples were collected in different hospitals in 

ukavu city from April 2020 to September 2021 and from travel- 

rs crossing different border points between Rwanda and DRC dur- 

ng the same period. The nasopharyngeal samples were collected 

n a 5-ml tube containing 2 ml of sample storage buffer (Ensure, 

iotechnology) composed of 0.9% of normal saline raisin. The sam- 

le selection criterion for whole-genome sequencing was based on 

igh viral load predicted by the low cycle threshold (Ct) values of 

25 on real-time RT-PCR analysis. 

NA extraction and complementary DNA synthesis 

The viral RNA was extracted from nasopharyngeal swabs us- 

ng the QIAamp Viral RNA Mini kit (Qiagen, Hilden, Germany) fol- 

owing the manufacturer’s instructions. The complementary DNA 

cDNA) library was constructed using FIREScript® RT cDNA syn- 

hesis kit (Solis, Biodyne, Italy) following the manufacturer’s in- 

tructions. Briefly, 1 μl of the total RNA was added into 5 μl of 

he 5 × cDNA synthesis mix containing 1 μl of SOLIScript Reverse 

ranscriptase, 0.5 μl of RiboGrip RNase Inhibitor, 2 μl of 10 × RT 

eaction Buffer with 10-mM dithiothreitol, 1 μl of random hexam- 

rs primers, and 0.5 μl dNTP mix. The volume was brought up to 

0 μl with nuclease-free water. 

The reactions were incubated for 10 minutes at 25 °C, then 

0 minutes at 60 °C for reverse transcription, and 5 minutes at 85 °C 

or enzyme activation. These steps were carried out in a thermocy- 

ler machine (ProFlex, PCR system, Applied Biosystems, Waltham, 

assachusetts). The cDNA samples obtained were stored at −20 °C 

ntil further use. 

ext-generation sequencing and genome assembly 

Library preparation and high throughput genomic sequencing 

as performed at the ILRI Genomic Platform (Nairobi, Kenya). 

ARS-CoV-2 whole-genome sequencing was carried out as de- 

cribed previously ( Gohl et al., 2020 ). Briefly, viral RNA extrac- 

ion was performed using TANBead® Maelstrom 9600 (Taiwan Ad- 

anced Nanotech Inc, Taiwan) automated nucleic acid extractor 

https://www.worldometers.info/coronavirus/


P.B. Ntagereka, S.O. Oyola, S.P. Baenyi et al. International Journal of Infectious Diseases 122 (2022) 136–143 

f

b

C

O

s

m

v

y

t

c

u

s

f

n

a

t

g

s

N

q

p

P

N

n

s

a

g

t

l

o

O

m

2

m

c

s

t

T

f

l

s

h

t

R

C

d

t

s

i

c

p

p

y

B

B

T

l

(  

5

(

a

c

s

a  

a

h

h

t

c

P

C

m

a

(

w

a

v

A

a

w

i

o

t

f

P

b

r

i

w

A

j

f

w

w

e

l

P

p

M

d

o

t

4

h

w

r

s

f

c

l

m

t

6

ollowing the manufacturer’s directions. RNA was eluted in 60-μl 

uffer and stored in RNAse-free Eppendorf tubes. The ARTIC SARS- 

oV-2 Library Prep Kit (ONT®) was used following workflows for 

xford Nanopore Technology (ONT) ( Grubaugh et al., 2019 ). ONT 

equencing was done on the MinION platform. Base-calling, de- 

ultiplexing, and adapter trimming was performed using Guppy 

ersion 5.0.11, and FASTQ outputs were used for downstream anal- 

sis. From the 130 sequenced samples, only 74 were considered for 

he downstream analysis, and 56 sequences were removed as we 

ould assemble only 70% of the SARS-CoV-2 reference genome. 

Variant calling and lineage/clade assignment were carried out 

sing the singularity container of the nf-core/viralrecon ver- 

ion 2.2: an analysis pipeline for assembly and intra-host/low- 

requency variant calling for viral samples ( https://github.com/ 

f-core/viralrecon/releases ). Read mapping and consensus gener- 

tion were done by Minimap2, and medaka was used for muta- 

ion calling. The SnpEff was used for mutation annotation. Pan- 

olin UShER was used further downstream to analyze consen- 

us sequences for lineage assignments based on parsimony and 

extclade ( Hadfield et al., 2018 ) for clade specification. The se- 

uence statistics generated from this study are presented in Sup- 

lementary Material Table 1. 

hylogenetic analysis 

A total of 399 SARS-CoV-2 reference sequences subsampled by 

extstrain were retrieved from the National Center for Biotech- 

ology Information and included in the analysis. These genome 

equences were filtered to remove sequences with no metadata 

nd those with greater than 1% of ambiguous bases and partial 

enomes of less than 80% genome coverage. The subsampling of 

he reference genomes was done using the Nextstrain command- 

ine Augur filter tool based on an already subsampled dataset 

f 2867 that were evenly distributed across time and geography. 

ur subsampling ensured that we include only genomes with key 

etadata, such as Pangolin lineages, sampled before August 31, 

021, from a human host and further probabilistic sampling to 

inimize any bias. The tree was generated through nextclades’ 

ommand-line workflow and visualized using a local Auspice in- 

tallation. The nexus tree was downloaded and further edited in 

he FigTree tool. Phylogenetic relationships were inferred using IQ- 

REE version 1.6.8 with 10 0 0 bootstrap iterations. The tree was 

urther visualized with FigTree version 1.4.4. SARS-CoV-2 Pango 

ineages were assigned using Pangolin 3.1.14 (pangoLEARN ver- 

ion 2021-10-13). Nextclade CLI 1.4.2 tool ( Aksamentov and Ne- 

er, 2021 ) was used to assign SARS-CoV-2 “Nextstrain clades” to 

he genomes based on predetermined mutations. 

esults 

linical characteristics of the 74 tested patients and Pango lineage 

istribution 

A total of 57 samples (77%) were from male patients within 

he age range of 31 to 50 years (51.3%). Most patients presented 

evere symptoms at admission (fever, headache, cough, difficulty 

n breathing, dyspnea) (n = 38, 51.3%) followed by asymptomatic 

ases (n = 31, 41.9%). Diabetes was the major chronic comorbidity 

resenting in 33 patients (44.6%), followed by hypertension in 21 

atients (28.3%) ( Table 1 ). 

Based on the identified mutation profiles, the Nextclade anal- 

sis clustered the sequences in four main Pango lineages. The 

.617.2 was the most prevalent (34 sequences), followed by 

.1.214.2 with 29 sequences, then A.23.1 having nine sequences. 

he B.1351 lineage had only two sequences. Most sequences be- 

onging to the Pango lineage B.617.2 were from male patients 
138 
n = 26, 74.5%) within the age range of 31 to 50 years (n = 19,

5.9%). Most patients in this category presented severe symptoms 

n = 20, 58.8%), with 14 (41.2%) having diabetes, and most were 

dmitted to hospitals (n = 17, 50%). Similarly, B.1.214.2 lineage 

omprised 19 (65.5%) samples from female patients and 10 (34.5%) 

amples from male patients. Most were young patients within the 

ge range of 31 to 50 years (n = 18, 62%), more than half were

symptomatic (n = 16, 55.2%), and more than half (n = 15, 51.2%) 

ad diabetes. Interestingly, 20 (68.9%) patients were admitted to 

ospitals. Demographic and epidemiological characteristics of pa- 

ients infected with SARS-CoV-2 categorized by the Pango nomen- 

lature are listed in Table 1 . 

hylogenetic analysis 

Phylogenetic analysis revealed the presence of two major SARS- 

oV-2 variants of concern circulating in South Kivu, DRC. The two 

ain variants were Delta (B.1.617.2) with its two sublineages (AY.33 

nd AY.39) detected in 36 samples from the third wave and Beta 

B.1.351) identified in two sequences from the first and second 

ave. The lineages mentioned in this line are not considered vari- 

nts of interest by the World Health Organization. In addition, two 

ariants of interest, including A.23.1 and B.1.214, were identified. 

ccording to the Pangolin website report, the B.1.214 was primarily 

ssociated with the DRC and neighboring countries, whereas A.23.1 

as responsible for most of the infections in Uganda. The find- 

ng most likely indicates local and imported transmission events 

f SARS-CoV-2 in the South Kivu metropolitan area ( Figure 1 ). Fur- 

hermore, one sequence classified as C.16 was detected in an in- 

ected patient in November 2020 during the second wave. 

ango lineage distribution 

Pangolin analysis revealed that most sequences (n = 26, 35.1%) 

elonged to Pango lineage B.1.214.2, which was the major lineage 

esponsible for epidemics during the first and second waves of 

nfection in the DRC. The second most common Pango lineage 

as B.1.617.2, found in 19 sequences (25.7%), and its subvariant 

Y.33 was identified in 10 sequences (13.5%), constituting the ma- 

or drivers of COVID-19 epidemic during the third wave of in- 

ection. In addition, lineage B.1 was detected in 3 (4%) samples, 

hereas B.1.223 and C.16 were detected in one patient each and 

ere associated with epidemics during the first wave. Pango lin- 

ages assigned to the sequences and countries where most of the 

ineages have been reported are listed in Table 2 . In addition, the 

angolin lineages and the corresponding date/time of isolation are 

resented in Figure 2 . 

utational dimension 

Our analysis identified a total of 289 distinct mutations in our 

ata. These mutations included 141 missense mutations, 123 syn- 

nymous mutations, and 25 insertions and deletions. Most muta- 

ions were in the ORF1ab gene (170), followed by the S gene with 

9 mutations, the N gene with 22 mutations, and the ORF10 gene 

ad only two mutations ( Table 3 ). Of the missense mutations, 71 

ere identified in ORF1ab, the longest ORF of SARS-CoV-2 covering 

oughly two-thirds of the entire genome. The S gene had 31 mis- 

ense mutations. Similarly, most (90) synonymous mutations were 

ound in the ORF1ab, followed by 12 synonymous mutations lo- 

ated in the S region. 

Mutations with a frequency of more than 10 sequences are 

isted in Table 4 . The most frequent mutations identified were the 

issense mutation D614G in the S gene found in 61 sequences and 

he synonymous mutation L4715L in the ORF1ab gene observed in 

0 sequences. In addition, a synonymous mutation F53F in the N 

https://github.com/nf-core/viralrecon/releases
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Table 1 

Demography and clinical characteristics of patients according to Pangolin nomenclature. 

Variables Modality No. n = 74 

Pangolin lineages 

A.23.1 

n = 9 

B.1.214.2 

n = 29 

B.1351 

n = 2 

B.1.617.2 

n = 34 

Sex Female 17 (23) 3 (33.3) 19 (65.5) 0 (0) 8 (23.5) 

Male 57 (77) 6 (66.7) 10 (34.5) 2 (100) 26 (74.5) 

Age (year) 10–30 12 (16.2) 2 (22.2) 5 (17.2) 1 (50) 11 (32.4) 

31–50 38 (51.3) 6 (66.7) 18 (62) 1 (50) 19 (55.9) 

51–70 16 (21.6) 1 (1.1) 4 (13.8) 0 (0) 3 (8.8) 

> 70 8 (10.8) 0 (0) 2 (6.9) 0 (0) 1 (2.9) 

Patient condition 

Asymptomatic 

31 (41.9) 3 (33.3) 16 (55.2) 0 (0) 20 (58.8) 

Mild 5 (6.7) 2 (22.2) 1 (3.5) 0 (0) 2 (5.9) 

Severe 38 (51.3) 4 (44.4) 12 (41.4) 2 (100) 12 (35.3) 

Chronic 

comorbidity Hypertension 

21 (28.3) 1 (1.1) 6 (20.7) 0 (0) 8 (23.5) 

Diabetes 33 (44.6) 4 (44.5) 15 (51.2) 1 (50) 14 (41.2) 

Cardiovascular 

disease 

9 (12.1) 1 (1.1) 2 (6.9) 1 (50) 2 (5.9) 

Liver 

disease 

1 (1.3) 2 (22.2) 3 (10.3) 0 (0) 3 (8.8) 

Others 10 (13.5) 1 (1.1) 2 (6.9) 0 (0) 7 (20.6) 

Sampling site Hospitals 26 (35.1) 5 (55.6) 20 (68.9) 2 (100) 17 (50) 

Ruzizi 

boarder 

39 (52.7) 2 (22.2) 6 (20.7) 0 (0) 9 (26.5) 

Community 9 (12.1) 2 (22.2) 3 (10.3) 0 (0) 8 (23.5) 

Table 2 

Distribution of SARS-CoV-2 Pango lineages among our sequences. 

Pango lineage Sequences, n (%) Most common country Wave 

A.23.1 5 (6.7) Canada, UK, Uganda, Rwanda, USA 2 

AY.33 10 (13.5) Germany, Denmark, Belgium, Sweden, USA 3 

AY.39 2 (2.7) USA, UK, Denmark, Sweden 3 

B.1 3 (4) USA, UK, Turkey, France, Canada 1 

B.1.2 1 (1.3) USA, Canada, Mexico, Germany, Denmark 2 

B.1.214 1 (1.3) DRC, Germany, Uganda, USA, Republic of the Congo 2 

B.1.214.2 26 (35.1) Belgium, Switzerland, France, USA, Republic of the Congo 1,2 

B.1.214.3 2 (2.7) Belgium, Switzerland, France, Mayotte, Angola 2 

B.1.223 1 (1.3) UK, Spain, USA, Norway, Netherlands 1 

B.351 2 (2.7) South Africa, Philippines, USA, Sweden, Germany 2 

B.1.617.2 19 (25.7) USA, UK, Denmark, Germany, India 3 

C.16 1 (1.3) France, Angola, Portugal, USA, Switzerland 1 

DRC, Democratic Republic of the Congo; UK, United Kingdom; USA, United States of America. 

Table 3 

Number of mutations observed in coding regions. 

Genome 

region 

Mutation types 

Missense Synonymous Insertion/deletion Total 

ORF1ab 71 90 9 170 

S 31 12 6 49 

E 2 1 1 4 

ORF3a 13 2 1 16 

ORF7a 4 2 0 6 

ORF8 3 2 4 9 

ORF10 1 1 0 2 

M 4 7 0 11 

N 12 6 4 22 

Total 141 123 25 289 
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ene was found in 32 sequences, and missense mutations S26L 

nd T120I in ORF3a and ORF7a, respectively, were found in 27 se- 

uences. A missense mutation I82T and a synonymous mutation 

75V (225C > T) were the most common in genes M and E, respec-

ively. 

iscussion 

A genome constitutes the molecular architecture of any living 

rganism and encodes its phenotypic and genotypic makeup. 
139 
utations in the SARS-CoV-2 genome play a vital role in the virus 

enome transmission, replication efficiency, pathogenicity, and vir- 

lence of its human host ( Maitra et al., 2020 ). This study describes

olecular characteristics and analysis of the mutation pattern of 

ull-length SARS-CoV-2 strains responsible for COVID-19 epidemics 

n the South Kivu province, DRC, from December 2020 to July 

021. We have elucidated the circulating variants and possible 

esultant effects of mutations identified in infected individuals. 

In this study, Pango analysis of 74 samples clustered the SARS- 

oV-2 sequences in four main Pangolin lineages, with the most 

revalent being the B.1.617.2 primarily identified in young male in- 

ividuals, as well as A.23.1 and B.1.351 (variant of concern). Pre- 

ious studies conducted in Rwanda and Uganda ( Bugembe et al., 

021 ) reported the sublineage A.23.1 that is currently dominating 

nd detection of lineage B.1.315 among incoming travelers. 

Our analyses show that most tested samples were from pa- 

ients with diabetes mellitus, and about a quarter was from hy- 

ertensive individuals. These findings corroborate previous studies 

uggesting that comorbidities play a significant role in COVID-19 

isease severity ( Goyal et al., 2020 ; Richardson et al., 2020 ). The

.1.617.2 was primarily detected in patients with severe symptoms, 

nd most were admitted to hospitals. This finding is in line with 

revious studies that demonstrated that patients with the Delta 

ariant of SARS-CoV-2 are more than twice as likely to be admitted 

http://www.WTO.org/english/tratop_e/dispu_e/repertory_e/a23_e.htm
http://www.WTO.org/english/tratop_e/dispu_e/repertory_e/b1_e.htm
http://www.WTO.org/english/tratop_e/dispu_e/repertory_e/b1_e.htm
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Table 4 

Mutations with a recurrence of more than 10 sequences. 

Genome region Nucleus position and change AA position and change Type of mutation Number of samples 

5 ′ UTR 25C > T 68 

56G > T 30 

ORF1ab 

2772C > T F924F Synonymous 42 

3916G > T A1306S Missense 28 

14143C > T L4715L Synonymous 60 

6137C > T P2046L Missense 20 

6276C > T H2092H Synonymous 15 

6859C > T P2287S Missense 30 

8721C > T D2907D Synonymous 28 

8788G > T V2930L Missense 28 

9764C > T T3255I Missense 20 

10712C > T A3571V Missense 18 

10936A > G T3646A Missense 17 

11067A > G V3689V Synonymous 25 

15186G > A A5062A Synonymous 28 

16201C > T H5401Y Missense 31 

18955C > T L6319L Synonymous 28 

9764C > T T3255I Missense 24 

9387G > T M3119I Missense 11 

540C > T G180G Synonymous 26 

4192A > G I1398V Missense 26 

4626C > T T1542T Synonymous 30 

5642C > T T1881I Missense 28 

11685C > T H3895H Synonymous 31 

12047C > T A4016V Missense 31 

12911C > T T4304I Missense 29 

14922C > T L4974L Synonymous 32 

16745C > T S5782F Missense 31 

2220C > T I740I Synonymous 29 

6276C > T H2092H Synonymous 15 

S gene 

1841A > G D614G Missense 61 

1355T > G L452R Missense 17 

1433C > A T478K Missense 17 

2042C > G P681R Missense 31 

2848G > A D950N Missense 31 

1240C > A Q414K Missense 24 

2147C > T T716I Missense 30 

N gene 

188A > G D63G Missense 23 

608G > T R203K Missense 29 

643G > T G215C Missense 27 

1129G > T D377Y Missense 28 

159C > T F53F Synonymous 32 

573C > T R191R Synonymous 27 

614C > T T205I Missense 28 

ORF3a 

77C > T S26L Missense 27 

514G > T G172C Missense 19 

ORF7a 

245T > C V82A Missense 21 

359C > T T120I Missense 27 

183T > C T61T Synonymous 26 

M gene 

245T > C I82T Missense 31 

E gene 

225C > T V75V Synonymous 14 

3 ′ UTR 

4358G > T 33 

UTR, untranslated region. 
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o hospital than those infected with the Alpha or Gamma variants 

 Wise, 2021 ; Twohig et al., 2022 ). 

The Pango lineage classification was used to identify the ma- 

or lineages circulating in South Kivu because this nomenclature 

ystem is designed to combine both genetic and geographical in- 

ormation about SARS-CoV-2 dynamics. 

Thus, the comparisons based on phylogenetic analysis entailed 

99 genomes retrieved from the GISAID database. Our analysis 

evealed the circulation of two main variants that include Beta 
140 
B.1.351) and Delta (B.1.617.2) variants, with its two sublineages 

AY.33 and AY.39) responsible for most COVID-19 outbreaks dur- 

ng the third wave (May to July end, 2021). The third wave was 

haracterized by an increase in COVID-19 cases and deaths in the 

RC, particularly in South Kivu, compared with the previous waves, 

here an average of 320 cases and 10 deaths were recorded daily. 

he Delta variant reportedly originated from the state of Maha- 

ashtra in late 2020 and spread throughout India ( Mlcochova et al., 

021 ). 
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Figure 1. Phylogenetic tree comparing the 74 Congolese SARS-CoV-2 sequences 

with 399 previously published whole-genome sequences. Sequences are repre- 

sented as rectangular tips, with genomes generated from this study in dark-green 

color and reference genomes in dark blue. The internal nodes display bootstrap val- 

ues generated in IQ-TREE v2. 2.0 based on ultra-fast bootstrapping (UFBoot 10,0 0 0 

replicates) and single-branch support (SH-aLRT): (UFBoot%/SH-aLRT%). The phylo- 

genetic tree was generated with Wuhan/WH01 as the root sequence. The lineages 

(variants) A.23.1, B.1.1.7, B.1.214. ∗ , B.1.617.2, B.1.351, C.16, and P.1 are labeled. Delta 

sublineages are highlighted with light-brown background, the Gamma in yellow 

background, and the Beta sublineages are highlighted with a pink background. 

Branch length indicates the number of mutations in reference to Wuhan-Hu-1/2019 

genome. DRC, Democratic Republic of the Congo. 
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Figure 2. Frequency of Pangolin lineages between May 2020 and August 2021 in 

eastern Democratic Republic of the Congo. 
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The Delta variant spread throughout the DRC and led to more 

evere disease symptoms in the local population with many hos- 

italization cases. This is in line with previous studies showing 

he Delta variant to be the most dominant strain worldwide, more 

ransmissible, and presenting a higher risk of hospitalization and 

ortality ( Callaway, 2021 ). The Delta variant was declared a vari- 

nt of concern because of this characteristic . 

In addition, the Beta (B.1.351) variant was also responsible 

or outbreaks during the first and second waves in South Kivu. 

he presence of the Beta variant was first reported in India in 

ecember 2020 before it spread in Africa, particularly in South 

frica, with 8,664,388 cases reported in the continent. This vari- 

nt was associated with in-hospital mortality in the second wave 
141 
n South Africa ( Tegally et al., 2021 ). Beta is also a variant of con-

ern and a highly transmissible SARS-CoV-2 variant ( Yadav et al., 

021 ). 

Two other variants of interest, such as A.23.1 and B.1.214, were 

lso identified in this study. These variants were responsible for 

ost outbreaks in neighboring countries such as the Republic of 

wanda () and Uganda ( Bugembe et al., 2021 ), emphasizing the 

ole of neighboring countries in the spread of SARS-CoV-2. Sev- 

ral Delta variant infection cases were from travelers crossing 

he Ruzizi border, the main point of entry in South Kivu. These 

ndings suggest multiple introductions of SARS-CoV-2 strains into 

outh Kivu, eastern DRC, mainly through international travelers, 

nd therefore require critical surveillance in the disease manage- 

ent strategies. 

An increased frequency of mutations in the SARS-CoV-2 

enome has been reported throughout the pandemic, with more 

han 30 0 0 unique point mutations discovered worldwide ( Flores- 

lanis et al., 2021 ). This study showed that in the South Kivu 

opulation, ORF1ab polyprotein, S glycoprotein, N phosphoprotein, 

RF3a, ORF7a, M glycoprotein, and E protein were the mutation 

argets. The frequent mutations in these regions may be contribut- 

ng to the adaptability of SARS-CoV-2 in the human host and 

ay lead to observed variations in the pathogenicity of the virus. 

his agrees with a previous study reporting recurrent mutations 

n the same SARS-CoV-2 genome targets in the African population 

 Omotoso et al., 2021 ). In addition, a similar study has shown that 

ost mutations are found within the ORF1ab, S, and N genes of 

he SARS-CoV-2 genome ( Wang et al., 2020 ). 

Our study shows a higher number of missense mutations than 

ynonymous mutations, and half of them were located in the 

RF1ab gene followed by the S gene (49 missense mutations). A 

imilar observation was reported in studies conducted in Colom- 

ia and Egypt ( Bermúdez-Forero et al., 2021 ; Sahin et al., 2021 ;

ekri et al., 2021 ; Maitra et al., 2020 ). Interestingly, the L4715L mu- 

ation found in 60 SARS-CoV-2 sequences from this study corrob- 

rates with previous findings reporting the P4715L mutation as a 

otential antiviral drug target ( Pachetti et al., 2020 ). 

Mutation analysis further showed many samples with D614G 

utation in the S glycoprotein (1841A > G), flagging this position 

s a SARS-CoV-2 mutation hotspot. A previous study has reported 
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he same mutation in a high number of sequences in Turkey, 

nd it has gradually become dominant in the world ( Sahin et al., 

021 ). In addition, the D614G mutation in the SARS-CoV-2 S pro- 

ein has been associated with increased infectivity and transmissi- 

ility ( Zhang et al., 2020 ). 

N gene encoding the nucleocapsid protein plays an important 

ole in RNA packaging and the release of viral particles ( Zeng et al.,

020 ). The most frequent mutation in this gene reported globally 

s the R203K, but it was shown not to affect the protein function. 

owever, the R203K mutation was not found in our study; instead, 

e identified the R203M (608G > T) mutation, whose functional im- 

act is still unknown. 

Several insertions/deletion mutations were in some of the se- 

uences in this study, even though further confirmation is re- 

uired. However, these mutations would imply modification of the 

ene (protein) of concern and, therefore, may affect the adapt- 

bility and or pathogenicity of the virus. Other point mutations 

hat have not been reported before were also identified in many 

equences. We can speculate a correlation between these genetic 

hanges and virus adaptation because these mutations are never 

xed in the population. 

onclusion 

This study analyzed SARS-CoV-2 whole genomes from 74 Con- 

olese samples during the first, second, and third waves. Two lin- 

ages, including Delta (B.1.617.2) and Beta (B.1.351), were identified 

o be circulating with several mutations in coding genes. Delta was 

he most abundant of these lineages, especially during the third 

ave, causing most COVID-19 deaths in South Kivu from May 2021 

o the end of July 2021. We cannot assume the possibility that the 

imultaneous circulation of these two SARS-CoV-2 variants could 

ave exacerbated the transmissibility potential of the virus and 

hus caused devastating infections in this densely populated re- 

ion. Our results further highlight a need for regional collabora- 

ions for a durable response toward combating COVID-19. 
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