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Abstract

Background Compared to the abundance of clinical and genomic information available on patients hospitalised
with COVID-19 disease from high-income countries, there is a paucity of data from low-income countries. Our aim
was to explore the relationship between viral lineage and patient outcome.

Methods We enrolled a prospective observational cohort of adult patients hospitalised with PCR-confirmed COVID-
19 disease between July 2020 and March 2022 from Blantyre, Malawi, covering four waves of SARS-CoV-2 infections.
Clinical and diagnostic data were collected using an adapted ISARIC clinical characterization protocol for COVID-19.
SARS-CoV-2 isolates were sequenced using the MinlON™ in Blantyre.

Results We enrolled 314 patients, good quality sequencing data was available for 55 patients. The sequencing data
showed that 8 of 11 participants recruited in wave one had B.1 infections, 6/6 in wave two had Beta, 25/26 in wave
three had Delta and 11/12 in wave four had Omicron. Patients infected during the Delta and Omicron waves reported
fewer underlying chronic conditions and a shorter time to presentation. Significantly fewer patients required oxygen
(22.7% [17/75] vs. 58.6% [140/239], p<0.001) and steroids (38.79% [29/75] vs. 70.3% [167/239], p < 0.001) in the Omi-
cron wave compared with the other waves. Multivariable logistic-regression demonstrated a trend toward increased
mortality in the Delta wave (OR 4.99 [95% CI 1.0-25.0 p=0.05) compared to the first wave of infection.

Conclusions Our data show that each wave of patients hospitalised with SARS-CoV-2 was infected with a distinct
viral variant. The clinical data suggests that patients with severe COVID-19 disease were more likely to die during the
Delta wave.
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Introduction

There is limited COVID-19 genomic surveillance data
from low income countries such as Malawi [1]. Genomic
surveillance data supports the development of contextu-
ally relevant and effective national, regional and interna-
tional public health interventions [2]. For patients with
severe disease, little is known about the impact of viral
variants on disease severity in these resource constrained
settings where there is frequently a high prevalence
of concomitant HIV-infection. Early data from South
Africa suggested that the emergence of the SARS-CoV-2
omicron variant of concern (VOC) was associated with
reduced disease severity [3], but there is a paucity of data
from neighbouring countries in the region.

Genomic sequencing is a vital tool to inform strategies
for an effective COVID-19 care and treatment response.
The early release of the Wuhan-1 genome sequence [4]
enabled the development of specific diagnostic tests [5]
and the design of mRNA vaccines, used to great suc-
cess in high-income countries [6, 7]. The evolution of the
virus has led to the emergence of lineages designated as
VOC:s, which are defined using genome sequencing and
the widespread use of genomic surveillance to inform
public health strategy has been a defining feature of the
pandemic [8, 9]. Early data on the emergence of VOCs
has enabled policy makers to rapidly implement pub-
lic health responses to constrain disease spread; prepare
health systems (e.g. increased oxygen provision; open-
ing more hospital beds; and increasing testing); and to
select optimal vaccines and therapies [10]. In Malawi,
Blantyre is the commercial hub with high detected rates
of COVID-19 disease [11]. We previously deployed the
WHO-accredited International Severe Acute Respira-
tory and Emerging Infection Consortium (ISARIC) clini-
cal characteristation protocol at Queen Elizabeth Central
Hospital (QECH) to patients admitted with suspected
COVID-19 disease [12]. However, this cohort com-
pleted in September 2020; and did not include pathogen
genome sequencing.

In this study we determined SARS-CoV-2 genome
sequences from swabs collected from adult patients
admitted to Queen Elizabeth Central Hospital (QECH)
with PCR-confirmed and symptomatic COVID-19 dur-
ing four sequential waves of the pandemic. Our aim was
to explore the relationship between viral lineage and
patient outcome in southern Malawi using an interna-
tional clinical characterisation protocol. Based on emerg-
ing data from other settings [13-16], we hypothesised

that there would be increased disease severity for patients
with confirmed Delta disease.

Methods

Study design and recruitment

We prospectively recruited adult patients (> 18 years old)
using the tier one sampling strategy from the Interna-
tional Severe Acute Respiratory and Emerging Infection
Consortium (ISARIC) Clinical Characterisation Protocol
(CCP) [17], as previously described [12]. Patients were
recruited at Queen Elizabeth Central Hospital (QECH),
Blantyre, Malawi, the largest referral hospital in south-
ern Malawi (Additional file 2: Fig. S6). For this study,
only patients admitted to hospital with severe acute res-
piratory infection and a positive SARS-CoV-2 PCR test
(defined as a Ct<40) were included. Patients (or personal
consultee if the patient lacked capacity) with a severe
acute respiratory infection (SARI) were consecutively
approached for informed consent with an aim to recruit
within 72 h of hospital admission. Respiratory samples
(combined nasopharyngeal and oropharyngeal swab)
and peripheral venous blood samples were collected at
recruitment. SARS-CoV-2 PCR diagnostic testing was
carried out on the swab samples, as previously described
[12]. Waves (W) of SARS-CoV-2 were defined with ref-
erence to nationally reported COVID-19 figures (W1:
04/2020-10/2020, W2: 11/2020-03/2021; W3: 04/2021-
08/2021; and W4: 12/2021-03/2022). COVID-19 vaccine
became available in Malawi from 10th March 2021 [18].

During the recruitment period, patients with COVID-
19 were treated on wards capable of providing continu-
ous oxygen therapy, but without capacity for invasive
mechanical ventilation, intensive care facilities, continu-
ous positive airways pressure (CPAP) or high flow oxy-
gen. All patients received protocolised standard care
depending on the severity, including oxygen, steroids
and antibiotics as previously described [19]. Clinical and
treatment parameters were recorded using the ISARIC
standardised case report form. Participants were fol-
lowed up until death, discharge or transfer to another
facility.

Study protocols were approved by the Malawi
National Health Science Research Committee (NHSRC,
20/02/2518 and 19/08/2246) and Liverpool School of
Tropical Medicine Research Ethics Committee (LSTM
REC, 20/026 and 19/017). We have included a reflexiv-
ity statement detailing how equitable partnership was
promoted within our collaboration in the Additional
Material.
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SARS-CoV-2 molecular biology and genome sequencing
Samples were extracted using the Qiasymphony-DSP
mini kit 200 (Qiagen, UK) with offboard lysis or manually
using the Qiagen mini viral extraction kit. Samples were
then tested using the CDC N1 assay to confirm the Ct
values before sequencing. ARTIC protocol V2 sequenc-
ing protocol was used until June 2021, after which we
switched to the V3 protocol. ARTIC version 3 primers
were used for the tiling PCR until we switched to the
University of Zambia (UNZA) primer set that provided
better results for Delta VOC in August 2021 (data not
shown) [20]. Initially two primer pools were used, how-
ever a third pool was made for primer pairs that com-
monly had lower depth compared to the average (details
Additional file 1: Table S1). PCR cycling conditions were
adapted to the new sequencing primers, with annealing
temperature changed to 60 °C. Sequencing was carried
out with the Oxford Nanopore Technologies MinlON
sequencer. Samples that had poor coverage (<70%) with
the ARTIC primer set were repeated with the UNZA
primer set.

Analysis of SARS-CoV-2 sequencing data

Raw FAST5 data produced by the MinION were pro-
cessed with Guppy v5.0.7. FAST5s were basecalled with
guppy_basecaller, basecalled FASTQs were assigned to
barcodes using guppy_barcoder, including the ‘_require_
barcodes_both_ends’ flag. The per-sample FASTQ files
were processed with the artic pipeline using the ‘medaka’
option [21]. The lineage of each consensus genome was
identified using pangolin with the following versions;
pangolin v3.1.17, pangolearn 2021-12-06, constellations
v0.1.1, scorpio v0.3.16, pango-designation used by pan-
goLEARN/Usher v1.2.105, pango-designation aliases
v1.2.122 [22]. Samples were re-analysed when the Pango-
lin database was updated. The run was repeated if there
was contamination in the negative control.

To set reasonable Ct thresholds for selecting samples
to sequence in future work, we plotted the true positive
rate versus the false positive rate (i.e. ROC curves) for a
range of Ct thresholds from 15 to 40, where the true posi-
tive rate was defined as the proportion of samples with a
genome coverage >70% that had a Ct below the thresh-
old. The false-positive rate was defined as the proportion
of samples with a genome coverage <70% that had a Ct
below the threshold. Code to calculate the values for the
ROC curves is available here—https://gist.github.com/
flashton2003/bb690261106dc98bblae5de8a0e61199. The
lineage/VOC of samples in GISAID was obtained via the
GISAID website (https://www.epicov.org/epi3/start).
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Statistical analysis

Clinical data were analysed using Stata V15.1 (StataCorp,
Stata Statistical Software: Release 15, College Station,
Texas, USA). Categorical variables were compared using
Fisher’s exact test. Continuous variables were tested for
normality and appropriate statistical tests were applied;
non-normally distributed measurements are expressed
as the median [IQR] and were analysed by the Kruskal-
Wallis test to compare clinical parameters across the
four waves. The primary outcome variable was survival
to hospital discharge. We selected the following covari-
ates a priori to determine potential predictors of mor-
tality: pandemic infection wave; vaccine status; age; sex;
HIV infection status; prior diagnosis of cardiac disease;
prior diagnosis of diabetes mellitus; time from symptoms
to hospital admission; respiratory rate; and oxygen satu-
ration (SpO,). This information was obtained from the
patients admission files, health passport, medical chart or
other documents. HIV was not independently confirmed,
but was determined from patient medical records. All the
above variables were included within the multivariable
model and were collected at, or shortly after, hospital
admission (selected as clinically relevant parameters that
could reasonably be used by clinicians to influence treat-
ment decisions). Univariable and multivariable logistic
regression analyses were fitted using the STATA “logis-
tic” command to generate odds ratios and confidence
intervals (see supplementary materials). In addition, we
conducted an exploratory sensitivity analysis, excluding
patients who did require supplemental oxygen (indicative
of less severe disease) at the time of enrolment. The over-
all statistical significance of the difference in mortality
between waves was assessed using a likelihood ratio test,
comparing the univariable model against a null, inter-
cept-only model and the full multivariable model against
a null model with all covariates except for the categorical
variable encoding the epidemic wave. Statistical analysis
and plotting of genomic results was done using R v4.1.0
[23]. Exact binomial confidence intervals for the propor-
tion of each genotype during each wave were calculated
using the binom.test function. Statistical analysis STATA
code is available here https://gist.github.com/flashton20
03/c241f1153a6a9cb76a26{5857fe53976).

Results

Patient recruitment and SARS-CoV-2 genomic analysis
Between July 2020 and March 2022, we recruited 314
adults with PCR confirmed COVID-19 disease, using
the ISARIC Clinical Characterisation Protocol (Table 1).
Recruitment spanned four distinct waves of COVID-19
in Malawi; 1st wave n=48 (July—November 2020), 2nd
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Table 1 Comparison of the demographic and clinical characteristics of COVID patients enrolled in ISARIC during three waves

W1—"B1” (n=48) W2—Beta (n=94) W3—Delta (n=97) W4—Omicron P value
(n=75)
Female® 31.3% (15) 41.5% (39) 28.9% (28) 36.0% (27) 0.302
Male 68.8% (33) 58.5% (55) 71.1% (69) 64% (48)
Age§ 52 (43-64) 46 (37-58) 50 (38-63) 42 (34-58) 0.132
Days from symptoms to admission® 5(2-8) 4 (2-9) 2(1-5) 2(0-4) <0.001
Days from admission to sample§ 4 (2-5) 3(2-7) 3(2-5) 3(2-5) 0.725
HIV positive 229% (11) 29.8% (28) 26.8% (26) 36.0% (27) 0422
TB positive 2.1% (1) 1.1% (1) 1.0% (1) 1.3% (1) 1.000
Malaria positive 4.2% (2) 2.1% (2) 1.0% (1) 0.0% (0) 0.274
Cardiac disease 30.0% (13) 23.4% (22) 4.1% (4) 5.3% (4) <0.001
Diabetes 40.0% (18) 19.2% (18) 17.5% (17) 6.7% (5) <0.001
Oxygen on enrolment 50.0% (23) 58.5% (55) 63.9% (62) 22.7% (17) <0.001
UVA score® 2 (0-4) 2(0-3) 2 (0-4) 0(0-2) 0.001
Beta-lactam antibiotic 81.3% (39) 68.1% (64) 82.5% (80) 73.3% (55) 0.096
Steroids 60.4% (29) 59.6% (56) 84.5% (82) 38.7% (29) <0.001
Survival to discharge 91.7% (44) 90.4% (85) 83.5% (81) 94.7% (71) 0.118
Survivor LOS® 8(6-18) 8 (4-16) 8 (6 1) 7(4-13) 0.368
> 1 Vaccine 0% (0) 0% (0) 1.7% (21) 20.0% (15) <0.001

UVA: Universal Vital Assessment score (16) LOS: length of stay. TB positivity was defined according to presence of positive urinary LAM, GeneXpert or sputum test
during hospital admission. Diabetes and Cardiac disease status ascertained from patient history and medical notes. Proportion (%) positivity calculated using the
denominator for individual variables (unknown status classified as missing data) and compared using the Fisher’s exact test. SMedian and IQR were compared using

the Kruskal-Wallis test

wave n=94 (December 2020—March 2021), 3rd wave
n=97 (June 2021-October 2021) and 4th wave n="75
(December 2021-March 2022). The higher number of
participants recruited in waves 2 and 3 reflected the epi-
demiology of COVID-19 in Malawi (Additional file 2: Fig.
S1). Overall, 89.5% of patients survived to hospital dis-
charge (per wave numbers can be seen in Table 1).

The sequencing laboratory received viral material from
161 of 314 participants. RT-PCR Ct values were avail-
able for 156 cases. There was no difference between Ct
values from the different waves (Additional file 2: Fig.
S2, Kruskal-Wallis test p-value 0.24). There was no sig-
nificant difference between Ct values from patients who
were HIV positive, HIV negative, or whose HIV status
was unknown (Additional file 2: Fig. S3, Kruskal-Wallis
test p-value=0.22), although measures of the degree of
immunosuppression were unavailable.

We sequenced all samples with a Ct below 27 (this cut-
off was selected based on Additional file 2: Fig. S4), and
as many samples with a Ct above 27 as sequencing capac-
ity allowed. Of the 161 cases for which we received viral
material, we sequenced 126 samples from 126 patients
and obtained 55 genomes with greater than 70% cover-
age at 20 x depth (Additional file 1: Table S2). Low cov-
erage of the genome (<70%) was associated with low
viral load (i.e., high Ct). This was true for both ARTIC
v3 and UNZA tiling PCR primer sets (Fig. 1). Overall,
the median Ct value of samples with<70% coverage at

20 x depth was 32.0, compared with a Ct 25.9 for samples
with >70% coverage (Additional file 1: Tables 2 and 3).

We observed three lineages among the 11 SARS-CoV-2
samples from wave 1 (Fig. 2, Additional file 1: Table S2),
with the most frequently identified pangolin lineage
being B.1 (n=38), followed by B.1.1 (n=2) and B.1.1.448
(n=1). All 6 samples from wave 2 were VOC Beta (exact
binomial 95% CI of the estimate in the untested popula-
tion=54-100%) and 96% (25/26) of samples from wave
3 were VOC Delta (95% CI 80-100%) (Fig. 2). One sam-
ple received at the beginning of June 2021 was VOC
Beta. We observed seven pangolin lineages among the
25 VOC Delta samples sequenced during wave 3; AY.75.1
(n=11), B.1.617.2 (n=8), AY.75 (n=2) and 1 each of
AY.50, AY.59, AY.122 and AY.72 (Additional file 2: Fig.
S5). Of the 12 successfully sequenced samples from
wave 4, 100% (95% CI 73.5-100%) were Omicron VOC.
Eleven of twelve were BA.1 with the remaining sample
belonging to BA.2. The BA.2 sample came from a patient
enrolled in February 2022. Due to low numbers of suc-
cessfully sequenced isolates during the second wave,
we also obtained the genotype of samples from Malawi
submitted to GISAID during this time, for which explicit
permission could be obtained for re-use from the data
depositor; Beta VOC accounted for 100 of the 104 (96%,
95% CI: 90—98%) SARS-CoV-2 genomes from Malawi in
GISAID which were sampled.
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Fig. 1 Relationship between PCR Ct value and the percentage of the SARS-CoV-2 reference genome covered to at least 20 x depth. The number at
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Fig. 2 The monthly number of each lineage or VOC identified in patients in our cohort

Clinical characteristics

There were no significant differences in sex or median age
between participants between waves (Table 1), however,
there was a significant reduction (p= <0.001) in time
from symptom onset to presentation in Delta (median
two days [IQR 1-5]) and Omicron waves (median two
days [IQR: 0—4]) compared to the B.1 (median five days
[IQR: 2-8]) or Beta waves (median four days [IQR: 2-9]).
There was a lower percentage of patients with cardiac
disease (30.0% and 23.4% vs 4.1% vs 5.3%, p<0.001) and
diabetes (40% vs 19.2% vs 17.5% vs 6.7% p < 0.001) in later
waves. There was a significant reduction in the numbers

of patients requiring oxygen at enrolment during the
Omicron wave, with the highest proportion during Delta
wave (50% vs 58.5% vs 63.9% vs 22.7% p <0.001). Simi-
larly, fewer patients were given steroids during Omicron
wave, with the highest numbers receiving steroids in
Delta wave (60.4% vs 59.6% vs 84.5% vs 38.7% p <0.001).
Overall, few patients were vaccinated; in this cohort
21/97 (21.7%) Delta wave participants and 15/75 (20%)
Omicron wave participants had received at least one dose
of any vaccine. For both unvaccinated and vaccinated
groups survival was just under 90% (p=0.9).
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Univariable logistic regression analysis demonstrated
that age > 70 (OR7.21 CI:1.48-35.07), respiratory rate > 30
(OR 14.87 CI: 3.09-71.71) and SpO, <87% (OR 15.4 CL
5.66—41.93) were associated with mortality, although with
wide confidence intervals (Table 2). Multivariable analy-
sis showed a statistically significant increase in case fatal-
ity rate in the whole cohort during the Delta wave (OR
4.99 CI 1.00-25.02) (Table 2). However, the likelihood
ratio test for the presence or absence of wave within the
model was not significant (Chi2=5.91, p=0.116). There-
fore, these exploratory findings within our limited cohort
should not be overinterpreted. HIV infection; presence of
co-morbidities; days from symptoms to admission; and
respiratory rate were not associated with survival within
the multivariable model. We conducted an explora-
tory sensitivity analysis including only participants who
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required oxygen at study enrolment as a marker of disease
severity (n=157, of whom 26 [16.6%] died).

This demonstrated that admission during Delta wave
was independently associated with mortality within
a multivariable analysis (OR 13.91 [CI: 1.56-125.06,
p=0.018) (Additional file 1: Table S4).

Discussion

Using genomic sequencing we were able to define the
viral sub-types or VOCs associated with four distinct
waves of patients hospitalised with COVID-19. The first
wave was predominantly B.1, all sequenced samples from
the second wave were Beta VOC, the sequenced samples
from the third wave were predominantly Delta, whilst
the samples from the fourth wave were largely Omicron
BA.1. Infection with Delta variant was associated with a

Table 2 Clinical factors associated with mortality for SARS-CoV-2 PCR confirmed patients admitted to hospital with severe acute

respiratory infection

Variable Univariate Multivariate
Odds ratio P value Confidence interval Odds ratio P value Confidence interval

Wave

2 1.16 0.808 0.34-4.00 1.38 0.686 0.29-6.51

3 217 0.188 0.68-6.90 499 0.050 1.00-25.02

4 0.62 0514 0.15-2.61 224 0392 035-14.16
Vaccinated 1.07 0.900 0.35-3.25 0.92 0916 0.21-4.10
Age

30-39 0.66 0.679 0.09-4.85 0.25 0.262 0.02-2.83

40-49 322 0.145 0.67-15.51 1.54 0.627 0.27-8.86

50-59 1.38 0717 0.24-7.93 0.51 0.559 0.05-4.85

60-69 1.90 0473 0.33-10.98 0.76 0.795 0.09-6.31

>70 721 0.014 1.48-35.07 9.55 0.026 1.31-69.77
Male 0.60 0.174 0.29-1.25 0.51 0.190 0.19-1.39
HIV positive 0.82 0.654 0.33-1.99 1.08 0.898 0.32-3.65
HIV unknown 1.28 0.573 0.54-3.07 0.96 0.946 0.30-3.11
Cardiac disease 1.44 0.456 0.56-3.71 0.82 0.792 0.19-3.51
Diabetes 1.20 0.690 0.49-291 1.15 0.818 0.35-3.83
Symptoms to admission (days)

4-6 2.64 0.037 1.06-6.58 2.56 0.132 0.75-8.67

7-9 259 0.101 0.84-8.06 424 0.098 0.77-23.49

>10 219 0127 0.80-5.99 2.70 0.160 0.68-10.75
Respiratory rate

20-24 218 0.321 047-10.13 1.28 0.778 0.23-7.10

25-29 407 0.084 0.83-20.02 1.16 0.874 1.78-7.62

>30 14.87 0.001 3.09-71.71 5.97 0.067 0.88-40.26
SpO,

93-95 1.39 0.569 0.45-4.30 0.74 0.659 0.20-2.80

88-92 2.54 0.093 0.86-7.53 1.44 0.569 0.41-5.01

<87 1540 <0.001 5.66-41.93 11.22 0.001 2.59-48.65

Univariable and multivariable logistic regression analysis with all pre-specified parameters included within the final multivariable model. Final multivariable model:

n =226, chi®=62.80, Pseudo R?=0.363
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higher risk of mortality, particularly in patients requir-
ing oxygen during admission. This study reports clinical
differences in outcome between SARS-CoV-2 variants in
a low-income southern African setting in a population
with a high burden of infectious disease, including HIV.
The increased risk of mortality in this cohort was asso-
ciated with increased age (>70 years) and low oxygen
at recruitment (SpO,<87%), in line with other cohorts
(ISARIC, [24]). While our small sample size necessitates
caution in interpretation, there was an increased risk of
death associated with Delta VOC, particularly in those
patients requiring oxygen. Increased mortality with Delta
VOC has been reported elsewhere [13-16], but not con-
sistently in Africa [25], where robust clinical data has not
commonly been linked with SARS-CoV-2 sequencing data.
Patients with severe disease were managed with oxygen,
steroids and beta-lactam antibiotics, consistently applied
within the hospital between waves. We did not observe
an excess of deaths in people living with HIV, however the
sample size was low and we did not assess level of immune-
suppression in these patients [26]. Patients admitted dur-
ing the Omicron wave required less oxygen at enrolment,
suggesting they were less unwell at presentation, although
overall mortality was not significantly lower. This is consist-
ent with other studies in sub-Saharan Africa where patients
admitted with COVID-19 during Omicron waves had com-
paratively less severe disease [16, 27, 28]. There is a high
burden of HIV and a low SARS-CoV-2 vaccine coverage in
Malawi [29], this provides a plausible environment for the
emergence of novel VOCs [30-33]. It is crucial to identify
potential VOCs rapidly and report these internationally.
The continuation of in-country genomic surveillance in
Malawi is therefore important locally and globally.
Throughout the study there was no invasive and very
limited non-invasive ventilatory support available for
COVID-19 patients and no access to newer therapies
such as interleukin-6 antagonists. Therapeutic options
for COVID-19 in high income settings are developing
rapidly, with genomic viral sequencing used to guide
treatments (NICE). This study thus highlights signifi-
cant inequity in availability of globaly recommended
therapeutics for COVID-19 despite relatively high rates
of in-patient mortality. It is unclear from this study
whether the reduction in severity seen in the Omicron
wave was affected by immunity—either vaccine derived
or naturally acquired. Overall, 20.9% of the recruited
patients in waves three and four were vaccinated
with at least one dose (predominantly Astra-Zeneca
ChAdOx1-S and J&J Ad26.COV2.S), which is higher
than the background population overall, but similar to
rates seen in urban Blantyre (25% at least one dose by
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Feb 2022, Personal Communication, Blantyre District
Health Office). However there were already high rates
of sero-positivity amongst blood donors in Malawi with
70% of adults SARS-CoV-2 sero-positive in July 2021
during the Delta wave [34] suggesting high population
exposure with naturally acquired immunity.

A strength of our study is that we carried out
sequencing and analysis in Malawi directly linked
with robust and systematically collected clinical data.
In country analysis allowed us to report our findings
to clinical and public health partners rapidly. Vital to
our success in establishing sequencing in Malawi was
the portability of the MinION sequencer; the public
lab protocols (18); bioinformatics software from the
scientific community (13); and the infrastructure and
funding available to us as an international research
institution. The MinION platform has become integral
to outbreak response, as demonstrated for SARS-CoV-2
(19, 20), Ebola (21) and Zika (22). However, even with
this portable and low-maintenance sequencer (with no
service contracts or engineer visits required); experi-
enced molecular biologists and bioinformaticians; and
considerable international support, it was still very dif-
ficult to establish sequencing capability. In particular,
we found it extremely challenging to procure reagents,
and this was exacerbated by border closures and travel
restrictions. As there is no existing policy framework
within Malawi for the integration of sequencing data
into public health decision making, the utility of our
data to decision makers was limited.

Our study has several limitations. We produced a rela-
tively small number of sequences. This was partly due to
the limited number of patients recruited into the study
during each wave but also because patients frequently
presented with Ct values too high to generate good qual-
ity sequence data. Secondly, our observations are limited
to a sample of hospitalised patients in a single centre in
the southern region of Malawi. Our relatively low sample
size impairs our ability to draw firm conclusions on the
association between wave and patient outcome. Finally,
we recognize that we may not be capturing the full diver-
sity of SARS-CoV-2 circulating in the community, as our
sampling of hospitalised patients represents a consider-
able bias towards people with severe disease, and there is
likely to be significant under ascertainment of cases [34].

In conclusion, pragmatic clinical research protocols
coupled with portable sequencing capacity enabled us
to improve our understanding of the clinical characteris-
tics and impact of the multiple waves of COVID-19 pan-
demic in Malawi. We recommend that funders support
the development of capacity in genomic surveillance of
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agents of communicable disease, focussing their strate-
gies on endemic diseases, which can pivot to pandemics
and outbreak scenarios as the need arises. A key part of
this is the development of robust networks for the pro-
duction and distribution of molecular biology reagents,
mirroring what is being developed for vaccines, as this
would enable a more rapid and sustained response to
future pandemics. Challenges and opportunities aris-
ing from this work are detailed in Box 1. Data and sam-
ple collection was enabled by collaboration with the
ISARIC consortium. This enabled us to enrol patients
very quickly using tools already developed for pandemic
response. We were also able to contribute valuable clini-
cal data from a low income setting to global analyses.

Box 1: Challenges faced and opportunities arising
during this study

Challenge faced Opportunity

“Launching a sequencing service
during a pandemic”

Many countries and institu-
tions established sequencing
capabilities in response to the
pandemic. We hope that funders
and governments provide those
institutions with the opportunity
to use this capacity for endemic
threats. In the event of another
pandemic, this capacity can then
pivot to pandemic response.

“Reagent procurement during a
pandemic is difficult”

The pandemic has highlighted
the inequity of health-related
resource distribution. One
solution would be prioritised
distribution networks and
more regional manufacturing
of laboratory equipment and
consumables. The develop-
ment of more stable reagents,
such as lyophilised enzymes,
would increase the affordability
and accessibility of sequencing
technology.

"Constantly moving goalposts—
Sometimes by the time a primer
scheme arrived in Malawi, it had
already been superseded”

Setting up research studies during
a pandemic is difficult

In the SARS-CoV-2 pandemic,
longer read primer schemes
tended to provide good
coverage to a wider variety of
lineages. Using novel molecular
biology methods to take advan-
tage of the long read sequenc-
ing capabilities of platforms like
the MinlON could be part of the
solution to this https://primer-
monitor.neb.com/lineages

Utilisation of the ISARIC platform
allowed us to rapidly setup a
prospective cohort using tools
already developed for pandemic
responsiveness.
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