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During 2020, all countries were, inter alia, refining their strategies in terms of genomic surveillance
of the SARS-CoV-2 virus to keep their populations safe. After a year, each country must have
become more efficient at this. To test this hypothesis, this study evaluates the genomic surveillance
efforts of all countries in 2021 compared to 2020. We find that most countries are (i) doing more
SARS-CoV-2 sequencing and (ii) submitting to GISAID faster in 2021. However, this improvement
is not always adequate, given the increase in COVID-19 cases. One noteworthy change is that most
developing countries have improved their genomic surveillance significantly. Therefore, this study
recommends that all countries must (i) increase their sequencing efficiency, i.e., the number of
sequenced genomes per 1,000 cases, and (ii) submit these sequences to platforms such as GISAID
rapidly to keep up with the emergence of newer SARS-CoV-2 variants.

The COVID-19 outbreak that originated in Wuhan, China, in December 2019 was pronounced
a pandemic on March 11, 2020 (1, 2). Although various vaccines are being used to stall the virus,
the end is not in sight for most people. After 370 million cases, 5.7 million deaths, and two long,
never-ending years, the emerging waves of evolved SARS-CoV-2 variants are still frightening.

In an unprecedentedly focused effort, for the past 2 years, researchers have worked hard
to understand the biology and epidemiology of SARS-CoV-2. The availability of ~220,000
publications [identified by using the search terms “(SARS-CoV-2) OR (COVID-19)” in PubMed
as of January 25, 2022] and ~7.5 million genome sequences in the international open-access public
database (GISAID) is proof of the dedication of researchers to track, trace, and understand this
virus and its associated disease. Starting from the sequence submission of the first SARS-CoV-2
genome on January 10, 2020, this global health emergency has led to extensive genomic surveillance
in every corner of the world. This has led to the identification of multiple variants of concern such
as Alpha, Beta, Gamma, Delta, Omicron, etc.; several variants of interest; and other variants that are
being monitored (https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/). However,
two critical concerns relate to whether we are doing enough genomic surveillance and are we
getting better at it with each passing year (3). In a previous work (4), we have suggested that the
rapid submission of sequences to open-source portals such as GISAID is of utmost importance,
along with increasing genome sequencing. Here, we have asked the following two questions, i.e., (i)
have the number of SARS-CoV-2 sequenced genomes per thousand COVID-19 cases (sequencing
efficiency) increased with time, and (ii) has the sample “Collection to Genome Submission Time
Lag” (CSTlag) decreased with time? Based on these two parameters, we have evaluated how each
country performed in 2021 compared to 2020.

To answer these questions, we used the latest GISAID data (raw data: 7,375,848 sequences;
filtered and working data: 7,170,321), downloaded on January 25, 2022, to (i) identify the number
of submitted SARS-CoV-2 genomes and (ii) the collection and genome submission dates for each
sample. We classified the data into 2020 (634,211 samples) and 2021 (6,536,110 samples) based on
the collection dates of each sample. We wanted to categorize all data in two broad categories (2020
and 2021); therefore, genomes collected and submitted in January 2022 were assigned to the latter
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category, i.e., 2021. We then calculated the CSTlag per sample,
followed by the median CSTlag for each country in 2020 and
2021. Data for the number of COVID-19 cases per country
was obtained from the open-access “Our World in Data”
website (https://ourworldindata.org/covid-cases) on January 25,
2022. Based on this information, we calculated the fold-change
in CSTlag (2020/2021) and sequencing efficiency (2021/2020),
followed by plotting both values using log transformation
(Figure 1).

Based on our analysis of the genome-associated metadata of
~7 million SARS-CoV-2 samples submitted by researchers in 208
countries (Figure 1, Supplementary Table S1), we determined
that, on a median scale, CSTlag efficiency has increased 4.5-fold
(~78% decrease) within one year, i.e., from a median time of 85
days in 2020 to 19 days in 2021. This means that each sample,
on average, was sequenced and submitted to GISAID 78%
more rapidly in 2021 than in 2020. This is significant progress,
which must be applauded. Among the six major continents
(Supplementary Table S2), South American countries increased
their sequencing efficiency 5.2-fold (from 1 to 5 per 1 k cases) and
CSTlag efficiency 4.5-fold, whereas Oceania countries decreased
by 95% (from 419 to 21 sequences per 1 k cases). In addition, Asia,
Europe, and North America improved sequencing efficiency 2.0,
2.8, and 4.2 fold, whereas, with their continuous efforts (5, 6),
Africa was able to improve 1.3-fold. Overall, most countries are
persistently trying their best to stay ahead in this viral arms
race (7).

Irrespective of the total of 7 million submitted sequences, only
90 out of 208 countries have sequenced at least 1,000 genomes
since the pandemic; among these, the CSTlag efficiency ranges
from —77% (Gibraltar) to 97% (French Guiana). To be noted,
this study is focused on calculating the efficiency or improvement
per country and must not be confused with the CSTlag values
per se. For example, we identified that Gibraltar took a median
of 13 days for 608 genome submissions in 2020 but a median
of 23 days for 2,421 genomes in 2021, i.e., with a 77% decrease
in sequencing efficiency. Saudi Arabia took a median of 128
days for 968 genome submissions in 2020 but 198 days for just
254 genomes in 2021, i.e., with a ~55% decrease in sequencing
efficiency. Saudi Arabia is doing worse than Gibraltar regarding
CSTlag values in 2020 and 2021 but has improved its sequencing
efficiency compared to Gibraltar. Among the countries doing the
most genomic surveillance, the USA has improved its CSTlag
from 156 to 23 (6.7-fold), the UK from 26 to 9 days (2.9), and
Germany from 196 to 15 days (13). Based on the submitted
genomes, India is at 10th place and has improved its CSTlag
from 159 in 2020 to 66 days in 2021 with a 2.5-fold change or
58% decrease.

The second criterion, i.e., sequencing efficiency, captures the
genomic surveillance per 1000 COVID-19 cases. This study
found that across the 90 countries that have submitted >1000
genomes, the sequencing efficiency ranges from 0.01 to 57-
fold (—99 to 5,600%). There are several countries such as
Aruba, Bahrain, Bosnia and Herzegovina, Botswana, Bulgaria,
Cambodia, Costa Rica, Croatia, Cuba, Curacao, Ecuador,
Georgia, Ghana, Guatemala, Lebanon, Nepal, Pakistan, Papua
New Guinea, Slovakia, Sri Lanka, Trinidad and Tobago, and
Vietnam, which did not perform much genomic surveillance

in 2020 (<300 genomes); however, in 2021, they emerged as
leaders with >1,000 genome submissions. In 2020, the USA
was sequencing merely nine out of 1K cases; however, in 2021,
it sequenced 43, a 4.6-fold change. The total number of cases
in the UK increased 5.4-fold in 2021, whereas it raised its
sequencing efficiency from 72 to 122 genomes per 1k cases (1.7-
fold), demonstrating a 9-fold change in sequencing. Similarly, in
Europe, Germany improved its sequencing efficiency from 5.6 to
49 per 1k cases, France from 5.7 to 13, and Sweden from 6 to 103.
Notably, Croatia had a 3-fold increase in cases, but it increased
its sequencing 150-fold, increasing its sequencing efficiency from
0.6 to 27 genomes per 1k cases (47-fold). Unlike most European
countries, Iceland decreased sequencing efficiency by 90% (from
899 to 95 genome submissions per 1k cases). In South America,
Colombia enhanced its sequencing efficiency from 0.3 to 3 per
1k cases (8.5-fold), Ecuador from 1.2 to 8.2 (6.9), Brazil from
0.9 to 5.6 (6.5), Chile from 2 to 13 (6.1), and Peru from 1.3 to
6.8 (5.4). Uruguay significantly dropped its sequencing efficiency
from 9 per 1k cases in 2020 to 1 in 2021. In Africa, Ghana and
Nigeria improved their sequencing efficiency from 4.5 to 20 per
1k cases (a 4.5-fold boost), whereas South Africas sequencing
efficiency was enhanced only 1.4-fold (6.1 to 8.6 per 1k cases).
In Asia, the cases in Turkey increased 4-fold, but it improved
its genomic surveillance substantially with a 146-fold increase
in sequencing and a 37-fold increase in sequencing efficiency,
from 0.25 per 1k cases in 2020 to 9.3 in 2021. Other countries
such as Nepal, Maldives, Georgia, Pakistan, Bahrain, and Israel
also improved significantly with a >5-fold change in sequencing
efficiency. India and Indonesia also improved their SARS-CoV-2
surveillance from 1.2 to 3.5 per 1 k cases, whereas Singapore went
from 27 to 41. The number of cases in the UAE increased 3-fold;
however, its sequencing went down 0.3-fold, and CSTlag also
decreased 0.8-fold (209 days to 257 days on the median scale).
Notably, cases in Thailand increased 345-fold in 2021, whereas
sequencing increased only 15-fold.

In 2020, all countries were evolving strategies to improve
their genomic surveillance, providing medical aid and affordable
vaccines, and overall, trying to keep their population safe
and healthy. In 2021, each country was trying to build better
infrastructure to sustain new variants’ arrival and detect them as
early as possible. The emergence of new variants of concern and
variants of interest, enhanced transmission, improved scientific
awareness, better funding (especially in developing countries),
and various technological improvements in standardization
and commercialization of newer, faster, and cheaper kits and
protocols for diverse sequencing platforms might be the key
factors reinforcing better SARS-CoV-2 genomic surveillance (8).
Based on this, we expect each country to become more efficient
in 2021. Therefore, this study evaluates the genomic surveillance
efforts of all countries in 2021 compared to 2020. Most countries
are indeed doing more SARS-CoV-2 sequencing and submitting
to GISAID faster in 2021; however, these improvements may
be inadequate given the increase in the number of COVID-
19 cases. Surprisingly, several countries have even decreased
their sequencing efficiency relative to the number of infections.
Nevertheless, one noteworthy change that we witnessed in 2021
is that most developing countries across all continents have
improved their genomic surveillance significantly, and based on
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FIGURE 1 | Mapping genomic surveillance efficiency: This bubble plot illustrates selected countries’ comparative genome surveillance efficiency based on (i)
sequencing efficiency and (i) CSTlag efficiency in 2021 compared to 2020. The color and size of the bubble depict the median CSTlag per country and the number of
submitted genomes in 2021, respectively. An interactive version, showing all countries’ comparative genome surveillance efficiency, can be downloaded using this link
https://drive.google.com/file/d/17TZ2RRgY84xInbuFuGueokramThWZ5Jp/view?usp=sharing and visualized in an internet browser.
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this, they have been able to contain the COVID-19 pandemic to
some extent (5, 6, 9). In summary, this study recommends that
all countries must increase their sequencing efficiency, i.e., the
sequenced genomes per 1,000 cases, and submit these samples to
open access platforms such as GISAID rapidly to keep up with
the emergence of newer variants of SARS-CoV-2.
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Supplementary Table S1 | Country-wise comparative distribution: The table lists
CSTlag efficiency, sequencing, case increase, and sequencing efficiency for all
208 countries in 2020, 2021, and a comparison of 2021 vs. 2020. Each category
is shaded in different color codes, and their fold-change information is also
shaded in the same color. Values with less than one-fold change or negative %
change are in red fonts. Countries that have submitted more than 1000 genomes
are shaded yellow in Column A. Countries with less than 1,000 genomes are
shaded gray in columns H, I, and J.

Supplementary Table S2 | Continent-wise statistics. The table lists CSTlag
efficiency, sequencing, case increase, and sequencing efficiency for six continents
in 2020, in 2021, and a comparison of 2021 vs. 2020.
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