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Purpose: Seroepidemiology and genomic surveillance are valuable tools to investigate infection transmission
during a pandemic. North East (NE) India is a strategically important region being the gateway connecting the
country with Southeast Asia. Here, we examined the spread of SARS-CoV-2 in NE India during the first and second
waves of COVID-19 using serological and whole genome sequencing approaches.
Methods: qRT-PCR analysis was performed on a selected population (n ¼ 16,295) from June 2020 to July 2021,
and metadata was collected. Immunoassays were studied (n ¼ 2026) at three-time points (August 2020, February
2021, and June 2021) and in a cohort (n ¼ 35) for a year. SARS-CoV-2 whole genomes (n ¼ 914) were sequenced
and analyzed with those obtained from the databases.
Results: Test positivity rates (TPR) in the first and second waves were 6.34% and 6.64% in Assam, respectively,
and a similar pattern was observed in other NE states. Seropositivity in the three time points was 10.63%, 40.3%,
and 46.33%, respectively, and neutralizing antibody prevalence was 90.91%, 52.14%, and 69.30%, respectively.
Persistence of pan-IgG-N SARS-CoV-2 antibody for over a year was observed among three subjects in the cohort
group. Normal variants dominated the first wave, while B.1.617.2 and AY-sublineages dominated the second
wave in the region. The prevalence of the variants co-related well with high TPR and seropositivity rate in the
region and identified mostly among vaccinated individuals.
Conclusion: The COVID-19 first wave in the region witnessed low transmission with the evolution of diverse
variants. Seropositivity increased during the study period with over half of the individuals carrying neutralizing
antibodies against SARS-CoV-2. High infection and seroprevalence in NE India during the second wave were
associated with the dominant emergence of variants of concern.
1. Introduction

SARS-CoV-2 has rapidly infected people across the world. The real
burden of the COVID-19 pandemic remains unclear, though established
to be higher than the reported cases, due to various inherent factors [1].
Seroepidemiology and genome surveillance have helped understand the
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COVID-19 gradually spread throughout the NE region since its first
confirmed case was reported in March 2020 [5]. This region is crucial in
India's effort to trace, test, isolate and treat COVID-19. Strict surveillance
of SARS-CoV-2 in the region is important to restrict transnational and
interethnic SARS-CoV-2 transmission. As per the Indian SARS-CoV-2
Genomics Consortium (INSACOG), only 2.36% of genome sequences was
reported from NE India indicating a critical dearth of surveillance in this
region [6]. Moreover, very limited seroepidemiological studies have
been reported from the population of this region [1].

This observational study investigates COVID-19 infectivity, seroepi-
demiology and genome surveillance during first wave (June–September
2020), intermittent phase (February 2021) and second wave (May–Sep-
tember 2021) in NE India. Furthermore, a longitudinal seroepidemio-
logical follow-up was conducted for a year to assess anti-SARS-CoV-2
antibodies and their neutralizing efficacy.

2. Materials and methods

This observational study was approved by the Institutional Human
Ethics Committee, CSIR–North East Institute of Science and Technology
(IHEC/NEIST20-21/201). The study was conducted among the popu-
lation of Jorhat district, Assam. The study design and methodological
approaches used are represented in Supplementary Fig. S1. Before
enrollment, written informed consent was obtained, and all subjects
participated voluntarily. Subject metadata were obtained using a stan-
dard questionnaire. Blood (5 mL) and naso-oropharyngeal swabs were
collected and handled as per guidelines issued by the Ministry of Health
and Family Welfare (MoHFW), Government of India. Swabs collected
during first wave (June–September 2020) (n ¼ 12,879) and second
wave (May–July 2021) (n ¼ 3416) were tested using quantitative
reverse transcription polymerase chain reaction (qRT-PCR) kits
approved by the Indian Council of Medical Research (ICMR). All in-
dividuals, irrespective of age, gender, symptomatic, asymptomatic,
vaccinated and non-vaccinated, who are resident of Jorhat, Assam and
whose samples were tested in the COVID-19 Testing Laboratory, CSIR-
NEIST, Jorhat were included in the present study as per the guidelines
of the MoHFW. To study the seropositivity in the onset of first wave,
end of first wave and second wave of infection, a repeated cross-
sectional serological investigation was conducted. A total of 2026 par-
ticipants were included, and blood samples were collected in August
2020 (n ¼ 724), February 2021 (n ¼ 866), and June 2021 (n ¼ 436).
Immunoassays specific to SARS-CoV-2 IgG-N were performed using
Elecsys Anti-SARS-CoV-2 kit (Roche Diagnostics, Germany), and both
IgG-S and IgM-S were determined using VoxPress New Corona Virus
(COVID-19) IgG/IgM Rapid Test kit (Voxtur Bio Ltd, India) according to
the manufacturers' protocol. Samples seropositive for IgG-N, IgG-S and/
or IgM-S were analyzed for SARS-CoV-2 neutralizing antibody using
cPass SARS-CoV-2 Neutralization Antibody Detection Kit (GenScript,
USA). A longitudinal follow-up of a cohort (n ¼ 35) among the par-
ticipants enrolled for the serological study was conducted for a year to
monitor anti-SARS-CoV-2 antibodies and their neutralizing efficacies.
The follow-up individuals were selected based on the criteria that the
individual must have participated in all the three time points of the
above serological investigation and continued to volunteer to the end of
the follow up. From the collected swab samples, whole genome
sequencing was performed on 914 qRT-PCR positive samples (first
wave: n ¼ 591; second wave: n ¼ 323) that had Ct � 35 for any of the
three confirmatory genes, viz. ORF1ab, RdRp and N, on a Nanopore
MinION Mk1c platform (Oxford Nanopore Technologies, UK) using a
multiplex tiling PCR approach (NEBNext ARTIC SARS-CoV-2 Compan-
ion Kit, New England Biolabs, USA) [7,8]. Wuhan-Hu-1 SARS-CoV-2
genome (MN908947.3) was used as reference, and variant calling and
consensus genome assembly were performed using ARTIC FieldBioin-
formatics pipeline v1.1.0 (https://artic.network/ncov-2019/nco
v2019-bioinformatics-sop.html). Mutation calling and lineage assign-
ment were carried out using NextClade v.154 (https://clades.nextstra
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in.org/) and Pangolin Lineage Assigner v3.1.16 (https://pangolin.
cog-uk.io). The genome-based phylogenetic tree was constructed using
IQ-TREE v1.6.12 and Fig Tree v1.4.4. COVID-19 and vaccination data of
NE states were retrieved from the public COVID19INDIA dashboard
(https://www.covid19india.org/). COVID-19 data of the neighboring
countries were sourced from Our World in Data (https://ourworldind
ata.org/coronavirus). Serology data of India and the neighboring
countries were sourced from Serotracker (https://serotracker.com/e
n/Explore). SARS-CoV-2 variant datasets of NE states and their neigh-
boring countries were retrieved from INSACOG (http://clingen.igib.res
.in/covid19genomes/) and GISAID (https://www.gisaid.org/). The
genome sequences generated in this study were deposited to GISAID
and available upon registration. Statistical analyses were performed
using Sigma Stat software (San Jose, CA, USA). One way ANOVA and
Student's T-test were performed to evaluate significant differences
among the study groups at significant level of 0.05.

3. Results

3.1. COVID-19 test positivity rate during first and second waves

The first COVID-19 infection was reported in Assam on March 31,
2020 and registered the highest daily positive cases (n¼ 2354) on August
18, 2020 (Fig. 1). The second wave started in early April 2021, and the
highest daily registered cases were 5704 on May 27, 2021. The SARS-
CoV-2 test positivity rate (TPR) in Assam during first wave and second
wave was 6.34% and 6.64%, respectively. The outbreak of second wave
was also considerably high in other NE states like Manipur, Meghalaya,
Mizoram and Sikkim (Fig. 1). During first wave, out of 12,879 samples
from Jorhat district, Assam, 637 tested positive (TPR: 4.95%). However,
out of 3416 samples in the second wave, 248 tested positive (TPR:
7.26%). The TPR increased with age in first wave indicating higher
infection in older subjects (Table S1). However, a significant increase (p
< 0.01) in TPR was observed in children <10 years in the second wave
compared to those seen in first wave. Similarly, significant increase in
TPRwas also observed in subjects with 11–30 years (p< 0.01) and 31–60
years (p < 0.001) in the second wave compared to those seen in first
wave. On the other hand, no significant (p ¼ 0.085) increase in TPR was
observed in subjects with >60 years in the second wave compared to
those seen in first wave [9].

3.2. Seroprevalence during first and second waves

In the repeated cross-sectional serological investigation, the anti-
SARS-CoV-2 IgG-N, IgG-S, and IgG-M antibodies were found to be
10.63%, 8.83%, and 1%, respectively, during August 2020, while the
seropositivity in February 2021 and June 2021 were 40.3%, 16.85%, and
3.49%, and 46.33%, 15.82%, and 3.66%, respectively (Table 1). The
frequencies of neutralizing antibody in these periods were 90.91%,
52.14%, and 69.30%, respectively. Seropositivity increased while the
frequency of neutralizing antibodies decreased both in the intermittent
phase and in second wave compared to the first wave (Table S2). Sero-
positivity and neutralizing antibody decreased with age in August 2020,
indicating higher infection in older subjects, while higher infection was
observed in younger subjects in June 2021. Results showed that there is a
positive correlation between COVID-19 infectivity and seropositivity and
negative correlation between COVID-19 infectivity and neutralizing
antibody, but statistically not significant. The less neutralizing activity of
the antibodies supports the current finding of breakthrough infection by
variant of concern as the developed antibody could not neutralize the
SARS-CoV-2 variants emerging in the first wave.

3.3. SARS-CoV-2 variants during first and second wave

Out of total 815 samples that passed genome read QC and lineage
assignment, 39 variants were detected, including B.1.617.2 (n ¼ 158),
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Fig. 1. Trend of COVID-19 (a) positivity (b) recovery (c) death in India and states of North East India during first wave and second wave. The data were sourced from
www.covid19india.org (retrieved on July 17, 2021).
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AY-sublineages (n ¼ 112), and B.1.617.1 (n ¼ 1). Thirty two normal
variants, predominated by B.1.36 (n¼ 329), B.1.1.201 (n¼ 105) and B.1
(n ¼ 36), were detected in first wave, while second wave was identified
with 9 variants predominated by B.1.617.2 (n ¼ 157), AY-sublineages (n
¼ 112) and B.1.617.1 (n ¼ 1). The maximum-likelihood time-resolved
phylogenetic tree of the detected variants is shown in Fig. S2. Among 162
individuals with vaccination details, B.1.617.2 and AY-sublineages were
Table 1
Seropositivity of the participants against SARS-CoV-2a.

August 2020 (n ¼ 724) February 2021 (

Parameterb Positive result [n
(%)]

Adjusted Positivityc [%
(95% CI)]

Positive result [
(%)]

IgG-N 77 (10.63%) 10.61% (8.37–12.85) 349 (40.3%)
IgG-S 64 (8.83%) – 146 (16.85%)
IgM-S 7 (1%) – 31 (3.49%)
Neutralizing
antibodyd

70 (90.91%) 90.91% (97.33–84.49) 182 (52.14%)

a Assessments were done at three different time points, namely August 2020, Febr
b IgG-N: anti-N protein IgG; IgG-S: anti-S protein IgG; IgM-S: anti-S protein IgM; N
c Adjusted positivity was calculated considering 99.8% sensitivity and 100% specifi

neutralizing antibody kit (Genscript). Kits used for IgG-S and IgM-S were ICMR-appr
d Only samples that were seropositive for IgG-N, IgG-S and/or IgM-S were conside
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identified mostly in vaccinated individuals (n ¼ 94, 58.02%) with
highest infections among single-dose vaccinated individuals (n ¼ 51,
54.26%), followed by breakthrough infection (n ¼ 38, 40.43%). Total
3373 mutations were observed across the genomes (Table S3, Fig. S3,
Fig. S4), wherein 865 mutations (synonymous: 451; missense: 395; non-
sense: 19) were exclusively observed in first wave, while 1731 mutations
(synonymous: 447; missense: 1284) were observed exclusively in second
n ¼ 866) June 2021 (n ¼ 436)

n Adjusted Positivityc [%
(95% CI)]

Positive result [n
(%)]

Adjusted Positivityc [%
(95% CI)]

40.21% (36.95–43.48) 202 (46.33%) 46.23% (41.55–50.91)
– 69 (15.82%) –

– 16 (3.66%) –

52.14% (57.39–46.91) 140 (69.30%) 69.30% (75.67–62.95)

uary 2021, and June 2021.
eutralizing antibody: neutralizing antibody against SARS-CoV-2.
city for the IgG-N kit (Roche) and 100% sensitivity and 100% specificity for the
oved, but, there were no information about the sensitivity and specificity.
red for the neutralizing antibody assay.

http://www.covid19india.org
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wave. The mutation pattern and frequency among the variants shifted
between the two waves and were predominantly associated with non-
synonymous mutations in S, N, ORF1a, ORF1b, ORF3a, ORF7a, and
ORF7b during the second wave. Deletion mutations were predominantly
observed only in the second wave among B.1.617.2. NE India reported
numerous incidences of variants of concern (VOC), especially B.1.617.2
and AY-sublineages (Figs. 2 and 3). Meta-analysis of variant datasets for
the NE states revealed that VOC emerged in the region as early as
September 2020 when B.1.617.2 was first detected in Assam. The data
showed the displacement of normal variants in first wave by B.1.617.2
and AY-sublineages in the second wave, indicating intra-lineage
mutation.
Fig. 2. COVID-19 spread in various states of North East region of India and in th
mographics of test positivity rate (TPR), recovery rate, death rate, vaccination rate and
neighboring countries during the study period. The data related to COVID-19 tes
(retrieved on July 17, 2021). Only the variants of concern and variant of interest
mics Consortium (INSACOG) (http://clingen.igib.res.in/covid19genomes/), and GIS
variant dataset for the state of Assam also included the variants identified from the wh
cases, (c) TPR, and (d) death cases in the neighboring countries of North East region
rg/coronavirus) (retrieved on October 15, 2021). (e) Seropositivity rate of India and
r.com/en/Explore) (retrieved on October 24, 2021). Seropositivity rate for India, Chin
Seropositivity data was not available for Bangladesh, Bhutan and Myanmar.
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3.4. Serological study of cohort

In the longitudinal follow-up of cohort (n ¼ 35), pan-IgG-N antibody
increased from 8.57% in August 2020 to 28.57%, 31.42%, 45.71% and
45.71% in February 2021, June 2021, July 2021 and August 2021,
respectively, correlating well with the increase in COVID-19 incidences
(Table 2). Three subjects tested seropositive in August 10, 2020 and
persisted for over a year till August 14, 2021 (Fig. S5). The neutralizing
activity increased 2.33-fold from August 2020 to February 2021 and over
4-fold from February 2021 to July 2021 to its maximum (Table 2).
Interestingly, IgG-N antibody remained low compared to neutralizing
activity after June 2021. The increase in neutralizing activity within a
e neighboring countries sharing international border with the region. (a) De-
variants detected for the states of North East India, and variants identified in the
t, recovery, death and vaccination were sourced from www.covid19india.org
are shown. The variant data was retrieved from the Indian SARS-CoV-2 Geno-
AID databases (https://www.gisaid.org/) (retrieved on October 15, 2021). The
ole genome sequencing conducted in the present study. (b) COVID-19 confirmed
of India. Data were sourced from Our World in Data (https://ourworldindata.o
neighboring countries. Data were sourced from Serotracker (https://serotracke
a and Nepal are shown as the average of three different time points of each year.
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Fig. 3. Evolution of SARS-CoV-2 variants at different time points of their detection in the states of North East India. The variant data was sourced from the Indian
SARS-CoV-2 Genomics Consortium (INSACOG) (http://clingen.igib.res.in/covid19genomes/), and GISAID databases (https://www.gisaid.org/) (retrieved on October
15, 2021). The variant dataset for the state of Assam also included the variants identified from the whole genome sequencing conducted in the present study.
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short span of time could be due to the effect of vaccination (Table S4).
Vaccine breakthrough was observed in only one single individual
vaccinated with Covishield who was asymptomatic seropositive during
62
first wave. Moreover, it was observed that individuals infected with
SARS-CoV-2 prior to vaccination showed higher neutralizing activity
irrespective of lifestyle and co-morbidity.
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Table 2
IgG-N reactive antibody and neutralizing activity against SARS-CoV-2 among the cohort of 35 subjectsa.

Parameters 2020 (n ¼ 35) 2021 (n ¼ 35)

Sampling Date 10 August 10 February 10 June 10 July 16 July 24 July 31 July 14 August

IgG-N antibody [n (%)] 3 (8.57%) 10 (28.57%) 11 (31.42%) 16 (45.71%) 16 (45.71%) 16 (45.71%) 16 (45.71%) 16 (45.71%)
Neutralizing antibody [n (%)] 3 (8.57%) 7 (20%) 11 (31.42%) 29 (82.85%) 31 (88.57) 25 (71.41%) 24 (68.57%) 26 (74.28%)
Vaccinated, Single dose [n (%)] – – 20 (57.1%) 15 (42.85%) – – – –

Vaccinated, Double dose [n (%)] – – 10 (28.57%) 4 (11.42%) – – – –

qRT-PCR positive [n (%)] 5 (14.2%) – 1 (2.85%) 1 (2.85%) 1 (2.85%) – – 2 (5.71%)
Vaccine breakthroughb [n (%)] – – – – – – – 1 (2.85%)

a Cohort group includes 29 male and 6 female participants aged between 25 and 55 years with an average age of 35.77 years.
b Vaccine breakthrough is defined as one who got infected after receiving both doses and completed at least 14 days of follow-up after the second dose.

R. Wahengbam et al. Indian Journal of Medical Microbiology 43 (2023) 58–65
4. Discussion

Considering the unique regional importance of NE India and the
global need to generate and exchange genomic and serological profiles of
SARS-CoV-2 transmission and evolution, we have conducted this study of
NE India. Our analysis showed that the COVID-19 incidence across NE
states was relatively low compared to the trend observed in the overall
Indian population (Fig. 1). The higher incidence in the overall Indian
population compared to the NE states could be due to extremely higher
local incidences in some parts of India, such as Maharashtra, Delhi, and
Karnataka. When we normalized the COVID-19 incidence data per 1000
cases, we observed interesting variations in number of waves and peak
intensities among the NE states (Tables S5 and S6). During the first wave,
the increase in infection was steady and gradual across NE India, which
might have led to the emergence of new variants while the virus adapted
to the hosts. Skewed distribution observed during the first wave indi-
cated rapid and effective control of the COVID-19 transmission in the
region that might have resulted from strict public health strategies
implemented by the state governments. The observed rapid rise in
infection during the second wave might have resulted from the emer-
gence of B.1.617.2 and AY-sublineages, with high transmission and im-
mune escape properties [10]. This was further elevated with relaxation in
COVID-19 preventive measures by the respective state governments.

Our repeated cross-sectional serological study observed that sero-
positivity increased while the frequency of neutralizing antibody
decreased both in the intermittent phase and in the second wave
compared to those seen in the first wave. The observed seropositivity of
10.61% during first wave was in concordance with our earlier finding
[11,12]. A possible reason for the observation was the emergence of
B.1.617.2 and AY variants that were reported to possess reduced sensi-
tivity to antibody neutralization [13]. Moreover, the increase in sero-
positivity and neutralizing antibody in older subjects in the second wave
might suggest the additional influence of age-selective mass vaccination
programmes. Several explanations have been put forward as possible
factors for the generation of multi-waves and their characteristics in
pandemics. Some of these are co-infection [14], pandemic fatigue [15],
sub-optimal prevention and control measures during intermittent
endemic periods [16], climatic variations [17] and genetic drift of the
pathogen associated with diffusion and herd immunity [18,19].

In India, the first wave of COVID-19 lasted from August 2020 to
January 2021 and the second wave persisted from March 2021 to June
2021. The vaccination drive started at the end of January 2021. Since,
most of the study participants were vaccinated from April 2021 onwards,
the antibody examination in the longitudinal cohort was conducted
relatively more frequently post July 2021 to assess the changes in the
antibody titre after vaccination. Moreover, it has been reported that the
antibody level reaches its peak by 3months [20]. Our longitudinal cohort
study recorded that seropositivity could last more than a year, which
corroborated earlier findings that some individuals could sustain
SARS-CoV-2 antibodies for a relatively long period for prolonged pro-
tection [21]. It was observed that SARS-CoV-2 infection before
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vaccination resulted in higher neutralizing activity irrespective of life-
style and health condition. This result assented to earlier findings that a
single dose of mRNA vaccine could enhance effective immune response
in individuals with prior COVID-19 infection [22]. The observed
decrease in neutralizing antibodies in the vaccinated individuals could be
assumed as a possible shifting of humoral immunity towards the gener-
ation of memory B cells for longer uses [23,24].

The whole genome sequencing allowed us to detect and compare the
representative diversity of SARS-CoV-2 in the NE states. Most impor-
tantly, our genome sequencing work sought to confirm the first occur-
rence of VOC in NE India. Our findings confirmed the earliest occurrence
of B.1.617.2 in the NE state of Assam in September 2020, within one
month of its first identification in India in August 2020. This indicated
that B.1.617.2 transmission was swift and prompt frommainland India to
NE India. Upon its first occurrence in Assam, the rapid transmission of
B.1.617.2 and its AY-sublineages was observed. We also observed that
the occurrence of B.1.617.2 and AY-sublineages was mainly associated
with partial vaccination. This observation was consistent with earlier
reports [25,26]. It was reported that the secondary attack rate of
B.1.617.2 in UK was higher than B.1.1.7 in partially immunized popu-
lation [27]. The linkage between the SARS-CoV-2 variants was mainly
characterized by unique substitution or deletion in the spike protein.
Changes in L452R, E484Q and P681R amino acids were identified in
B.1.617.1, while B.1.617.2 was identified with changes in L452R and
P681R amino acids [28]. The changes in these three amino acids were
directly linked with the strong host binding affinity of SARS-CoV-2 and
its capability to escape neutralizing antibodies [29]. Overall, the genomic
characterization of SARS-CoV-2 from NE India increased the availability
of geographical-based genomes of the virus and illustrated the emerging
trend of genomic disparities among the variants.

During the second wave, most neighboring countries of NE India had
a relatively small number of cases (Fig. 2). Bhutan was an exception,
where it was experiencing one of its largest surges despite vaccination of
62% of the population with at least one dose [30]. The case surge in
Bangladesh corresponded with widespread detection of B.1.351 in
February and March 2021 and B.1.617.2 in subsequent months [31]. The
case surge in Nepal and India, particularly in the NE region, assented to
the increasing incidences of B.1.617.2. The case surge in Bhutan and
Myanmar, though it started after a rapid case decline in India and its NE
region, coincided with the prevalence of B.1.617.2. Overall, the second
wave in the countries neighboring India's NE region followed similar
pattern of the rise and fall of cases and was driven by B.1.617.2.
Considering the fragile and porous nature of these international borders,
undetected cross-border spillage of SARS-CoV-2 is highly likely, and
further investigation is warranted to ascertain pertinent transmission of
the infection across the border.

5. Conclusion

This study demonstrates that each approach can derive different
epidemiological profiles of transmission and evolution of SARS-CoV-2 in
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a given population. The states of NE India have similar trend of COVID-19
test positivity in both the infection waves, and the first wave in the region
witnesses low transmission with the evolution of diverse variants. The
prevalence of various variants across NE India implies the potential to
spread any communicable diseases through and beyond this region.
Seropositivity increased during the study period with over half of the
study individuals carrying neutralizing antibodies against SARS-CoV-2.
High SARS-CoV-2 infection rate and seroprevalence in the region dur-
ing the second wave were associated with the dominant emergence of
variants of concern B.1.617.2 and its AY-sublineages, which were iden-
tified mostly among vaccinated individuals. Additional studies are war-
ranted to understand how the virus will evolve post-vaccination, which
will dictate the outcome of any possible future wave of COVID-19.
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