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INTRODUCTION

ABSTRACT: The Sundarbans, a vital ecosystem in the Ganges Delta, faces multifaceted
challenges exacerbated by climate change and socio-economic factors. This study investigates
the impact of COVID-19 pandemic induced reverse migration on the microbial dynamics of the
Indian Sundarbans using metagenomics guided wastewater surveillance.Samples were
periodically collected once in a year over a span of three years with one-year interval between
each sampling event. The sampling years- 2019, 2021 and 2023 were categorised as Pre-
COVID-19, Mid-COVID-19 and Post-COVID-19 periods respectively. Following sampling,
thorough metagenomic profiling was conducted to evaluate temporal dynamics in bacterial
abundances amidst pandemic.16S metagenomic sequencing revealed the dominance of the
members of phylum Proteobacteria in all the three samples. Sample collected during the Mid-
COVID period exhibited a distinct enrichment of antibiotic resistance pathways, potentially
linked to the influx of migrant workers with limited healthcare access and potential reliance on
self-medication. Interestingly, during the peak of the pandemic, the abundance of opportunistic
pathogens like Pseudomonas and Acinetobacter in the wastewater decreased compared to pre-
and post-pandemic levels. Conversely, Sphingomonas associated with respiratory infections,
showed a surge during the mid-COVID period. Agricultural practices adopted during the
lockdown could explain the observed rise in nitrogen-fixing bacteria like Methylotenera and
Rhizobium in the Mid-COVID sample.As reverse migration reshapes demographic patterns,
proactive measures are needed to mitigate health risks and sustain ecosystem health.
Additionally, it would highlight the utility of metagenomics-guided surveillance in informing
public health policies amidst dynamic socio-economic and environmental changes.

KEYWORDS: Indian Sundarbans, COVID-19 pandemic, Reverse migration, Community
genomics, Wastewater surveillance

The Sundarbans, the world's largest mangrove forest in the
Ganges Delta, is a critical habitat for coastal protection,
climate change mitigation, and biodiversity conservation.
However, as per the report of Intergovernmental panel on
Climate Change, 2007, it faces threats from natural disasters,
human interventions, poverty, inequality, and limited
accessibility due to its unique island biogeography. Climate
change-related factors like sea-level rise and extreme weather
events exacerbate the situation [1,2].

The Sundarbans region, comprising 52 out of 106
islands, has a population of 4.7 million, with 47% of
marginalized groups and 40% below the poverty line. A vast
area of Sundarbans has experienced both external and
internal migration from Bangladesh and neighbouring
districts which has increased population, leading to resource

competition and poverty. Challenges like coastal erosion and
cyclonic surges have moreover impacted agricultural
productivity. Approximately 30% of households have at least
one family member employed outside West Bengal equating
to a migrant workforce of more than two lakhs individuals
approximately [3].

In 2020, as the World experienced the fastest-spreading
global pandemic in the recent history named COVID-19; the
Government of India implemented an unprecedented
nationwide lockdown on March 24, 2020, with just 606
reported cases, providing only a four-hour notice, making it
one of the most stringent shutdowns globally [4-6].

On this context, the pandemic disrupted various aspects
of life in the Indian Sundarbans, impacting the socio-
economic conditions, resource management, healthcare
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access, and environmental conservation efforts. Socio-
economic damage of this region has been found to be linked
to the strict pandemic lockdown measures that have
significantly disrupted the livelihoods of more than 80% of
the local population across the wvast regions of the
Sundarbans, particularly those economically vulnerable
groups who are dependent on tourism, fishing, and
agriculture [7]. A study by the United Nations Development
Programme reported that pandemic has caused a 30% decline
in tourism revenue in the Sundarbans [8]. Moreover,the lack
of effective initiative to provide alternative livelihood
measures, facilitated the reverse exodus of migrant workers
into the wvast regions of Sundarbans from where
approximately 500,000 young males have been reported to
leave their native in search of employment each year. As per
the available report around two lakh fifty thousand to three
lakh migrants belonging to 51% of the families of the region
underwent massive inflow into the Indian Sundarbans alone
within the last 2 weeks once the lockdown was declared. As
per the official data available, primary wave of return to
Sundarbans was during March to May 2020, coinciding with
the sudden nationwide lockdown in India. In March 2020,
approximately 50,000 migrants returned, but this number
rose dramatically to around 120,000 in April, reflecting mass
layoffs and lack of proper livelihood options due to the
extended lockdown. In May 2020, although the number of
returning workers slightly decreased to 100,000, it remained
significantly high, partly influenced by continued job losses.
By June 2020, the migration flow had begun to decline
sharply to about 30,000, as restrictions eased and
transportation options improved. However, a large number of
inward migrants did not move out, directly affecting
population density of major villages across the Sundarban
deltaic islands. In 2021, during the second wave of COVID-
19, a smaller but notable return of about 10,000 workers was
recorded. As per the last data available number of reverse
migrants reduced to 2000 from 10,000, associated with a
gradual recovery of pandemic conditions (Supplementary
Figure. 1) [7, 8].This led to, reduction in remittances for
migrant households, increased strain on natural resources and
an increased risk of disease prevalence in the islands. This
movement not only had implications on the socio-economic
dynamics of the region but also played a major role in
elevating the disease burden in the entire island system [9-
11].

Human migration significantly influences the microbial
composition across diverse ecosystems, including soil, water,
and gut microbiome. Migrants introduce new microbes
through direct contact, contaminated food, water, and
improper waste disposal altering the prevalence of existing
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ones [12,13]. These microbes can interact with existing ones,
leading to competition and potential changes in the microbial
community. Human activities associated with migration, such
as agriculture, deforestation, and urbanization, have been
identified to be the major factors [14]. Human migration can
alter environmental factors like temperature, pH, and nutrient
availability, influencing the growth and survival of specific
microbial populations. Adoption of new dietary practices in
new environment can alter the microbial environment in the
gastrointestinal tract, influencing the overall microbial
composition of individuals and potentially the community.
Understanding these shifts is crucial for public health
planning, disease prevention, and managing microbial
diversity.

Recently, sewage surveillance, also popularised as
Wastewater Based Epidemiology (WBE) has emerged as a
powerful tool for understanding the shifts in wastewater
microbial community in different environments [15].
Analyzing the microbial content present in sewage has an
immense role in pathogen monitoring, antibiotic resistance
mapping as well as tracking the shift in microbial
composition of sewage that in turn can reflect shifts in the
health status of a community. Wastewater surveillance can
also be used to monitor the occurrence of environmental
contaminants and assess the impact of environmental changes
on the microbial community. Through early detection of
specific pathogens in the sewer network, WBE can foretell
the outbreaks of various infectious diseases [16-19].

The current study attempts to investigate the potential
impact of COVID-19 pandemic lockdown induced reverse
migration on the dynamics of microbial community in one of
the most densely populated area of the Indian Sundarbans
through complete profiling and estimation of pathogenic load
in wastewater bacterial community collected from municipal
sewage canal situated in the Rangabelia Panchayat area of the
Gosaba island, Sundarbans, India.

MATERIALS AND METHODS

Sample collection

Wastewater samples were periodically collected once in
a year (in the month of March), over a span of three years
with one-year interval between each sampling event.
Wastewater samples obtained in the sampling years 2019,
2021, 2023 labelled as "PC" for Pre-COVID-19, "MC" for
Mid-COVID-19, and "OC" for Post-COVID-19 samples,
respectively. The wastewater canal situated in Rangabalia
village under Gosaba subdivision in South Twenty-Four
Parganas, Sundarbans, India was selected as the sampling site
under this study.From the same sampling site, three distinct
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samples were collected, spaced 5 meters apart resulting in
three replicates per sampling event. Followed by collection in
aseptic collecting jars, water samples were transported within
10 hours of collection and maintained at -20°C until further
processing.

Culture independent studies

a. Pre-processing of samples

Followed by collection, each replicate of the samples
was subjected to membrane filtration using a sterile cellulose
acetate membrane filter with a pore size of 0.2 micrometres,
facilitated by a vacuum filtration setup. The retention of the
individual replicates on the membrane filter was
subsequently utilised for the DNA extraction.

b. Metagenomic sequencing

The initial step was the isolation of DNA from the
prepared membrane filtersin accordance with the procedures
outlined in Singhet al.[20].Followed by extraction, the total
eluted DNA fromthe three replicates of individualsamples
were pooled together for the further downstream analyses.
Followed by quality and quantity assessment of the extracted
DNA, 16S Metagenomic Sequencing was performed through
library preparation and primer designing against V3 and V4
hypervariable regions of 16S rDNA gene, as per the protocol
explained in Singh et al.[20]to generate ~150 Mb of data per
sample.

16S Metagenomics data are available in NCBI Sequence
Read Archive under SRX numbers: SRX17674869 (“PC”
sample); SRX17734450 (“MC” sample); SRX22845025
(“OC” sample).

¢. Computational analysis of metagenomic data

The FASTQC toolkit
(http:/lwww.bioinformatics.babraham.ac.uk/projects/fastqc)
was usedto perform the Quality Control (QC) of the raw
reads obtained from 16S metagenomic sequencing platform.
After QC processing, paired end reads were subjected to
Taxon calling and OTU clustering using QIIME2 pipeline
and VSEARCH's clustering method[21] for thorough
profiling of microbial population present in the samples
against SILVA database.In the next step, Percent Abundance
values (PRA) were computed from the Genus-level
abundance data of bacterial communities to analyse the trend
in prevalence of bacterial genera in each of the wastewater
samples under study.The calculated percent abundance data
of bacterial generaobtained from the three
distinctdatasetswere subsequently used for a comparative
study using Venny v2.1.0 [22]to identify a collection of core
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and unique bacterial assemblages throughout the test
samples. Following this, metagenome-wide association
studies was performed to link microbes in the sample to the
host disorders in order to predict pathogenic load in the
community and to understand disease networks of microbial
members using Taxon Set Enrichment Analysis [23]. Core set
of enriched metabolic functions of the microbial community
were predicted along with understanding of microbial
interaction patterns through function-driven correlation
networks.
RESULTS AND DISCUSSION

Metagenomic mapping of wastewater bacterial
profile

Metagenomic Data sets obtained from 16S Metagenomic
sequencing of the wastewater samples were found to contain
140140, 193357 and 136573 reads for PC, MC and OC
samples respectively with average sequence length of 300 bp.
Shannon Diversity Index values of the samples were
recorded to be 6.009, 7.450 and 7.731 respectively.
Community study of the respective samples, represented
through Krona charts revealed dominance of the members of
phylum Proteobacteria in all the three samples with the
abundance of 73%, 62 %, 51% respectively in PC, MC and
OC. Proteobacteria was observed to be accompanied by
prominent representatives of phylum Bacteroidetes in all the
samples, placed in the second position in terms of abundance.
Unlike the remarkable presence of cyanobacterial members
in both PC and OC samples, prevalence of the bacterial
members belonging to phylum Verrucomicrobia and
Firmicutes was notable in wastewater samples MC, collected
during the mid COVID period (Figure.1).Genus level data
exhibited predominance of Pseudoalteromonas (61.279%) in
the PC sample followed by Pseudomonas, Sulfitobacter,
Nonlabens, Alteromonas, Candidatusetc. Bacterial genera
like Prosthecobacter, Methylotenera, Sediminibacterium,
Magnetospirillum, Sulfuricurvumwere found to top the list of
20 most abundant bacterial members in MC sample. On the
other hand, Wandoniawas in higher titre with the abundance
of 8502 % in OC sample followed by Flavobacterium,
Hydrogenophaga, Acinetobacter, Rheinheimera,
Pseudomonas etc (Figure.2). Opportunistic pathogen
Pseudomonas was predominant in PC sample with PRA
value of 62.979%. An exception was observed in case of our
OC sample, where another candidate from the nosocomial
pathogenic candidate, Acinetobacter topped the list with
PRA- 34.780% followed by Pseudomonas (PRA- 28.628%).
Vibrio,  Escherichia,  Burkholderia,  Staphylococcus,
Streptococcus, Serratia, Enterococcus are among the other



pathogens that were ubiquitously present in all the three
samples under study (Figure.3).

Prediction of pathogenic load

Taxon-set enrichment analysis-based prediction of
pathogenic load could successfully establishthe correlation
between bacterial load in the samples and the likelihood of
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disease in the population in the future through generation of
the disease network graph. Liver cirrhosis, respiratory
infections, ulcerative colitis, Crohn's disease, diarrhoea, and
enterocolitis are among the diseases associated with
wastewater, as evident in the networks derived from the
bacterial load of the samples under study (Figure.4).
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Figure. 1. Krona Chart visualization of the microbial community composition up to the genus level in wastewater bacterial

populations from (a) PC, (b) MC, and (c) OC samples.
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Idiomarina 4.700 %
Vampirovibrio 4.081 %
Serpens 3.812%

Acholeplasma  3.041 %
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Enhydrobacter  2.010 %
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Caulobacter 1.802 %
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Nevskia 1334 %
Helicobacter 1.315%
Fluviicola 1.139 %

Figure.2.Pie chart showing top 20 bacterial genera along with their corresponding percent abundance value across wastewater
collected from (a) PC; (b) MC and (c) OC samples
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Figure.3.Column chart representation showing percent abundance value of Prevalent Pathogenic bacterial genera present in (a)

PC; (b) MC and (c) OC samples under study
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Comparative analysis

Comparative analysis of wastewater bacterial profiles
revealed 150 bacterial genera to be common across the three
samples under study (Figure.5). A column chart had been
prepared to illustrate the relative abundances of the top 20
Pathogenic bacterial genera across different samples under
study (Figure.6).

Notably, = Pseudomonas  demonstrates  relatively
consistent abundance in both Pre-COVID (PC) and Post-
COVID (OC) samples, with about half the titre had been
observed in Mid-COVID (MC) wastewater samples. Several
genera such as Polaribacter, Prevotella, Ilumatobacter,
Cloacibacterium, Gaiella, Rothia, and Arthrobacter
exhibited significantly higher abundance in wastewater
collected before the COVID-19 period i.e in PC sample.
However, these genera had minimal presence in both MC and
OCsamples. On the other hand,Methylotenera,
Sphingomonas, Rhizobium exhibited a marked increase in

abundances during mid-COVID period with a significant ocC
reduction in post-COVID phase (Figure.6). A sharp rise in - - - )
the abundances of Rheinheimera and Acholeplasma is Figure. 5. Venn diagram of unique and common bacterial
noticeable in the OC sample (Figure.6). genera across the three sample under study
10
P =3 PC
EE MC
BN OC

PRA (%)

%(‘ Qo‘ 0‘0.
o Q( 6\0'0
Q° )
R
Q(

Figure. 6. Comparative abundances of top 20 common genera across the samples under study

The heatmap of core functions exhibited by the bacterial sample exhibited a distinctive peak in enrichment for various
community across the three wastewater samples under study antibiotic  resistance pathways such as beta-lactam,
has been shown in figure 7. MC sample exhibited greater vancomycin, and platinum drug resistance (Figure.7).
number of enriched pathways as compared to the wastewater India's COVID-19 pandemic began in January 2020,
samples collected during pre and post pandemic period. with Kerala reporting the first positive case. The number of
Notably, during the middle of the COVID era, the MC cases soared to nearly one lakh sixty-four thousand within a
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month, reaching 38.2 million by June 2022, marking a shift
in the overall trend(Figure.8). The Indian Government
implemented a strict nationwide lockdown on March 25,
2020, halting non-essential activities like transportation,
businesses, and religious gatherings, extending the lockdown
multiple times initially starting with 21 days [24]. Indian
government launched the "Shramik Special™ initiative at six
weeks into lockdown, facilitating the safe return of migrants
to their home states. Starting in May 2020, 4621 special

J. Appl. Biol. Sci., 19(2): 148-163, 2025; jabsonline.org

trains were operated, rescuing 6 million passengers. Out of
600 million internal migrants, over 100 million workers
undertook reverse migration during the first wave of
pandemic primarily due to employment difficulties. The
Sundarbans, with a significant migrant population employed
in Kerala, also experienced a substantial influx of the migrant
work force, with 250,000 to 300,000 returning to their
families accounting for roughly 51% of the households in this
area [3, 25, 26, 27].
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Figure. 7. Functional profiling of bacterial community through heatmap representation ofthe Enriched Metabolic Pathways

expressed by each of the community across the samples under study
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Figure. 8. Statistics of Coronavirus positive cases in India (Source: https://www.worldometers.info/coronavirus/country/india/)

The phenomenon significantly impacted various fields,
including healthcare and agriculture sectors and hence made
a noticeable shift in wastewater bacterial dynamics. Due to
the nature of the pandemic there is sparse information
available from official platforms and thus data points in terms
of reverse migration and stabilization are mostly restricted to
the print and electronic media reports, which are often
unreliable. For understanding the possible association of the
increase in human population load with the changes in
bacterial abundances we performed a simple correlation and
results indicate that there is positive correlation among the
two variables under study; which was further validated using
a simple linear regression analyses. (Supplementary Figure. 2
and 3) Emergence of the pandemic in late 2019 triggered a
global emphasis on hygiene practices like handwashing,
mask-wearing, and surface disinfection which potentially
impacted transmission dynamics of multiple pathogens,
including the nosocomial ones like Pseudomonas,
Acinetobacter, Staphylococcus etc. A retrospective analysis
conducted by Smith et al. [28] observed a significant decline
in the number of hospital-acquired infections attributed to
Pseudomonas following the implementation of stringent
infection control measures in healthcare facilities. Similarly,
a multicenter study byTham et al. [29] reported a reduction in
the incidence of methicillin-resistant Staphylococcus
infections among hospitalized patients during the peak of the
pandemic, coinciding with heightened infection control

protocols [28, 29]. In line with other observations, our
research  revealed a  significant  reduction in
Pseudomonastitre, by about a half with a percent abundance
value of 2.39 during the Mid-COVID period, followed by a
subsequent elevation in the Post-COVID phase. The
observed decline in abundance could be attributed to several
factors associated to population-wide hygiene interventions.
Enhanced hand hygiene practices, including the use of
alcohol-based hand sanitizers and proper handwashing
techniques, could have reduced the likelihood of
contamination and subsequent transmission of pathogens via
healthcare workers and environmental surfaces.

In contrast, another emerging opportunistic bacterial
genus Sphingomonas linked to septicaemia, saw a surge in
abundance during the Mid-COVID sampling period aligning
with the findings by Rohilla et al. [30] where
Sphingomonaspaucimobilis exhibited significant abundance
in urine and blood samples from hospital outpatients in
Uttarakhand, India in 2020. Adding to the concern, 61% of
Sphingomonas isolates showed resistance to colistin and
other antibiotics, indicating multidrug-resistant strains [30-
33]. COVID infections disrupted environmental bacteriome
dynamics, leading to antibiotic overuse and ecological niches
favouringSphingomonas growth. Increased patient load in
hospitals may have exacerbated contamination levels,
fostering Sphingomonas growth.
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Before India's lockdown, the Rabi season was underway,
with harvesting planned during the lockdown. During the
Covid era, various local agricultural practices such as
maximizing crop rotation for nitrogen fixation, particularly
with leguminous crops like pulses gained attention due to
limited accessibilities to chemical and biofertilizers. These
practices were noted to have close association with elevation
in nitrogen-fixing bacteria titre which may have discharged
these symbiotic bacteria into wastewater systems via
agricultural runoffs [34]. Consistent with this fact, our data
revealed a marked increase in abundances of few of the
nitrogen fixers like Methylotenera, Rhizobium in the
wastewater sample collected in the Mid-COVID period.
Similar trends were noted in a recent study conducted by
Dhar et al. [35], where high throughput mapping of
rhizospheric soil in the vast areas of the Indian Sundarbans,
including Rangabelia, Satjelia, and Kumirmari, revealed the
predominance of Rhizobium and Sphingomonas consistently
across all surveyed habitats. These genera were notably
associated with the rhizospheres of Ceriops plants, renowned
for their utilization in both timber and non-timber forest
products such as honey, tannins, and medicinal extracts. The
pandemic has led to socioeconomic consequences like food
insecurity and hence potentially affecting sustainable
resource usage in Indian Sundarbans [35, 36, 37]. Increased
agricultural practices, including increased fertilizer and
pesticide use, can select antibiotic-resistant bacteria,
disrupting soil microbiome balance, potentially impacting
soil health and plant productivity [38]. Intensified
agricultural practices often involve increased fertilizer and
pesticide application, which can select for bacterial members,
resistant to these chemicals [36]. Studies have shown that
antibiotic resistance genes in soil bacteria can increase with
higher antibiotic use in agriculture [37]. The rise of certain
resistant bacteria might come at the expense of other
beneficial groups crucial for nutrient cycling and
decomposition. This can disrupt the delicate balance within
the soil microbiome, potentially impacting soil health and
plant productivity [38].

Prediction of the core sets of enriched metabolic
functions in microbial community present across the
wastewater samples under our study sites revealed a
significant increase in genes associated with several narrow
and broad-spectrum antibiotics resistance, possibly linked to
the reverse exodus of migrant labourers to Indian
Sundarbans. Factors such as limited healthcare access, self-
medication, and antibiotic misuse could have contributed to
antibiotic resistance. Crowded camps and unsanitary
conditions can also facilitate the spread of resistant bacteria
as per the documentation by Zhao et al. [39]. Arshad et al.
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[40] emphasized comparable findings in their article,
associating the emergence of wastewater bacterial
communities in lower-middle-income countries with the
unjudicial use of antimicrobial agents.In this particular
scenario, sewage surveillance offers a thorough
understanding of the microbial dynamics as well as changes
in occurrence and abundance of antibiotic-resistant bacteria,
linked to the movement of migrant labourers allowing for
proactive public health measures to be implemented to
protect both migrant populations and the communities they
interact with, specifically in a complex ecosystem as the
Indian Sundarbans.

CONCLUSION

Data from WBE can guide specific public health actions
aimed at reducing the transmission of infectious diseases
among migrant labourers and the broader population. These
actions may encompass launching vaccination drives,
enhancing sanitation facilities, and bolstering health
education programs. By quantifying concentration of specific
pathogens in sewage, researchers can have an estimate of the
number of infected individuals in a community, even if they
are not diagnosed. This information can be used to predict
future outbreaks and allocate resources effectively. In a
nutshell our study suggests that the reverse migration of wage
labour during the COVID 19 pandemic posed an adverse
effect on the overall microbial dynamics of the region.
However, this study underscores the importance of utilizing
metagenomics-guided wastewater surveillance as an efficient
and cost-effective way to gain valuable insights into the
community health and to inform public health policies.
Additionally, this study emphasizes the need for careful
monitoring and adjustments to sewage system operations to
maintain effectiveness amidst demographic changes.

DECLARATION

Authorship contributions

Rupsha Karmakar: Investigation, Formal analysis,
Writing  Original Draft, Mahashweta Mitra Ghosh:
Supervision, Resources, Funding acquisition; Sayak Ganguli:
Conceptualization, Investigation, Supervision, Funding
acquisition, Writing Review & Editing, All authors approve
the final version of the manuscript.

Acknowledgements

The authors acknowledge the Intramural grant
(IMSXC2022-23/010) and (IMSXC2023-24/003) of St
Xavier’s College (Autonomous) Kolkata awarded to Dr.


https://jabsonline.org/index.php/jabs

Karmakar et al., 2025

Mahashweta Mitra Ghosh and Dr.
respectively along with the DBT Grant
(BT/INF/22/SP41296/2020) from the Department of
Biotechnology, Government of India for the necessary
infrastructure and other facilities. We would also like to
acknowledge Mr. Kaustav Mondal for initial curation of the
data.

Sayak Ganguli

Funding

Intramural grant (IMSXC2022-23/010) and
(IMSXC2023-24/003) of St. Xavier’s College (Autonomous)
Kolkata awarded to Dr. Mahashweta Mitra Ghosh and Dr.
Sayak Ganguli respectively. DBT Grant
(BT/INF/22/SP41296/2020)  from Department  of
Biotechnology, Government of India.

the

Ethics approval and consent to participate

Not Applicable as no human/animal samples or
respondents were recruited for the study and only
environmental samples were analysed.

Competing interests
The authors declare no competinginterest.

REFERENCES
[1]  IPCC (2007): Climate Change 2007: Synthesis Report. In: Pachauri,
R. K., Reisinger, A. (eds.) Contribution of Working Groups |, Il and
111 to the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change, IPCC, Geneva, Switzerland.
https://www.ipcc.ch/report/ar4/syr/

Pramanik, M., Szabo, S., Pal, 1., Udmale, P., O’Connor, J., Sanyal,
M., Roy, S., Sebesvari, Z. (2021): Twin disasters: tracking COVID-
19 and cyclone Amphan’s impacts on SDGs in the Indian
Sundarbans. Environment: Science and Policy for Sustainable
Development 63(4):20-30.
https://doi.org/10.1080/00139157.2021.1924575

Chowdhury, A. N., Roy, S., Brahma, A. (2022): COVID-19
lockdown and distressed reverse migration enhance human-tiger
conflict in Sundarban: An eco-psychiatric observation. Indian Journal
of Psychiatry 64(4):418-22.
https://doi.org/10.4103/indianjpsychiatry.indianjpsychiatry 997 21

Kumar, M., Dwivedi, S. (2020): Impact of coronavirus imposed
lockdown on Indian population and their habits. International Journal
of Health Sciences and Research 5(2):88-97.
https://doi.org/10.52403/ijhsr.20200413

Sahas, J. (2020): Voices of the invisible citizens: a rapid assessment
on the impact of COVID-19 lockdown on internal migrant workers.
Aajeevika Bureau, New Delhi, India.https://jansahas.org.

Hans, A., Kannabiran, K., Mohanty, M. (2021): Migration, workers,
and fundamental freedoms: Pandemic vulnerabilities and states of
exception in India. Taylor & Francis. India.
https://doi.org/10.4324/9781003145509

Basu, J. (2020). People rush back to the Sundarbans, untested.
https://www.thethirdpole.net/en/climate/people-rush-back-to-the-
sundarbans-untested/

[2]

[3]

[4]

[5]

[6]

[71

162

(8]

(9]

[10]

[11]

[12]

(13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

Jamal, S., Ghosh, A., Hazarika, R., Sen, A. (2022): Livelihood,
conflict and tourism: An assessment of livelihood impact in
Sundarbans, West Bengal. International Journal of Geoheritage and
Parks 10(3):383-99. https://doi.org/10.1016/j.ijgeop.2022.07.004

Davenport, L., Pasat-Karasik, C., Shukla, D., Gabriele, M., Gerenia,
M., Schlussel, K., Haas, I., Berryhill, R., Choudhury, S., Ratnani, P.,
Shukla, B. (2021): Pd03-06 social determinants contribute to
disparities in clinical outcome from covid-19: data from a multi-
ethnic cohort of cancer patients. Journal of Urology 206(Supplement
3):e45. https://doi.org/10.1097/JU.0000000000001967.06

Martinez-Urtaza, J., Powell, A., Jansa, J., Rey, J. L., Montero, O. P.,
Campello, M. G., Lépez, M. J., Pousa, A., Valles, M. J., Trinanes, J.,
Hervio-Heath, D. (2016): Epidemiological investigation of a
foodborne outbreak in Spain associated with US West Coast
genotypes of Vibrio parahaemolyticus. Springerplus 5:  1-8.
.https://doi.org/10.1186/s40064-016-1728-1.

Mukhopadhyay, P. (2021): Leaving home, coming home: The
uncertain lives of the Sundarban migrants during the global
pandemic. Society and Culture in South Asia7(1): 112-118.
https://doi.org/10.1177/2393861720975117.

Chen, J., Mueller, V. (2018): Coastal climate change, soil salinity and
human migration in Bangladesh. Nature Climate Change 8(11): 981-
985. https://www.nature.com/articles/s41558-018-0313-8

Zhu, Y. G., Gillings, M., Simonet, P., Stekel, D., Banwart, S.,
Penuelas, J. (2018): Human dissemination of genes and
microorganisms in Earth's Critical Zone. Global Change Biology
24(4):1488-1499. https://doi.org/10.1111/gcb.14003

Ortiz, D. I., Piche-Ovares, M., Romero-Vega, L. M., Wagman, J.,
Troyo, A. (2021): The impact of deforestation, urbanization, and
changing land use patterns on the ecology of mosquito and tick-borne
diseases in Central America. Insects13(1): 20.
https://doi.org/10.3390/insects13010020

Hale, R. C., Seeley, M. E., La Guardia, M. J., Mai, L., Zeng, E. Y.
(2020): A global perspective on microplastics. Journal of Geophysical
Research: Oceans 125(1):e2018JC014719.
https://doi.org/10.1029/2018JC014719

Karkman, A., Do, T. T., Walsh, F., Virta, M. P. (2018). Antibiotic-
resistance genes in waste water. Trends in Microbiology 26(3): 220-
228. https://doi.org/10.1016/j.tim.2017.09.005

Diamond, M. B., Keshaviah, A., Bento, A. I, Conroy-Ben, O.,
Driver, E. M., Ensor, K. B., Halden, R. U., Hopkins, L. P., Kuhn, K.
G., Moe, C. L., Rouchka, E. C. (2022):Wastewater surveillance of

pathogens can inform  public  health  responses. Nature
Medicine28(10):1992-1995. https://doi.org/10.1038/s41591-022-
01940-x

Sharma, R., Verma, N., Lugani, Y., Kumar, S., Asadnia, M. (2021):
Conventional and advanced techniques of wastewater monitoring and
treatment. In: Inamuddin, Boddula, R., Asiri A.M. (eds.) Green
sustainable process for chemical and environmental engineering and
science, Elsevier, Amsterdam, Netherlands; Oxford, UK ; Cambridge.
https://doi.org/10.1016/B978-0-12-821883-9.00009-6

Zulkifli, S. N., Rahim, H. A., Lau, W. J. (2018): Detection of
contaminants in water supply: A review on state-of-the-art monitoring
technologies and their applications. Sensors and Actuators B,
Chemical 255: 2657-2689. https://doi.org/10.1016/j.snb.2017.09.078

Weber, N., Liou, D., Dommer, J., MacMenamin, P., Quifiones, M.,
Misner, 1., Oler, A. J., Wan, J., Kim, L., Coakley McCarthy, M.,
Ezeji, S., Noble, K., & Hurt, D. E. (2018): Nephele: a cloud platform
for simplified, standardized and reproducible microbiome data
analysis. Bioinformatics  (Oxford, England) 34(8): 1411-1413.
https://doi.org/10.1093/bioinformatics/btx617

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C.
C., Al-Ghalith, G. A., Alexander, H., Alm, E. J., Arumugam, M.,
Asnicar, F., Bai, Y. (2019): Reproducible, interactive, scalable and
extensible microbiome data science using QIIME 2. Nature



https://doi.org/10.1080/00139157.2021.1924575
https://jansahas.org/
https://www.thethirdpole.net/en/climate/people-rush-back-to-the-sundarbans-untested/
https://www.thethirdpole.net/en/climate/people-rush-back-to-the-sundarbans-untested/
https://doi.org/10.1186/s40064-016-1728-1
https://doi.org/10.1177/2393861720975117
https://www.nature.com/articles/s41558-018-0313-8
https://doi.org/10.1016/B978-0-12-821883-9.00009-6

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Biotechnology 37(8): 852-857. https://doi.org/10.1038/541587-019-
0209-9

Oliveros, J. C. (2007-2015): Venny. An interactive tool for comparing
lists with Venn's diagrams.
https://bioinfogp.cnb.csic.es/tools/venny/index.html

Dhariwal, A., Chong, J., Habib, S., King, I. L., Agellon, L. B., Xia, J.
(2017): MicrobiomeAnalyst: a web-based tool for comprehensive
statistical, visual and meta-analysis of microbiome data. Nucleic
Acids Research 45(W1): W180-W188.
https://doi.org/10.1093/nar/gkx295

Khan, A., Arokkiaraj, H. (2021): Challenges of reverse migration in
India: a comparative study of internal and international migrant
workers in the post-COVID economy. Comparative Migration
Studies9(1): 49. https://doi.org/10.1186/s40878-021-00260-2

Behera, M., Mishra, S., & Behera, A. R. (2021): The COVID-19-Led
Reverse Migration on Labour Supply in Rural Economy: Challenges,
Opportunities and Road Ahead in Odisha. The Indian Economic
Journal 69(3): 392-409. https://doi.org/10.1177/00194662211013216

World Bank. (2021): World development report 2021: Data for better
lives. https://wdr2021.worldbank.org/

Irudaya Rajan, S., Sivakumar, P., Srinivasan, A. (2020): The COVID-
19 pandemic and internal labour migration in India: A ‘crisis of
mobility’. The Indian Journal of Labour Economics 63: 1021-1039.
https://doi.org/10.1007/s41027-020-00293-8

Smith, E. C., Brigman, H. V., Anderson, J. C., Emery, C. L., Bias, T.
E., Bergen, P. J., Landersdorfer, C. B., Hirsch, E. B. (2020):
Performance of four fosfomycin susceptibility testing methods against
an international collection of clinical Pseudomonas aeruginosa
isolates. Journal of Clinical Microbiology 58(10): 10-1128.
https://doi.org/10.1128/JCM.01121-20

Tham N, Fazio T, Johnson D, Skandarajah A, Hayes IP (2022):
Hospital Acquired Infections in Surgical Patients: Impact of
COVID-19-Related Infection Prevention Measures. World journal of
surgery46(6):1249-58. https://doi.org/10.1007/s00268-022-06539-4

Rohilla, R., Raina, D., Singh, M., Pandita, A. K., Patwal, S. (2021):
Evaluation of Sphingomonaspaucimobilis as an emerging nosocomial
pathogen in a teaching hospital in Uttarakhand. Iranian Journal of
Microbiology 13(5): 617. https://doi.org/10.18502/ijm.v13i5.7425

Nandi, A., Pecetta, S., & Bloom, D. E. (2023): Global antibiotic use
during the COVID-19 pandemic: analysis of pharmaceutical sales
data from 71 countries, 2020-2022.EClinicalMedicine 57:101848.
https://doi.org/10.1016/j.eclinm.2023.101848

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

J. Appl. Biol. Sci., 19(2): 148-163, 2025; jabsonline.org

Khurana, S., Singh, P., Sharad, N., Kiro, V.V., Rastogi, N., Lathwal,
A., Malhotra, R., Trikha, A., Mathur, P. (2021): Profile of co-
infections & secondary infections in COVID-19 patients at a
dedicated COVID-19 facility of a tertiary care Indian hospital:
implication on antimicrobial resistance. Indian Journal of Medical
Microbiology 39(2): 147-153.
https://doi.org/10.1016/j.ijmmb.2020.10.014

National Centre for Disease Control. National Programme on AMR
Containment. Ministry of Health and Family Welfare, Government of
India. https://ncdc.mohfw.gov.in/national-programme-on-amr-
containment

Chattopadhyay, S. (2020): COVID-19 and the Way Forward: A Story
of Livelihoods from Coastal Rural Sundarbans, West
Bengal.SocArXiv.https://doi.org/10.31235/osf.io/c2vd5

Dhar, G. A., Chaudhuri, D., Mallick, B., Ganguli, S. (2024): Insights
into Economically important Endophytic and Rhizospheric bacteria of
True Mangroves of Indian Sundarbans using high throughput
mapping. In: Sharma, H., Joshi, S. J. (eds.) Biotechnology of
Emerging  Microbes, Academic Press Publishing, India.
https://doi.org/10.1016/B978-0-443-15397-6.00015-2

Gu, Q., Sun, M., Lin, T., Zhang, Y., Wei, X., Wu, S., Zhang, S.,
Pang, R., Wang, J., Ding, Y., Liu, Z. (2022): Characteristics of
antibiotic resistance genes and antibiotic-resistant bacteria in full-
scale drinking water treatment system using metagenomics and
culturing. Frontiers in Microbiology 12: 798442.
https://doi.org/10.3389/fmich.2021.798442

Fang, H., Han, L., Zhang, H., Long, Z., Cai, L., Yu, Y. (2018):
Dissemination of antibiotic resistance genes and human pathogenic
bacteria from a pig feedlot to the surrounding stream and agricultural
soils. Journal of Hazardous Materials357: 53-62.
https://doi.org/10.1016/j.jhazmat.2018.05.066

Khmelevtsova, L. E., Sazykin, I. S., Azhogina, T. N., Sazykina, M. A.
(2022): Influence of agricultural practices on bacterial community of
cultivated soils. Agriculture 12(3): 371.
https://doi.org/10.3390/agriculture12030371

Zhao, L., Lv, Z,, Lin, L., Li, X., Xu, J., Huang, S., Chen, Y., Fu, Y.,
Peng, C., Cao, T., Ke, Y. (2023): Impact of COVID-19 pandemic on
profiles of antibiotic-resistant genes and bacteria in hospital
wastewater. Environmental Pollution 334: 122133.
https://doi.org/10.1016/j.envpol.2023.122133

Arshad, A. R, ljaz, F., Siddiqui, M. S., Khalid, S., Fatima, A., Aftab,
R. K. (2021): COVID-19 pandemic and antimicrobial resistance in
developing countries. Discoveries 9(2).
https://doi.org/10.15190/d.2021.6

Publisher’s note:Anatolia Academy of Sciences Ltd. remains neutral with regard to jurisdictional claims in published maps and institutional

affiliations.

Open Access: This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation,

distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit https://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

163


https://jabsonline.org/index.php/jabs
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1177/00194662211013216
https://doi.org/10.31235/osf.io/c2vd5
https://doi.org/10.1016/B978-0-443-15397-6.00015-2
https://doi.org/10.3389/fmicb.2021.798442
https://doi.org/10.15190/d.2021.6
https://creativecommons.org/licenses/by/4.0/

