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cent advances in Next-Generation Sequencing (NGS) have revolutionized genomic sur-

veillance, enabling near real-time monitoring of pathogens at the genetic level. This study
l @ @ explores the integration of real-time genomic surveillance with epidemiological models to

enhance disease intervention planning. We examine how combining genomic data with
models like Susceptible-Infectious-Recovered (SIR) and Susceptible-Exposed-Infectious-

[his work s licensed under a Recovered (SEIR) improves outbreak forecasting, facilitates early detection of new vari-
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International License ants, and provides actionable insights for targeted interventions. The integration of NG5S

data allows for more precise transmission network mapping, better-informed resource al-
location, and dynamic policy adjustments. However, challenges persist, including tech-

nical limitations, data privacy concerns, and equity in global surveillance capacities. The
findings suggest that genomic integration enhances epidemic prediction and response but
requires robust policy frameworks, equitable data-sharing practices, and continuous ca-
pacity-building efforts in low- and middle-income regions. The future of infectious disease
control hinges on advancing technologies like artificial intelligence (Al), cloud computing,
and machine learning to improve predictive accuracy and support real-time decision-mak-
ing. This review underscores the potential of genomic surveillance to transform public
health strategies and outlines key steps for effective global collaboration.
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Introduction

Infectious disease surveillance has always been a
cornerstone of public health practice, forming the basis
for detecting, tracking, and mitigating outbreaks. Tra-
ditional surveillance approaches rely heavily on clinical
reporting, laboratory confirmation, and epidemiologi-
cal investigations. While valuable, these approaches of-
ten struggle with delays, underreporting, and limited
resolution for characterizing pathogen diversity and
transmission pathways [1]. Genomic surveillance, par-
ticularly through the application of high-throughput se-
quencing technologies, has emerged as a transforma-
tive tool that enhances the capacity of public health sys-
tems to observe pathogens at the molecular level and in
near real time [2, 3]. By capturing the genetic blueprint
of infectious agents, genomic surveillance enables
health authorities to detect emerging variants, monitor
transmission dynamics, and generate actionable in-
sights that inform intervention strategies with unprece-
dented precision.

Next-Generation Sequencing (NGS) lies at the
heart of contemporary genomic surveillance. NGS plat-
forms allow comprehensive sequencing of pathogen ge-
nomes rapidly and at progressively lower costs com-
pared with traditional methods, such as Sanger se-
quencing [4]. This high-resolution capacity is especially
important for identifying genomic mutations that can
alter virulence, transmissibility, and resistance to thera-
peutics or vaccines [2]. During the COVID-19 pan-
demic, for example, real-time NGS enabled the identifi-
cation and tracking of SARS-CoV-2 variants, providing
critical data that shaped global public health responses
and vaccine development efforts [3]. These capabilities
have accelerated a paradigm shift within infectious dis-
ease surveillance, transforming it from reactive and ret-
rospective analysis to proactive, data-driven deci-
sion-making frameworks that can anticipate pathogen
evolution and guide interventions.

The significance of integrating genomic data into
disease monitoring becomes even clearer when we con-
sider the limitations of classical surveillance alone. Tra-
ditional methods, while essential, often provide only
coarse levels of resolution, frequently missing subtle
but important evolutionary changes that affect out-
break dynamics [1]. Genomic sequencing, particularly
whole-genome sequencing, enriches surveillance by
pinpointing exact genetic differences between pathogen
samples, enabling precise differentiation between out-
break strains and sporadic cases [5]. This high level of
specificity is crucial for understanding patterns of path-
ogen spread, identifying sources of infection, and rap-
idly adjusting public health interventions. Moreover,

genomic data facilitate the study of antimicrobial re-
sistance evolution, helping to anticipate resistance
trends and guide stewardship programs [2].

Epidemiological models — such as Suscepti-
ble-Infectious-Recovered (SIR) and its derivatives —
are foundational tools for understanding and forecast-
ing disease spread at the population level. These com-
partmental frameworks categorize individuals by infec-
tion status and describe transitions over time, provid-
ing estimates of key parameters like the basic reproduc-
tion number (R0), incidence rates, and outbreak dura-
tion [6, 7]. Such models inform decisions about vaccine
allocation, social distancing policies, contact tracing,
and other control measures by simulating the potential
impact of interventions before they are implemented.
However, when used in isolation, model predictions
may lack the biological granularity needed to fully cap-
ture the heterogeneity of pathogen behavior in real pop-
ulations. This depends on external data to inform pa-
rameters and validate results, limiting their utility
when critical genomic information is absent.

The integration of real-time genomic surveillance
with epidemiological models bridges this gap, creating
synergistic insights that enhance intervention planning.
Combining NGS data with dynamic models allows re-
searchers to refine parameter estimates, improve accu-
racy in estimating transmission networks, and better
understand how genetic variation influences epidemic
trajectories [8, 9]. Studies integrating genomic and tem-
poral data demonstrate how combined approaches can
reconstruct transmission clusters and reveal the emer-
gence of novel variants earlier than surveillance alone
[8]. By incorporating both genomic and epidemiological
inputs, integrated frameworks support more precise
outbreak forecasting and provide evidence that can
drive adaptive public health strategies, from targeted
vaccination to localized non-pharmaceutical interven-
tions.

Despite these advances, challenges remain that
hinder widespread implementation of integrated sur-
veillance and modeling systems, including technologi-
cal barriers, data sharing constraints, and uneven ca-
pacity across regions. This narrative review aims to syn-
thesize current knowledge on the integration of
real-time genomic surveillance (NGS) with epidemio-
logical models for infectious disease intervention plan-
ning. Specifically, it examines the methods and practi-
cal frameworks that combine genomic and epidemio-
logical data, evaluates their contributions to public
health decisionmaking, identifies limitations and gaps
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in current practice, and highlights opportunities for fu-
ture research and policy development. Through an
in-depth exploration of these intersections, this review
seeks to offer researchers and practitioners a clearer un-
derstanding of how connected genomic and modeling

Methodology

A systematic literature search was conducted in
several electronic databases, including PubMed, Di-
mensions, and Google Scholar. The search strategy em-
ployed a combination of key terms such as "Next-Gen-

"non

eration Sequencing", "genomic surveillance", "epidemi-
ological models", "infectious disease intervention", and
"outbreak forecasting" to capture relevant studies pub-
lished between 2010 and 2025.

The inclusion criteria focused on peer-reviewed
articles, reviews, and studies that discussed the appli-
cation of NGS in infectious disease surveillance and its
integration with epidemiological models. Exclusion cri-
teria included studies that did not address NGS tech-
nologies or epidemiological modeling, and articles pub-
lished in languages other than English.

approaches can improve outbreak prediction and inter-
vention effectiveness in diverse epidemiological con-
texts.

Data extraction involved summarizing key find-
ings from the included studies, including the methods
of integration between genomic data and epidemiolog-
ical models, their applications in outbreak forecasting,
and their impact on intervention strategies. A thematic
synthesis approach was used to categorize the findings
into broader themes, such as enhanced outbreak predic-
tion, variant tracking, and resource allocation.

The results were presented through a narrative
synthesis, highlighting the strengths and challenges of
integrating genomic surveillance with epidemiological
models and offering insights into future directions for
global health surveillance strategies.

Understanding Genomic Surveillance and NGS Technology

Next-Generation Sequencing (NGS) represents a
fundamental shift in how scientists read, interpret, and
employ genetic information for public health. Where
DNA sequencing once required years of painstaking la-
boratory work and high cost, NGS allows millions of
DNA fragments to be sequenced simultaneously, dra-
matically reducing both time and resources needed for
whole genome analysis [10]. These parallel sequencing
approaches have matured over three generations of se-
quencing technologies, beginning with the first-genera-
tion methods like Sanger sequencing and evolving to
high-throughput second-generation platforms such as
INlumina, Ion Torrent, and third-generation long-read
technologies like Oxford Nanopore and Pacific Biosci-
ences that can sequence entire molecules without am-
plification [10, 11]. This evolution underpins genomic
surveillance as it is practiced today, enabling public
health systems to observe pathogen genomes in real
time and with deep resolution.

Genomic surveillance refers to the systematic col-
lection, analysis, and interpretation of pathogen ge-
nome data to understand infectious disease dynamics
at the molecular level. Unlike classical epidemiology,
which draws primarily on case counts, symptom re-
ports, and contact tracing, [3]. This molecular perspec-
tive enhances traditional surveillance by revealing
transmission chains, detecting emerging variants before
they become dominant, and uncovering subtle genetic
changes linked to antimicrobial resistance or altered

virulence [3]. With the advent of affordable and scalable
sequencing technologies, genomic surveillance has
emerged as an essential tool for monitoring diseases
from foodborne outbreaks to global pandemics, as it
provides both breadth and depth of information not
achievable through conventional methods alone [12].

At its core, NGS technology revolutionized ge-
nomic surveillance through its ability to sequence vast
amounts of nucleic acid simultaneously. Classical
methods such as Sanger sequencing required targeted
amplification of specific genomic regions and were lim-
ited by both scale and cost. In contrast, NGS platforms
fragment genomes into millions of overlapping short
reads that are sequenced in parallel and then reassem-
bled into complete or near-complete genomes by bioin-
formatics tools[10, 13]. These workflows support multi-
ple genomic approaches, including whole-genome se-
quencing (WGS), targeted sequencing, and meta-
genomic sequencing. WGS analyzes the entire genome
of a pathogen, offering the highest resolution for char-
acterizing genetic variations and phylogenetic relation-
ships [14]. Targeted sequencing enriches for genomic
regions of interest, enhancing sensitivity for known
genes or markers, while metagenomic sequencing — es-
pecially useful for samples where the pathogen is un-
known or present at low abundance — captures all ge-
netic material in a specimen, including host and micro-
bial DNA, without prior culture [13].
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To appreciate how NGS fits within the broader
landscape of genomic surveillance methods, Table 1
provides a comparative overview of major genomic
surveillance techniques, including PCR-based tools and
culture-based approaches. This table highlights differ-
ences in sensitivity, turnaround time, cost, and applica-

tion scope between contemporary high-resolution ge-
nomic methods and traditional laboratory diagnostics.
Understanding these distinctions is important for both
researchers and public health practitioners as they de-
sign surveillance strategies tailored to specific patho-
gens, populations, and resource settings.

Table 1: Overview of Different Genomic Surveillance Methods

Method Description Sensitivity/Re | Time to | Cost Usage Context
solution Result
Whole-Genome | Comprehensive Very high | ~24-72h Moderate to High | Outbreak investigation,
Sequencing sequencing of pathogen | genetic transmission tracking,
(WGS) genomes to  detect | resolution, AMR surveillance
mutations and strain | strain level
differences
Targeted NGS Sequencing of specific | High for | ~24-48 h Moderate Focused surveillance (e.g.,
genomic regions using | chosen targets resistance genes)
probes or multiplex
PCR
Metagenomic Unbiased sequencing of | Broad ~24-72h High Unknown or polymicrobial
NGS (mNGS) all DNA/RNA in a | detection of infections, pathogen
sample, culture-free known/novel discovery
pathogens
PCR-based Amplifies specific gene | Moderate Hours to | Low to Moderate | Basic strain typing,
Typing (e.g., | targets to infer strain days small-scale surveillance
MLST, rep-PCR) | differences
Culture-based Traditional growth of | Variable; high | Days to | Variable Clinical diagnosis,
Diagnoses pathogens in laboratory | for culturable | weeks antimicrobial susceptibility
media organisms phenotyping

[Sources: Compiled and synthesized from Illumina (n.d.) [12]; Papamentzelopoulou et al. (2025) [14]; Tiwari (2025) [3]; Cason et al. (2022) [15]; Lai et al.

(2025) [16]]

Table 1 illustrates why NGS methods have be-
come indispensable. Whole-genome sequencing, for ex-
ample, delivers strain-level resolution that can trace
transmission pathways across geographical and tem-
poral scales. This depth is critical during outbreaks of
rapidly mutating viruses or bacterial pathogens that de-
velop resistance. Metagenomic NGS extends surveil-
lance into cases where culture-dependent methods fail,
such as detecting hard-to-grow pathogens directly from
clinical or environmental samples [13]. In contrast, PCR
and culture remain valuable for baseline surveillance

and clinical diagnostics, especially where resources are
limited, but they lack the comprehensive detection ca-
pacity and resolution of NGS-based approaches.

A defining strength of NGS in genomic surveil-
lance is its ability to generate data that simultaneously
inform multiple facets of disease dynamics. Because
NGS does not require prior knowledge of the pathogen
(unlike PCR, which needs target-specific primers), it
can identify unexpected or emerging agents in a single
run [16]. Moreover, combining sequencing with bioin-
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formatics analysis supports identification of antimicro-
bial resistance genes, virulence factors, and phyloge-
netic relationships, thus informing both clinical and
public health responses [14]. This versatility enables a
shift from reactive outbreak confirmation to proactive
surveillance and early warning systems, where changes
in pathogen genomes can signal shifts in transmission
potential or therapeutic vulnerability ahead of clinical
trends.

Understanding genomic surveillance and NGS
technology provides essential context for exploring

Epidemiological Models: An Overview

Epidemiological models stand at the heart of un-
derstanding and responding to infectious disease out-
breaks. These models are mathematical constructs that
simplify complex biological processes so that public
health officials, researchers, and policymakers can an-
ticipate disease trajectories, evaluate control strategies,
and allocate limited resources more effectively. Among
the earliest and most foundational of these models are
compartmental frameworks, which segment a popula-
tion into distinct categories or “compartments” based
on disease status. The Susceptible-Infectious-Recovered
(SIR) model, originally formalized by Kermack and
McKendrick in the early 20th century, represents one of
the most enduring and influential compartmental
frameworks in epidemiology [17, 18]. In its simplest
form, the SIR model depicts how susceptible individu-
als become infected and then recover, providing in-
sights into dynamics such as the rate of spread and the
eventual size of an outbreak.

Classical models such as SIR are grounded in dif-
ferential equations that describe how individuals tran-
sition between states over time [17]. Susceptible indi-
viduals (S), who have not yet encountered the patho-
gen, may become infectious (I) after exposure; those
who recover (R) are assumed to gain immunity or be
removed from the pool of those capable of further trans-
mission. The rates of these transitions depend on key
parameters such as the transmission rate and recovery
rate, which dictate how quickly a disease spreads and
how long individuals remain infectious. The basic re-
production number, RO, emerges from this framework
as a central concept defining whether a disease will ex-
pand or die out in a population: when RO exceeds unity,
each infected individual, on average, infects more than
one other person, making sustained transmission likely
[7,17].

More sophisticated models have evolved from
this foundational SIR structure to capture additional bi-

how these systems integrate with epidemiological mod-
els in infectious disease intervention planning. NGS
platforms and analytical strategies have matured to the
point where they no longer serve solely as research
tools but form the backbone of modern public health
surveillance. When combined with other data sources
and analytical frameworks, such as dynamic transmis-
sion models, genomic surveillance contributes not only
to deeper biological understanding but also to evi-
dence-based policy decisions that can save lives and
guide resource allocation during health emergencies.

ological and social complexity. For instance, the Suscep-
tible-Exposed-Infectious-Recovered (SEIR) model in-
troduces an “exposed” compartment to account for in-
cubation periods in which individuals have been in-
fected but are not yet infectious [19]. This extension pro-
vides a more accurate representation of diseases with
substantial latent periods — for example, influenza and
COVID-19 — where there is a meaningful delay be-
tween exposure and onward transmission. Other vari-
ants include models that incorporate vaccinated indi-
viduals, age structure, spatial heterogeneity, and addi-
tional states reflecting hospitalization or quarantine.
Such extensions reflect the recognition that real-world
epidemics are influenced by many factors beyond sim-
ple infection and recovery transitions, including behav-
ior, immunity, and public health interventions [19, 20].

While these compartmental frameworks have
been invaluable for simulating disease progression,
they traditionally depend on aggregate epidemiological
data such as incidence, prevalence, and mortality
counts. Outcomes from these models are primarily
driven by changes in population-level metrics over
time. However, when genomic data enters the equation,
models gain a new dimension of biological specificity
and predictive nuance. Integration of genomic sequenc-
ing information with classical epidemiological models
— often termed phylodynamic modeling in the litera-
ture — allows models to simultaneously account for the
evolutionary history of pathogens and their transmis-
sion dynamics in populations [8]. For example, meth-
ods such as birth—death SIR models combine phyloge-
netic inference with compartmental dynamics to jointly
estimate epidemic parameters and the genealogical his-
tory of viral sequences, providing richer insights into
how infection spread and diversification occurred [21].

Incorporating genomic data into epidemiological
models enhances their precision in several ways. First,
sequence variation acts as a molecular record of trans-
mission events, enabling inference about who infected
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whom, even when epidemiological links are not di-
rectly observed in case reports [8]. Second, genomic
data provide resolution for distinguishing between
multiple introductions of a pathogen into a community
versus sustained local transmission, which is critical for
tailoring intervention strategies. Third, genetic signals
can reveal changes in pathogen traits — such as in-
creased transmissibility or immune escape — that influ-
ence model parameters and, consequently, projections
of epidemic trajectories. These integrative approaches
have been essential during recent outbreaks, including
Ebola and COVID-19, where rapid sequencing in-
formed dynamic estimates of transmission rates and
guided targeted control efforts [8, 22].

To conceptualize how traditional epidemiological
models intersect with genomic surveillance data, Figure
1 presents a flowchart depicting how NGS outputs are
integrated with compartmental model frameworks. The
chart begins with real-time sequencing of pathogen ge-
nomes collected from surveillance systems. Raw se-
quence data enter a bioinformatics pipeline for quality
control, alignment, and variant calling. Cleaned ge-
nomic profiles then feed into phylogenetic analyses that
reconstruct patterns of relatedness among isolates.
These phylogenetic insights can be translated into
quantities such as effective population size or transmis-
sion clusters. Meanwhile, temporal case data continue
to populate the epidemiological model. At the conver-
gence point, genomic and case data inform a hybrid
model that adjusts compartment transition rates and es-
timates underlying parameters such as the time-de-
pendent reproduction number (Rt). Outputs from this
integrated model inform public health decisions about
interventions such as social distancing guidelines, vac-
cination strategies, and travel restrictions.

The relevance of model parameters in infectious
disease control cannot be overstated. Transmission
rates reflect how frequently an infectious individual
passes the pathogen to susceptible hosts; recovery rates
determine how quickly individuals exit the infectious
pool. Other parameters, such as latency periods in SEIR
models, shape the timing of outbreaks and peak bur-
den. When genome-informed, these parameters also re-
flect the genetic diversification of pathogens, which can
affect transmissibility and immune recognition. The ef-
fective reproduction number, for instance, can vary
over time as new variants arise or as population im-
munity shifts — whether through infection, vaccina-
tion, or behavioral change. Integrating genomic data
enables models to dynamically adjust these parameters

based on observed genetic changes, offering a more nu-
anced projection of epidemic evolution than models
based solely on traditional epidemiological data.

Ultimately, epidemiological models remain the
scaffolding upon which much of infectious disease fore-
casting and intervention planning is built. Advances in
integrating real-time genomic surveillance transform
these models from abstractions based purely on com-
partment counts into biologically grounded frame-
works that capture the interplay between pathogen
evolution and population dynamics. This evolution —
from simple models like SIR to genomically enriched
phylodynamic frameworks — underscores a broader
shift toward precision public health, where data at mul-
tiple scales inform timely and effective responses to
emerging infectious threats.

Integration of Genomic Surveillance with
Epidemiological Models

Bioinformatics Pipeline @
(QC, Alignment, Variant Calling) ﬂ

Traditional
Epidemiological
Data
(Case Counts,
Onset Dates)

Integrated Epidemiological-Genomic
Model (e.g, Phylodynamic Model)

Model Outputs:
Rt , Transmission Clusters,

Forecasts

Inform Intervention Planning 6\
& & Public Health Strategies d
N B 9

Figure 1: Flowchart of Integration of Genomic

Surveillance in Epidemiological Models in Disease Sur-

veillance
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NGS Data Integration in Epidemiological Models

Integrating Next-Generation Sequencing (NGS)
data into epidemiological modeling marks one of the
most transformative advancements in infectious dis-
ease science over the last decade. At its essence, this in-
tegration merges genetic information from pathogens
with traditional disease surveillance inputs — such as
onset dates, case counts, geographic metadata, and con-
tact histories — enabling models to capture not just
“how many” cases are occurring but “how and why”
infections spread in particular patterns [3, 23]. Rather
than relying solely on temporal counts, integrated mod-
els leverage genomic sequences as additional evidence
of transmission continuity, directionality, and evolu-
tionary change, enriching model structures tradition-
ally built on compartmental dynamics (SIR/SEIR) or
statistical forecasting alone.

To understand how genomic data are embedded
in epidemiological models, it helps to conceptualize the
typical data pipeline. After pathogen genomes are se-
quenced via NGS technologies, raw reads undergo
stringent quality control, alignment, and variant call-
ing, producing high-confidence genomic profiles for
each sample. These profiles — often represented as con-
sensus sequences or SNP (single-nucleotide polymor-
phism) matrices — can be combined with sample
metadata (e.g., collection date, location, host clinical in-
formation) in phylogenetic or phylodynamic models
that reconstruct both evolutionary relationships and
transmission pathways [8, 23]. In this framework, phy-
logenetic trees provide a scaffold for hypothesized ge-
netic linkage among isolates, while epidemiological
data anchor the timing, location, and context in which
these infection events occurred [8, 24]. The result is a
hybrid model that “triangulates” evidence from genetic
relatedness, temporal progression, and case character-
istics to infer quantities such as who infected whom, the
effective reproduction number (R;), and the relative
contribution of different transmission pathways.

One compelling illustration of this integration is
the use of transmission tree reconstruction algorithms
that marry genomic and epidemiological signals.
Duault and colleagues reviewed a family of methods
specifically designed to infer transmission trees — de-
tailed maps of infection event connections — by simul-
taneously incorporating genetic distances and case
metadata (e.g., onset dates, removal or recovery times).
Some approaches iterate between phylogenetic tree in-
ference and transmission inference, while others embed
both processes into a single probabilistic model that ac-
counts for within-host diversity, mutation rates, and the

timing of infections [8]. These transmission tree meth-
ods differ in complexity and assumptions but share the
core principle that sequence data and epidemiological
observations together produce far tighter estimates of
transmission pathways than either data type alone. This
integrated inference is especially pertinent in outbreaks
where traditional epidemiological links (e.g., contact
tracing records) are incomplete or ambiguous — a com-
mon scenario during large, fast-spreading epidemics.

The COVID-19 pandemic provided one of the
most extensive real-world laboratories for integrating
NGS data with epidemiological modeling. National and
international sequencing consortia — including re-
gional initiatives like the UK’s COVID-19 Genomics UK
Consortium (COG-UK) — generated hundreds of thou-
sands of whole viral genomes, which were then coupled
with detailed case metadata (collection dates, locations,
patient demographics) to monitor the emergence and
spread of key SARS-CoV-2 variants in near real time
[23, 25]. By feeding time-stamped genomic data into
phylodynamic models, researchers were able to esti-
mate the effective reproductive number of emerging
variants relative to ancestral strains, map their geo-
graphic expansion, and assess the impact of public
health interventions such as lockdowns and travel re-
strictions on slowing transmission [23, 25]. Without
such genomic integration, distinguishing between
slowed transmission due to an intervention versus
slowed reporting due to sampling lags would have re-
mained far more uncertain.

Other infectious diseases have similarly benefited
from this integrated modeling approach. A study re-
constructing tuberculosis transmission in British Co-
lumbia, Canada, demonstrated that combining patho-
gen genomes with epidemiological metadata — includ-
ing HIV status and social network information —
yielded more accurate reconstructions of outbreak clus-
ters than analyses relying only on genomic or case data
alone [24]. The inclusion of detailed epidemiological
metadata alongside sequence data allowed the model
not only to infer probable transmission links with
greater confidence but also to correlate transmission
dynamics with host factors such as comorbidities,
which can influence susceptibility and infectiousness.
In avian influenza outbreaks, integrated analyses that
used both spatial case data and genomic sequences
helped delineate how geographic spread intersected
with genetic diversification, offering insights into both
transmission routes and source populations [24]. These
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practical instances demonstrate that genomic integra-
tion is not a theoretical enhancement but a crucial com-
ponent of high-resolution outbreak understanding.

Despite these powerful outcomes, integrating
NGS data into epidemiological models is beset with no-
table challenges. A recurring issue highlighted across
multiple studies is data completeness and sampling
bias. While genomic data are insightful, they typically
represent only a subset of all infections, constrained by
sequencing capacity, sampling design, and logistical
limitations [24, 25]. When genome sequences are miss-
ing for key transmission links — a common occurrence
during early or uncontrolled outbreaks — inferred
transmission trees can be biased or uncertain, as the
model must reconcile incomplete genetic evidence with
observed case patterns. Even when genomic data are
available, inconsistent metadata (e.g.,, missing onset
dates, inconsistent geographic identifiers) degrade the
ability of models to leverage combined signals effec-
tively [24, 26].

Another set of challenges arises from computa-
tional complexity and model assumptions. Hybrid
models that integrate genome sequences with epidemi-
ological dynamics often require advanced statistical
frameworks such as Bayesian inference, coalescent the-
ory, or stochastic modeling, which are resource-inten-
sive and sensitive to prior assumptions about pathogen
mutation rates, transmission processes, and within-host
evolution [8, 24]. For fast-evolving pathogens like RNA
viruses, high mutation rates can yield complex phylog-
enies that, if modeled inadequately, may introduce in-
accuracies in the inferred transmission relationships.
Moreover, within-host diversity — the presence of mul-
tiple genetic variants within a single infected individual
— poses additional complications for models that as-
sume a single representative genome per case [26].

Integration across data systems and governance
also remains a structural barrier in many settings. Ge-
nomic data are typically stored in specialized databases
(e.g., GISAID, GenBank), while epidemiological case

data reside in public health information systems. Har-
monizing these data streams — particularly across in-
stitutional, national, or international boundaries — de-
mands interoperable standards, shared metadata
frameworks, and clear governance around data privacy
and sharing agreements [3, 26]. Without such integra-
tion, efforts to link genomic sequences with case data
can falter due to incompatible formats, missing identi-
fiers, or regulatory constraints.

Finally, interpretation and actionable translation
of integrated model outputs present another layer of
challenge. While integrated models produce rich esti-
mates — including reproduction numbers, transmis-
sion clusters, and lineage dynamics — translating these
outputs into clear public health guidance (e.g., prioritiz-
ing vaccination, imposing restrictions, targeting contact
tracing) requires sustained collaboration across disci-
plines. Public health decisionmakers must understand
not only what the model predicts but also its limitations
and uncertainty, especially when model outputs inform
high-stakes decisions during rapidly evolving out-
breaks.

Therefore, integrating NGS data into epidemio-
logical models has significantly advanced our capacity
to interpret infectious disease dynamics, enabling
fine-grained reconstructions of transmission pathways,
real-time monitoring of variant emergence, and en-
riched forecasting of epidemic trajectories. Case studies
in COVID-19, tuberculosis, and influenza illustrate both
the potential power and practical complexity of these
methods. Yet, realizing the full promise of genomic in-
tegration demands continued attention to data com-
pleteness, computational innovation, interoperable sys-
tems, and collaborative translation into public health
practice. As genomic technologies advance further and
integrated modeling frameworks continue to mature,
their application promises to strengthen both the scien-
tific understanding of pathogens and the strategic plan-
ning that protects populations from future infectious
threats.

Applications in Infectious Disease Intervention Planning

When public health systems face the relentless
challenge of infectious disease threats, the value of inte-
grating Next-Generation Sequencing (NGS) with epide-
miological models becomes acutely practical. Far be-
yond creating academic maps of pathogen evolution,
this integration yields real-world insights that help
planners decide when, where, and how to intervene.
During the COVID-19 pandemic and beyond, NGS-in-
formed models have shaped vaccination strategies,

guided non-pharmaceutical interventions, and en-
hanced the responsiveness of surveillance systems to
emerging risks. These applications illustrate how ge-
nomic information — interpreted not in isolation but
within dynamic disease models — can transform raw
data into actionable strategies that protect communi-
ties.

At the core of intervention planning lies the goal
of identifying patterns of transmission with fine-grain
clarity. Traditional models, which rely on case counts
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and reported exposures, are limited by reporting lags,
incomplete contact histories, and the inability to distin-
guish between genetically distinct strains that behave
differently in terms of transmissibility or immune es-
cape. Genomic surveillance closes this gap by providing
molecular signatures that signal how a pathogen is
spreading and evolving in almost real time [2, 3]. For
example, in the response to SARS-CoV-2, the continu-
ous sequencing of viral genomes enabled public health
authorities to detect “variants of concern” and “variants
under investigation” promptly, informing decisions
about border controls, resource allocation, and targeted
testing campaigns [27]. By merging these genetic in-
sights with temporal and geographic case data, models
began to reflect which variant was contributing most to
transmission at any given time, and how this influenced
the course of local outbreaks.

Embedded within this practical framework is the
power of genomic forecasting. Once genetic data are in-
tegrated into models, shifts in variant prevalence be-
come leading indicators rather than trailing observa-
tions. In applications where models were calibrated to
include mutation frequencies and strain-specific trans-
mission parameters, it became possible to anticipate not
just the next week’s caseload but the potential impact of
emergent mutations on future case trajectories [2].
These forecasts have direct consequences for vaccina-
tion planning. When models suggest that a new variant
exhibits partial immune escape — that is, reduced vac-
cine effectiveness — planners can respond by adjusting
vaccine composition, prioritizing booster campaigns, or
intensifying  non-pharmaceutical  public  health
measures in vulnerable areas [2, 28]. This capacity to
forecast variant impacts was unavailable to traditional
models devoid of genomic input.

The growing field of precision public health ex-
emplifies this translation of genomic data into actiona-
ble policy. Precision public health adapts principles
from precision medicine — targeting the right interven-
tion to the right population at the right time — to infec-
tious disease control by leveraging granular data across
diverse sources, including pathogen genomics, human
behavior, and environmental context [17]. In the Neth-
erlands, combined whole-genome sequencing and case
data were used to characterize community transmission
patterns of SARS-CoV-2, leading to more informed de-
cisions about mass gatherings and school closures than
would have been possible with classical surveillance
alone [17]. In such examples, genomic data help distin-
guish true community spread from isolated clusters,
shaping interventions that are proportionate and
well-timed.

Another practical application of genomic integra-
tion appears in antimicrobial resistance (AMR) surveil-
lance. By comparing pathogen genomes over time, NGS
identifies resistance genes and tracks their prevalence
within and across communities [3]. Models built
around such genomic insights can alert health systems
to spreading resistance faster than phenotypic testing
alone. In response, planners might adjust antibiotic
stewardship programs or deploy targeted infec-
tion-control measures in high-risk settings, such as hos-
pitals or long-term care facilities, where resistant strains
have taken hold [3, 29]. These responses, shaped by in-
tegrated models, strive not only to reduce current dis-
ease burden but to forestall future challenges that re-
sistant pathogens may present.

Successful genomic-assisted intervention plan-
ning also depends on standardized tools and shared
data ecosystems that support real-time analysis. Plat-
forms like GISAID and Nextstrain play central roles in
aggregating sequencing data from around the world
and rendering phylogenetic analyses accessible to pub-
lic health officials and researchers alike [30, 31]. With
more than 17 million SARS-CoV-2 genomes shared
globally, these platforms have enabled coordinated re-
sponses that transcend national boundaries, allowing
countries to observe rising variant trends abroad and
prepare their intervention strategies accordingly.
Shared lineage nomenclatures, like the Pango system,
help ensure that models interpret genomic signals con-
sistently, strengthening comparability and coordina-
tion across regions [32].

Despite these advances, practical challenges re-
main in the implementation of integrated genomic in-
tervention planning. Data gaps — arising from inequi-
table sequencing capacity, delayed sharing, or incom-
plete metadata — can skew model outputs and there-
fore the recommendations that flow from them. Re-
source constraints in low- and middle-income coun-
tries, where sequencing infrastructure and bioinformat-
ics expertise are less developed, can leave critical blind
spots in global surveillance networks and slow the de-
tection of emergent variants [29, 33]. Addressing these
disparities through capacity building and investment in
genomic infrastructure remains essential for enhancing
the effectiveness of intervention planning worldwide.

In summary, NGS-integrated models function as
powerful tools for guiding infectious disease interven-
tion strategies, enabling a nuanced understanding of
transmission dynamics, informing vaccination deci-
sions, and supporting outbreak predictions and re-
source deployments. By embedding genomic data into
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analytical frameworks that inform public health deci-
sions, planners can navigate the complex terrain of
evolving pathogens with evidence that is both timely
and biologically precise. As sequencing becomes more

widespread and integrated with ever-improving ana-
lytical models, this approach promises to make infec-
tious disease intervention more anticipatory, tailored,
and impactful.

Real-Time Genomic Surveillance for Emerging Infectious Diseases

Emerging infectious diseases present a persistent
and dynamic threat to global health security as popula-
tions grow, travel increases, and ecological interfaces
between humans and animals expand. In recent dec-
ades, outbreaks ranging from Ebola virus disease in
West Africa to the COVID-19 pandemic have under-
scored the limitations of conventional epidemiological
surveillance systems, which depend heavily on symp-
tom reporting, laboratory confirmations, and contact
tracing that often emerge too late to influence timely in-
terventions. The advent of real-time genomic surveil-
lance — enabled by rapid sequencing technologies and
high-throughput data pipelines — has reshaped how
outbreaks are detected, characterized, and contained,
placing genetic evidence at the core of real-world public
health decisionmaking.

Real-time genomic surveillance refers to the con-
tinuous generation and analysis of pathogen genetic se-
quences as outbreaks unfold. Unlike retrospective stud-
ies that analyze genomes after an epidemic wave has
passed, real-time systems seek to deliver actionable in-
sights within hours or days of sample collection. This
capacity has profound implications for how emerging
diseases are managed. During the Ebola outbreak in
West Africa, for example, mobile sequencing platforms
such as Oxford Nanopore’s MinION were deployed di-
rectly in outbreak zones, enabling researchers to gener-
ate and analyze genomes in less than 24 hours after a
positive sample was obtained. Such rapid turnaround
permitted high-resolution views of the Ebola virus’s
evolution and provided invaluable information to out-
break response teams about transmission chains and vi-
ral diversification during the crisis, even in re-
source-limited settings where conventional laboratory
infrastructure was sparse [34].

The COVID-19 pandemic amplified the visibility
and relevance of real-time genomic surveillance on a
global scale. Sequencing platforms and genomic con-
sortia — including regional collaborations and global
data repositories like GISAID — generated millions of
SARS-CoV-2 genomes within months of the virus’s
emergence. This unprecedented volume of data al-
lowed surveillance systems to track the appearance and
spread of viral variants in near real time, rather than
weeks or months later, providing early warnings when

mutations of potential clinical or epidemiological im-
portance emerged. Tools such as dynamic lineage clas-
sification systems (e.g.,, PANGO) and rapidly updated
phylogenetic trees enabled public health officials to vis-
ualize variant emergence and geographic expansion as
it occurred, boosting the speed and accuracy of their re-
sponses [30].

The impact of real-time genomic data on interven-
tion strategies is multifaceted. First, it improves detec-
tion and characterization of novel pathogens and vari-
ants early in their transmission cycles, allowing health
authorities to adjust diagnostic assays, refine case defi-
nitions, and update treatment protocols to align with
the most current genetic information. Early identifica-
tion of unique mutations can guide laboratory diagnos-
tic design and help prevent false negatives in molecular
tests — an essential feature in rapidly evolving out-
breaks. In addition, because genomic data capture evo-
lutionary changes that may influence traits like trans-
missibility or immune escape, they allow models to an-
ticipate shifts in epidemic behavior before they manifest
as clinical surges [3].

Second, real-time genomic surveillance enhances
epidemiological inference by differentiating between
multiple introductions of a pathogen and sustained lo-
cal transmission. For example, genomic analyses of im-
ported COVID-19 cases in Beijing revealed patterns of
transmission that could not have been distinguished
based on case counts alone — insights that helped eval-
uate the effectiveness of border screening policies and
targeted quarantines. By classifying sequences into dis-
crete genetic clusters linked to known exposure histo-
ries, models could attribute cases to international intro-
ductions versus community spread, refining public
health strategies accordingly [35].

Third, real-time sequencing supports variant
monitoring and risk assessment. As viral genomes ac-
cumulate mutations, some changes can confer biologi-
cal advantages — such as increased transmissibility or
reduced sensitivity to antibodies. When genomic sur-
veillance detects these variants early and in sufficient
concentration, intervention strategies can adapt
preemptively: vaccines can be updated, booster cam-
paigns can be timed and targeted, and non-pharmaceu-
tical measures like mask mandates or social distancing
can be calibrated in anticipation of waves driven by
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more transmissible strains. Without timely sequence
data, such pivotal decisions risk lagging behind the
pathogen’s spread, leading to preventable morbidity
and mortality [2].

The speed and accuracy afforded by real-time ge-
nomic approaches also enhance predictive modeling
and public health preparedness. Integrated epidemio-
logical models that incorporate real-time genomic data
generate more precise estimates of key transmission pa-
rameters — including reproductive numbers (R;), infec-
tion growth rates, and the effective impact of control
measures. These parameters are essential for modeling
scenarios under different intervention strategies, such
as vaccination prioritization or targeted closure poli-
cies. Models informed by real-time genomic signals
typically outperform those relying solely on case
counts, as genetic variation carries granular clues about
recent transmissions and emerging clusters that tradi-
tional metrics may obscure. Such precision supports ev-
idence-based decisions at the strategic and operational
levels of outbreak response [2].

Despite these strengths, real-time genomic sur-
veillance still faces implementation challenges that tem-
per its promise. Many low- and middle-income coun-
tries, particularly in sub-Saharan Africa and parts of
Asia and Latin America, lack sufficient sequencing in-
frastructure, trained personnel, and data analytics ca-
pacity to produce and interpret genomic data on a con-
tinuous basis. While more than half of African countries
have established in-country sequencing capabilities
since the COVID-19 pandemic, gaps remain in data in-
tegration, sustainable funding, and equitable access to
bioinformatics tools. These disparities can slow the gen-
eration of real-time insights and limit the global surveil-
lance network’s responsiveness to emerging threats [33]

Interoperability and data-sharing policies also in-
fluence the utility of real-time genomic surveillance.
Global repositories like GISAID have been central to
pandemic response by aggregating and disseminating
sequence data from around the world, but challenges
related to governance, data ownership, and equitable
participation persist. Ensuring that genomic data are
shared rapidly and responsibly — with appropriate
protections for patient privacy and ethical use — re-
mains a priority for sustainable global surveillance [30].

Finally, real-time genomic surveillance is most ef-
fective when coupled with robust epidemiological con-
text and public health infrastructure. Sequenced ge-
nomes need associated metadata on case onset dates,
geographic location, clinical severity, and exposure his-
tory to be most informative. Without these contextual
layers, the interpretive power of genomic data is weak-
ened, and models may misattribute patterns or over-
look critical outbreak dynamics. Building systems that
link genomic, clinical, and epidemiological data in real
time across sectors and institutions continues to be a
technical and collaborative challenge for surveillance
networks worldwide.

In sum, the integration of real-time genomic sur-
veillance into outbreak detection and response systems
has revolutionized the management of emerging infec-
tious diseases. From rapid identification of pathogens
and variants to enhanced precision in forecasting and
intervention planning, genomic data have accelerated
the speed and accuracy of decision-making during cri-
ses like COVID-19 and Ebola. As genomic technologies
continue to evolve and global capacity expands,
real-time surveillance will remain a cornerstone of resil-
ient public health systems that can anticipate, track, and
counter future biological threats.

Challenges and Limitations of Real-Time Genomic Surveillance in Epidemiology

Real-time genomic surveillance has emerged as a
powerful pillar of modern infectious disease epidemi-
ology, offering high-resolution insight into pathogen
evolution, transmission dynamics, and outbreak trends.
Yet beneath its promise lies a complex web of chal-
lenges that shape how effectively genomic data can be
used in real-world settings. These challenges span tech-
nical constraints, ethical questions around data use,
structural limitations in global surveillance capacities,
barriers to cross-border data sharing, and analytical di-
lemmas that affect the accuracy of models and the inter-
pretation of genomic signals. Understanding these lim-
itations is essential for both practitioners and policy-

makers as they seek to build resilient surveillance sys-
tems capable of supporting rapid and equitable re-
sponses to emerging infectious threats.

Technical hurdles form a foundational challenge
in real-time genomic surveillance. High-throughput se-
quencing platforms and bioinformatics pipelines de-
mand significant infrastructure, sustained funding, and
specialized workforce skills that are still scarce in many
regions. Even in well-resourced settings, gaps in exper-
tise for quality control, sequence assembly, variant call-
ing, and downstream interpretation can create bottle-
necks that delay data availability or compromise data
quality. A review of global genomic surveillance strate-
gies during the COVID-19 pandemic observed that lim-
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itations in genotyping standardization and bioinfor-
matic expertise complicate data processing and inter-
pretation, leading to delays in reporting and reducing
the utility of datasets for timely public health action
[36]. These delays matter because the value of genomic
surveillance depends on the speed with which data can
feed back into decision-making; delays transform
“real-time” into “near retrospective,” weakening the in-
tended agility of surveillance systems.

Closely intertwined with technical challenges are
issues of data privacy and ethical use. Genomic data, by
its nature, is deeply personal and by extension ethically
sensitive. Although the primary focus in pathogen sur-
veillance is on microbial genomes rather than human
genomes, linkage of pathogen sequences with clinical,
demographic, or location information can inadvertently
reveal personal or community health details. The risk of
re-identification, particularly when genomic data are
combined with other health records, raises legitimate
privacy concerns. Discussions in the genomics ethics lit-
erature emphasize the need to balance the open sharing
of data for public health benefit with robust protections
for individual privacy and consent frameworks [37].
Without thoughtful governance structures, well-in-
tended surveillance systems risk eroding public trust,
particularly in contexts where communities have his-
torically experienced misuse of health or genomic data.

A related limitation lies in the accessibility and eq-
uity of genomic surveillance across different regions
and populations. While high-income countries have
rapidly scaled sequencing capacity and analytical infra-
structure, low- and middle-income countries often re-
main underrepresented in global genomic datasets due
to resource constraints. This inequity creates “blind
spots” in global surveillance that can hinder early de-
tection of variants or emerging pathogens in regions
with weaker capacity. Researchers have highlighted
that lack of sequencing equity not only limits the global
understanding of pathogen evolution but also hampers
local response efforts where they may be most needed
[38]. These disparities raise ethical questions about the
distribution of scientific tools and benefits, and call for
sustained investments in capacity building to make ge-
nomic surveillance an inclusive global public good.

Cross-border data sharing stands as another for-
midable challenge. Effective real-time surveillance de-
pends on the rapid exchange of sequencing data, asso-
ciated metadata, and analytical results across national,
institutional, and disciplinary boundaries. However,
practical and political barriers often slow or distort this
exchange. For example, platform governance, legal

frameworks around data ownership, intellectual prop-
erty concerns, and varying levels of digital infrastruc-
ture can fragment how sequence data are shared and
re-used. Studies of viral data sharing during COVID-19
pointed out that data were sometimes released too late,
incompletely, or without sufficient metadata, under-
mining their potential to inform outbreak responses in-
ternationally. Meanwhile, systems such as the GISAID
database — popular for sharing pathogen genomic data
— require identity verification and specific access
agreements precisely to protect data contributors, yet
these protections can also complicate rapid open access
in emergency settings [39, 40].

Even with high-quality and timely data, model
accuracy and genomic interpretation pose additional
limitations. Integrated genomic-epidemiological mod-
els rely on assumptions about mutation rates, sampling
representativeness, and the relationship between ge-
netic change and phenotypic traits like transmissibility
or virulence. When sampling is biased — for example,
when convenience sampling overrepresents certain re-
gions or clinical settings — computational models can
produce distorted estimates of variant prevalence or ep-
idemiological parameters. Reviews of genomic surveil-
lance practice have shown that inconsistencies in clini-
cal and demographic metadata can slow the compila-
tion of comprehensive datasets, reducing confidence in
model outputs and complicating interpretation. These
analytic uncertainties underscore that genomic data
alone are not self-explanatory; they must be embedded
within robust epidemiological contexts and interpreted
with an understanding of underlying biases and limita-
tions [36].

Moreover, misinterpretation of genomic signals
can lead to either under- or over-estimation of public
health risks. Complex phenomena such as within-host
diversity, recombination events, or sequencing artifacts
can be misread as indicators of new variants or trans-
mission clusters when they are not, generating false
alarms or obscuring true transmission paths. Address-
ing these analytical challenges requires continuous
methodological advances — such as improved error
models, rigorous phylogenetic inference techniques,
and better standards for metadata quality — as well as
ongoing training for analysts who must interpret ge-
nomic outputs for public health use.

Finally, ethical considerations extend beyond in-
dividual privacy to questions about data ownership,
transparency, and governance. Pathogen genomic data
can be politically sensitive, particularly when associ-
ated with outbreaks that have economic or diplomatic
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ramifications. Countries may hesitate to share data rap-
idly if they fear stigma, travel restrictions, or loss of con-
trol over how data are used. Overcoming this requires
trust-building, enforceable governance frameworks
that harmonize national interests with global public
health benefits, and international agreements that bal-
ance openness with appropriate protections and recog-
nition of contributions.

In summary, while real-time genomic surveil-
lance has revolutionized the capacity to detect and re-

Future Directions and Opportunities

As genomic surveillance solidified its role in pub-
lic health during recent pandemics, researchers and de-
cision-makers are increasingly looking ahead to the
next frontier of infectious disease monitoring. While
real-time sequencing has shifted the paradigm from ret-
rospective analysis to near-real-time insight, the future
promises even deeper integration of genomic data, pre-
dictive analytics, and advanced technologies that en-
hance both the speed and accuracy of epidemic fore-
casting. These developments will not only improve out-
break detection but will help transform genomic sur-
veillance from a reactive tool to a proactive backbone of
global health strategy.

One promising direction lies in improving epi-
demic forecasting through more sophisticated integra-
tion of genomic signals with epidemiological and envi-
ronmental data. Traditional models often treat genomic
information as an added layer of evidence in under-
standing transmission chains, but emerging methods
envision genomic forecasting, where sequence varia-
tion itself becomes a predictive input. Genetic changes
in a pathogen reflect evolutionary pressures, host im-
munity, and viral fitness, all of which shape how out-
breaks unfold in real populations. Early evidence from
machine learning studies suggests that models incorpo-
rating evolutionary signals outperform conventional
time series models, detecting subtle shifts in variant
prevalence that presage broader epidemiological
changes [41, 42]. As computational methods become
more refined, the capacity to predict not just outbreak
magnitude but also variant-specific risk profiles will be
crucial in deploying targeted control measures before
case surges occur. This represents a fundamental shift
from “respond when it happens” to “anticipate before
it intensifies.”

Cutting-edge technologies on the horizon are al-
ready accelerating this evolution. Artificial intelligence
(AI) and machine learning (ML) stand out as engines of

spond to infectious threats, it is constrained by a con-
stellation of technical, ethical, structural, and interpre-
tive barriers. Tackling these challenges will require not
only technological innovation but also equitable invest-
ment in global infrastructure, thoughtful governance
frameworks for privacy and data sharing, and sus-
tained efforts to strengthen the accuracy and interpret-
ability of integrated genomic-epidemiological models.
Only by addressing these limitations can the full poten-
tial of genomic surveillance be realized in guiding effec-
tive, timely, and ethical public health action worldwide.

transformation, capable of parsing enormous, heteroge-
neous datasets that include genomic sequences, epide-
miological records, mobility patterns, and socio-envi-
ronmental indicators. Al-driven surveillance systems
— particularly those leveraging deep learning and pre-
dictive analytics — can detect patterns invisible to tra-
ditional algorithms and human analysts. These tools
have shown promise in early outbreak detection, anom-
aly recognition, and trend forecasting, effectively func-
tioning as automated early-warning systems that flag
aberrations in complex data ecosystems [42, 43]. For ex-
ample, Al can process raw genomic sequences along-
side non-traditional data streams such as social media
trends or environmental sensors, flagging signals that
might correlate with unusual transmission activity long
before clinical case counts rise.

Machine learning specifically offers the capacity
for self-improving models that refine predictions as
more data accrue over time. Unlike static statistical
models, ML algorithms “learn” from successive se-
quencing cycles and outbreak patterns, enabling dy-
namic re-estimation of parameters such as transmissi-
bility, variant emergence likelihood, or regional risk
profiles. This iterative learning enhances the resilience
of surveillance systems, allowing them to adapt to new
pathogens or shifting epidemiological landscapes [44].
As large-scale training datasets become available — es-
pecially from shared international repositories like
GISAID — these models will become more robust and
generalizable, providing crisis managers with tools that
guide resource allocation and intervention planning be-
fore outbreaks reach crisis levels.

Cloud computing and big data analytics also play
a vital role in this future ecosystem. Genomic data are
inherently vast and complex, often requiring terabytes
of storage and significant processing power to analyze
effectively. Cloud platforms offer scalable infrastruc-
ture that can handle these demands while facilitating
rapid data sharing across countries and institutions. By
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hosting analytical pipelines in the cloud, public health
laboratories everywhere — including those in re-
source-limited regions — can access state-of-the-art an-
alytics without investing in prohibitively expensive lo-
cal infrastructure. Moreover, cloud-based systems ena-
ble collaborative analysis, where genomic and epidemi-
ological data from diverse settings are integrated and
visualized in near real time, fostering a shared situa-
tional awareness among global partners.

Other emerging technologies — such as block-
chain for secure data sharing and real-time data stream-
ing from Internet-of-Things (IoT) sensors — promise to
enhance trust, transparency, and promptness in surveil-
lance infrastructure. Blockchain can provide tam-
per-proof records of sequence metadata and analysis re-
sults, addressing concerns about provenance and data
integrity that sometimes slow cross-border cooperation.
Meanwhile, IoT-based streaming of sequencing outputs
or environmental genomic signals (for example, from
wastewater monitoring) can feed directly into predic-
tive models, generating a continuous flow of actionable
insight rather than batch-processed snapshots.

While the technological horizon is rich with pos-
sibility, advancing policy frameworks that support in-
tegration of genomic data into global disease monitor-
ing remains essential. International governance struc-
tures must adapt to ensure equitable data access, stand-
ardized sequencing protocols, and interoperable
metadata standards. The success of repositories like
GISAID during the COVID-19 pandemic — where mil-
lions of SARS-CoV-2 genomes were rapidly shared —
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illustrates the power of coordinated data ecosystems
[30]. However, this model must evolve to include clear
policies on data privacy, ethical use of sensitive
metadata, and equitable sharing of benefits from ge-
nomic insights. Policies that strengthen capacity build-
ing in low- and middle-income countries are also criti-
cal, ensuring that all regions can contribute to and ben-
efit from global surveillance networks.

Governments and multilateral institutions should
also incentivize cross-sector collaborations that bridge
public health, academia, industry, and community
stakeholders. Public-private partnerships can support
the development of open-source tools and affordable
sequencing technologies, while academic collabora-
tions can ensure that model development remains
transparent and scientifically robust. At the same time,
public health agencies must invest in formal training
programs that build the bioinformatics and data science
workforce needed to operate these future systems effec-
tively.

Taken together, these advancements and policy
shifts point toward a future where genomic surveil-
lance is not just a research pursuit but an embedded,
proactive component of global health architecture —
one that anticipates threats, informs policy in real time,
and ensures that interventions are as precise as the data
that drive them. Below is Figure2, illustrating how
emerging technologies could transform surveillance
and modeling.
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Figure 2: Potential Future Technologies Enhancing NGS-Epidemiological Model Integration
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Ethical and Policy Implications of Integrated Surveillance

As real-time genomic surveillance becomes an-
chored in public health practice, the ethical and policy
dimensions of its use come sharply into focus. The
power to sequence pathogens continuously, share data
rapidly, and embed genomic insights into deci-
sion-making creates extraordinary opportunities to
protect populations from emerging threats. Yet it also
raises deeply human questions about privacy, consent,
equity, trust, and governance. These ethical considera-
tions must be balanced with the public health benefits
of surveillance, and policy strategies must be crafted to
support responsible use of genomic data while safe-
guarding individual and community rights.

A central ethical issue in genomic surveillance
arises from the nature of the data themselves. Pathogen
genomes are not inherently human DNA, yet they carry
links to individuals — through metadata such as sam-
ple origin, clinical history, or geographical location —
that may inadvertently reveal sensitive personal infor-
mation if mishandled [45]. International principles
drafted by the World Health Organization emphasize
informed consent, privacy protection, and transparency
in data collection, access, and use, underscoring the im-
portance of public trust in genomic initiatives [45].
Without clear safeguards, individuals may feel reluc-
tant to participate in surveillance efforts, especially
when data could be re-identified or used for purposes
beyond immediate public health needs. This tension be-
tween utility and privacy echoes broader debates in
health informatics, where ethical frameworks seek to
maximize public benefit without compromising indi-
vidual rights [46].

Another layer of ethical complexity involves eg-
uity of access and benefit sharing. The rapid sharing of
genomic data during the COVID-19 pandemic high-
lighted glaring disparities between high-income and
low-income regions. When the Omicron variant was
first identified and shared by scientists in southern Af-
rica, the ensuing travel bans imposed by many coun-
tries illustrated how data sharing can produce unin-
tended economic and social harms that fall dispropor-
tionately on researchers and populations who contrib-
ute data [46]. Such reactions can undermine trust and
discourage participation in future genomic surveil-
lance, particularly in regions still building scientific ca-
pacity. Ethical frameworks therefore call not only for
equitable access to genomic technologies but also for
mechanisms that ensure fair distribution of benefits
arising from shared data, including support for local re-
search and public health infrastructure [45].

This imperative for fairness extends into global
governance and the design of data-sharing policies. The
longstanding Bermuda Principles and subsequent
agreements like the Fort Lauderdale Agreement estab-
lished norms for rapid data release within scientific
communities, particularly in genomics research, to ad-
vance collective knowledge [47, 48]. Yet translating
these norms into pathogen surveillance — where data
may have immediate implications for outbreak trends
and policy decisions — requires careful governance that
balances rapid dissemination with accountability and
respect for national sovereignty. Frameworks such as
those proposed by the Africa Centres for Disease Con-
trol and Prevention aim to guide member states in de-
veloping national pathogen genomic policies that are
locally relevant while supporting cross-border collabo-
ration [49]. These policy approaches emphasize shared
vision, contextualized strategies, and sustained invest-
ment in capacity building — all essential to ethical and
resilient genomic surveillance systems.

Policy development must also address public-pri-
vate partnerships and the social contract between citi-
zens and institutions. As genomics initiatives increas-
ingly involve commercial entities — for analytical plat-
forms, cloud infrastructure, or Al tools — questions
arise about who benefits from access to genomic infor-
mation and how private interests intersect with public
health goals. Research on ethical and social implications
of such partnerships suggests that transparency, robust
governance, and explicit benefit-sharing agreements
are critical to maintaining public trust and ensuring that
commercial collaborations serve the public interest ra-
ther than narrow commercial ends [50]. Public policy
strategies thus need to articulate clear rules for data ac-
cess, use constraints, and safeguards that align commer-
cial activities with ethical public health missions.

To bring these ethical and policy strands together
into a coherent structure, Figure 3 synthesizes the key
elements required for governance and oversight (see
below). The figure illustrates how ethical principles
provide the foundation, guiding core policy domains
including privacy and consent, equitable access and
benefit sharing, data governance and interoperability
standards, and international cooperation mechanisms.
These policy domains are supported by implementa-
tion pillars such as workforce training, technological in-
frastructure, legal frameworks, and ongoing stake-
holder engagement. The framework highlights feed-
back loops that ensure policy evolves with technologi-
cal advances and emerging ethical insights, and under-
scores the need for monitoring and accountability
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measures that assess performance against both public
health outcomes and ethical standards.

Importantly, genomic surveillance does not oper-
ate in isolation. The integration of pathogen genomics
with epidemiological and clinical data requires interop-
erable systems that respect privacy while enabling effi-
cient data flow. Standardization efforts such as those
championed by the Genomic Standards Consortium
promote common metadata standards that facilitate
data exchange and quality assurance across platforms
(Genomic Standards Consortium, 2025). Such stand-
ards must be embedded within policy frameworks that
clearly define data access rights, custodianship, and se-
curity protocols to protect against misuse or unauthor-
ized access.

Global collaboration is equally vital. Initiatives
like the WHO'’s pathogen genomic data sharing princi-
ples and regional policy frameworks encourage inter-
national cooperation on ethical surveillance practices,
capacity building, and equitable benefit realization.
These collaborative structures must be grounded in

mutual respect for sovereignty and cultural values, and
tailored to diverse public health systems and regulatory
environments. Only through alignment of ethical
frameworks, legal instruments, and technical standards
can genomic surveillance achieve the dual goals of pro-
tecting individual rights and enhancing collective
health security.

Therefore, the ethical and policy implications of
real-time genomic surveillance are multifaceted, touch-
ing on privacy, equity, trust, governance, and interna-
tional cooperation. Navigating these issues requires
policy approaches that are both principled and prag-
matic — grounded in ethical values that protect indi-
viduals and communities, and designed to support the
effective, equitable use of genomic data for public
health. By embedding strong ethical safeguards and
adaptive governance structures into surveillance sys-
tems, policymakers can foster public trust and interna-
tional solidarity while harnessing the power of genomic
science to anticipate, understand, and mitigate infec-
tious disease threats.

Policy Framework for Real-Time Genomic Surveillance Integration

Privacy & Consent
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» Ethical Use
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Figure 3: Policy Framework for Real-Time Genomic Surveillance Integration

Conclusion

This study highlights the transformative potential
of integrating real-time genomic surveillance, through
Next-Generation Sequencing (NGS), with epidemiolog-
ical models in infectious disease intervention planning.
By combining genomic and epidemiological data,
health systems can enhance outbreak forecasting, better
track pathogen evolution, and implement more precise
interventions. However, challenges such as data gaps,

equity issues, and the need for stronger global collabo-
ration persist. Moving forward, strengthening infra-
structure in low-resource settings, investing in data-
sharing frameworks, and fostering international part-
nerships are critical to maximizing the effectiveness of
this integrated approach. Future research should ex-
plore further advancements in Al-driven forecasting
and real-time data applications for global health secu-

rity.
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