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Rethinking Antimicrobial Discovery Through Omics

Antimicrobial Discovery Needs More Than New Hits

The search for new antimicrobials is becoming broader and more
technically ambitious, with genome and metagenome mining,
Al-assisted design and non-traditional approaches now sitting
alongside conventional screening. One recent study predicted
nearly one million antimicrobial peptides from microbial
sequences across the global microbiome, a measure of how fast
the searchable biological space is expanding.!

Metagenomics is helping drive that expansion by opening
access to uncultivated microbial diversity and revealing
biosynthetic gene clusters, antimicrobial peptides and resistance
mechanisms beyond conventional culture-based approaches.

Yet, a larger search space does not necessarily produce a
stronger development pipeline. The World Health Organization
identified 90 antibacterial candidates in clinical development
in 2025, but only 15 met its criteria for innovation.? This gap
between the growing ability to find activity and the continuing
scarcity of differentiated candidates remains a critical challenge.

Aninitial hit shows that something happened under a defined
set of conditions. It does not yet establish whether the effect is
reproducible, biologically meaningful or robust enough to justify
further investment. That is where discovery shifts from finding
activity to understanding it.

Key Questions Arise Once Activity Is Observed

Once activity has been detected, the questions become more
demanding. Does the effect hold across genetically diverse
strains or is it limited to the isolate used in the original screen?
Does the compound kill the organism, temporarily inhibit growth
or trigger a response from which the population can recover?
Does its apparent potency remain consistent when the medium,
nutrient availability, oxygen level or growth state changes?

These are not minor technical details. A candidate that
performs well against rapidly growing planktonic cells
may behave very differently against biofilms, slow-growing
populations or microorganisms interacting with host cells. The
most convenient model may not reflect the setting in which the
antimicrobial would need to work.

Work in bacterial signalling, pathogenesis and biofilm
biology shows how strongly microbial behaviour can change
with environment and physiological state. Research in microbial
gene regulation and development likewise demonstrates how
rapidly populations can reorganise their response to stress.
Ahit observed in one strain, medium or growth phase is therefore
only a snapshot of a dynamic biological system.

The potential for adaptation must also be considered early.
Resistance, tolerance and persistence describe different ways
in which microorganisms can survive exposure, and none is
revealed by a single activity value. Experimental evolution in E.
coli has shown that the pace, fitness costs and collateral effects
of resistance can vary between conventional antibiotics and
antimicrobial peptides.? The result cannot be generalised to
every candidate, but it illustrates why the evolutionary response
needs to be investigated rather than assumed.

Together, these questions define what evidence is needed
next. For one candidate, the priority may be confirming activity
across strains. For another, it may be distinguishing a selective
cellular effect from general stress, identifying early adaptation
or explaining why activity is lost in a more relevant model.
Figure 1 summarises this transition from an initial hit to the
questions that determine progression.

From antimicrobial kit to biological understanding

Figure 1. A positive screen opens a series of biological and developmental questions.
Follow-up work should identify which uncertainty must be resolved before a
candidate progresses.

Omics Can Help When the Question Is Clear

In our experience, the most useful omics projects begin with
a specific uncertainty. Why do two strains respond differently
to the same compound? Is the organism mounting a targeted
response or simply showing signs of severe cellular damage?
Which pathway should be tested next? Identifying the uncertainty
first makes it easier to determine what molecular evidence is
genuinely needed.

Genomics can place activity within the genetic background of
the organism by identifying resistance determinants, target-site
variants, mobile elements or other differences between strains.
However, the presence of a gene or mutation does not prove
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that it explains the phenotype. Genomic findings still need to be
interpreted alongside susceptibility data and, where possible,
tested experimentally.

Transcriptomics provides a different view by showing how
gene expression changes after exposure. It can reveal pathways
associated with damage, stress, adaptation or a possible
mechanism of action. Timing is central to the interpretation; an
early response may point towards processes first affected by the
compound, whereas a later sample may mainly capture secondary
damage or widespread loss of viability.

Metabolomics brings the analysis closer to cellular function
by showing which biochemical processes are perturbed. Changes
in metabolites may indicate effects on energy production,
amino-acid or nucleotide metabolism, redox balance, membrane
composition or cell-envelope synthesis. In a time-resolved MRSA
study, the clearest changes in membrane lipids and peptidoglycan
biosynthesis were detected at early exposure points, alongside
broader metabolic stress.* Such profiles do not establish a
direct target on their own, but they can narrow the plausible
explanations and direct more focused validation.

Metagenomics becomes relevant when the question extends
beyond a single cultured isolate. It can help examine resistance
reservoirs, microbial community shifts and the response to
antimicrobial exposure in host-associated or environmental
systems. The challenge is to ensure that a broad community
profile still connects to a practical discovery question, rather than
becoming an interesting but difficult-to-use description.

The strongest interpretation does not always come from the
largest number of omics layers. Sometimes genomics and careful
phenotyping are enough. In another study, comparing an early
transcriptional response with later biochemical changes may
be more informative. Integration is useful when different forms
of evidence can discriminate between competing biological
explanations and point to a concrete next test.

Define the Question Before Selecting the Technology

Some researchers may start with a technology already in mind
rather than the biological question. The initial idea may be to use
RNA sequencing, untargeted metabolomics or a multiomics study.
The more useful conversation often begins by deconstructing
the experiment: what phenotype has been observed, which
comparison matters, when should samples be collected, and what
decision does the result need to inform.

In antimicrobial studies, transcriptomics may be requested
without first deciding whether the priority is to capture an early
drug response, compare resistant and susceptible isolates, or
examine both host and microbial responses in an infection model.
In the latter case, a simple meta-transcriptomic design may not be
enough; host depletion, sequencing depth and deciding whether
a dual RNA-seq approach is needed all become important. These
choices determine what the data can realistically resolve.

A study aimed at capturing the earliest response to exposure
needs a different design from one intended to compare
established resistant and susceptible isolates. A biofilm model
raises different sampling and interpretation challenges from a
planktonic culture. Once the biological purpose is explicit, choices

around controls, replicates, exposure levels and analytical depth
become much easier to justify.

Small design decisions can have a disproportionate effect
on the value of the final dataset. Strong metadata on strain
background, passage history, medium, growth phase, dose and
phenotype can turn a molecular pattern into an interpretable
result. Poorly matched comparison groups can make even a
technically excellent dataset ambiguous.

Involving technical and bioinformatics expertise before sample
collection can also be of benefit. Decisions about which contrasts
must be preserved, how samples will be stabilised and what
analytical outputs will be useful are much harder to correct later.
Exploratory studies will always produce surprises, but a deliberate
comparison structure gives those surprises a biological context.

Common Pitfalls in Omics-led Antimicrobial Studies

One common trap is adding omics after the main experiment
has already been designed. Samples may have been collected
only at a late endpoint, without matched controls, sufficient
biological replication, or a clear record of the physiological state
at collection. The analysis may still reveal many differences, but
it becomes difficult to distinguish effects linked to the candidate
from those caused by general cellular decline.

Interpretation is also weakened when several variables change
at once. If strains are compared in different media, at different
doses or at different stages of growth, a strong molecular signal
may have no clear explanation. Omics can measure those
differences in great depth, but it cannot separate variables that
were never separated experimentally. Exposure level matters for
the same reason; overwhelming damage may produce a dramatic
profile while revealing little about a selective mechanism.

Sample handling and storage are part of experimental
design, not an administrative detail. Delays before stabilisation,
differences in processing time or temperature, repeated freeze-
thaw cycles and inconsistent storage duration can introduce
changes unrelated to treatment. RNA and metabolite profiles
can shift rapidly, making standardised collection, quenching,
processing and storage especially important. A strong biological
comparison can still be lost if pre-analytical variation is greater
than the effect being studied.

The strengths and limitations of the selected technology
also need to be understood in advance. Genomics identifies
genetic potential but does not show whether a gene is active.
Transcriptomics measures RNA abundance, which does not always
translate directly into protein activity or phenotype. Metabolomics
offers a functional view of biochemical change, but metabolite
identification and pathway coverage may be incomplete.
Metagenomics can reveal community-level patterns, while linking
genes to particular organisms or functions may remain difficult.
These boundaries should shape both the experiment and the
confidence placed in its conclusions.

Another risk is treating bioinformatic output as biological
proof. A list of enriched pathways can generate useful hypotheses,
but it does not establish the direct target of a compound.
Agreement between gene-expression and metabolite changes
may strengthen an interpretation, while disagreement may reflect
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regulation, feedback or different response times rather than a
failed experiment.

The final weakness is often the absence of a validation plan.
Candidate genes, pathways or metabolites should lead to practical
follow-up: testing additional strains, perturbing a gene, measuring
a metabolite directly, assessing a combination or repeating the
experiment in a more relevant model. Without that bridge, an
omics study may remain descriptive even when the data quality
is high.

Towards More Evidence-led Antimicrobial Pipelines

Strong phenotypic evidence remains the foundation, with omics
added only where it can reduce a specific uncertainty, whether
the priority is confirming robust activity, explaining strain-
specific behaviour, investigating a possible mechanism, assessing
adaptation risk or deciding whether a candidate should enter a
more complex model.

Addressing that uncertainty does not always require a large
multiomics programme. A genomic comparison may be sufficient
to investigate strain-specific differences. A short, carefully
designed transcriptomic or metabolomic time course may be
more informative than a broad endpoint study. Additional layers
become valuable when they can connect genetic potential,
regulatory response and biochemical consequence in a way that
influences the next decision.

The analytical plan should be considered before samples are
collected. Sample numbers, collection points, storage conditions,
expected data quality and the limitations of the selected
technology all influence what can realistically be concluded.
Early discussion between microbiologists, analytical scientists
and bioinformaticians helps align these choices and reduces the
risk of generating data that are technically sound but difficult to
interpret.

External sequencing and multiomics partners can add value
beyond access to individual platforms. Experience across sample
types, technologies and study designs can help researchers select
an appropriate approach, standardise workflows and anticipate
technical limitations. Operational scale may also support
consistent processing, quality control and integration across larger
or multi-site studies. The real value is not simply outsourcing data
generation, but using broader technical and analytical experience
to strengthen the study from the outset.

Most importantly, the results should lead to a defined next
step. A candidate mechanism may need genetic or biochemical
testing; a strain-specific response may justify a wider isolate
panel; a metabolic signature may suggest targeted measurement,
combination studies or a change of model. Equally, the evidence
may show that a hit is too condition-dependent or biologically
weak to progress. Stopping or redirecting a project can be as
valuable as advancing it. This decision-led sequence is summarised
in Figure 2.

Omics as Decision Support, Not Decoration

Omics is not valuable simply because it makes antimicrobial
discovery more technologically advanced:; its value lies in helping
researchers understand what an initial result means and what
should happen next. The most useful dataset is not necessarily
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Figure 2. A decision-led workflow for using omics in antimicrobial discovery.
Molecular analysis is selected to reduce a defined uncertainty and must connect to
validation and prioritisation.

the one with the largest number of significant features, but the
one that influences the next experiment or decision.

Classical microbiology establishes the phenotype.
Medicinal chemistry develops the candidate. Omics adds
biological context and validation tests whether the emerging
explanation is robust. No single layer removes the complexity
of antimicrobial biology, but the right evidence can make
uncertainty more visible and manageable.

In a field where time, samples and development resources
are limited, that clarity matters. The goal is not to surround every
hit with more data, but to build enough evidence to decide what
should stop, what needs to be redesigned and which candidates
are strong enough to progress with confidence.
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