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‘Structurally known’ and ‘Structurally unknown’ have long
served as a binary classification of natural products. However,
with the emergence of synthetic biology (SynBio), the
boundaries of this simple classification are being redrawn,
because SynBio expands both what we can see and what we
can build. To reflect this change, we propose a SynBio-
centered framework that maps antimicrobial natural products
along two axes, chemical novelty and engineering accessibility,
yielding four quadrants: (i) known knowns, well-characterized
natural products accessed mainly through pathway refactoring
and producer strain optimization; (i) unknown knowns,
engineerable scaffolds with established diversification routes
but uncertain chemical and functional outcomes; (i) known
unknowns, architectures with precedent but limited realization
due to missing transferable engineering routes, often because
the relevant coupling logic has not yet been converted into a
practical engineering handle; (iv) unknown unknowns,
unanticipated scaffolds that need to be recognized through
minimal chemical, genetic, or mechanistic anchors before
engineering. Since these quadrants are dynamic rather than
fixed, compounds may shift across the framework as discovery,
route-building, and outcome predictability improve. This two-
axis map highlights complementary SynBio strategies, from
optimizing existing antibiotics to accessing first-in-class
entities, which may help guide efforts to combat current
resistance challenges.
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Introduction

T'raditionally, natural product discovery has relied on a
binary classification: compounds are either structurally
known (fully characterized by nuclear magnetic re-
sonance (NMR) or crystallography) or structurally un-
known (detectable only as bioactivity signals, mass
spectrometry (MS) features, or genome sequence-based
predictions). While conceptually convenient, this binary
framework severely constrains bioactive compound dis-
covery and limits access to truly unknown scaffolds in
nature, because it prioritizes chemical visibility and ig-
nores the genetic accessibility and engineering potential
of biosynthetic pathways.

Additionally, ecological pressures tend to favor mole-
cules that provide survival advantages. In parallel, bio-
synthetic repertoires are often constrained by enzyme
specificity and by the availability of suitable metabolic
intermediates, which can further compress the set of
scaffolds that nature presents. Therefore, the chemical
diversity we have observed so far likely represents only a
narrow slice of space that is theoretically accessible.

Approximately 80% of the chemical space occupied by
published natural products is represented by fewer than
6500 scaffolds [1], underlining that the explored che-
mical diversity is surprisingly limited. A particularly
striking example is cyclic pentapeptides: theoretically,
considering the 20 standard proteinogenic amino acids,
around 640 000 unique cyclic pentapeptides could be
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2 Antimicrobials

formed after accounting for rotational symmetry. How-
ever, current natural products databases document only
163 cyclic pentapeptides, grouped into 30 structural
classes based on amino acid residue compositions [2].
Yet beyond these constraints, the potential ‘nature-like’
chemical space (i.e. molecules inspired by natural pro-
ducts but extending beyond the limits of natural bio-
synthesis) remains vast and largely unexplored. For
antimicrobial discovery, this compression of scaffold di-
versity often leads to rediscovery and concentrates an-
timicrobial candidates into a limited number of existing
mechanistic classes. Resistance within those classes can
accumulate and reduce their clinical value. This makes
expanding into novel chemotypes and modes of action
particularly important.

Synthetic biology (SynBio) reshapes discovery by ex-
panding the boundaries of both the ‘Known’ and the
‘Unknown’. Starting from established scaffolds, it em-
ploys biosynthetic gene cluster (BGC) engineering and
modular recombination to access latent diversity, while
de novo pathway design and iz vitro expression systems
push further into unexplored chemical space, thereby
helping to overcome natural biochemical and ecological
constraints. Even small structural changes, such as a di-
methylallylation of plantaricin [3], can significantly boost
antimicrobial activity, and such changes are ecasily
achieved with 7z vitro biocatalysis. To harness this po-
tential and move beyond traditional constraints, we
suggest a new SynBio-centered classification framework
defined on two practical dimensions: chemical novelty
(compared to existing structures) and ease of en-
gineering (how easily pathways can be manipulated).
Throughout this Review, we use SynBio as the primary
term, while recognizing its overlap with engineering
biology.

The vocabulary of ‘Known knowns’, ‘Known un-
knowns’, and ‘Unknown unknowns’ was originally po-
pularized by Donald Rumsfeld and later adopted in
natural products research, where it was used to distin-
guish established natural products, genome-inferred
cryptic metabolites, and molecules whose existence had
not yet been anticipated [4]. This logic was subse-
quently applied to fungal genome mining and later ex-
tended to include ‘Unknown knowns’ [5], while also
clarifying that these knowledge states are distinct from
the separate question of whether a BGC is cryptic or
silent [6].

Integrating the terminology (known/unknown) and two
practical dimensions (chemical novelty/engineering ac-
cessibility), we organize natural product discovery into
four categories within a 2 x 2 framework (Figurce 1a)
inspired by the Johari Window (a model of what is
known vs. unknown to self and others). In our version,
chemical novelty (X-axis) reflects whether a scaffold is

based on established structural precedent (known) or
lacks clear precedent (unknown). Engineering accessi-
bility (Y-axis) reflects whether a scaffold can be reached
and diversified through established SynBio workflows
(known) or if it has no initial implementation route
(unknown). In the quadrant labels below, the first term
refers to chemical novelty (X), and the second to en-
gineering accessibility (Y), that is, (X, Y). These four
quadrants serve as a roadmap, highlighting what is
known and what is missing for a given scaffold, which
SynBio strategy is best suited for that knowledge state,
and how it can be shifted along the accessibility and
novelty axes (Figure 1b and Table 1).

Four quadrants: natural product definition

driven by SynBio

1) Known knowns (chemical novelty known, en-
gineering accessibility known): well-characterized
natural product structures that form the foundation
of current knowledge and are primarily accessed
through pathway refactoring and producer strain
optimization.

i1) Unknown knowns (chemical novelty unknown, en-
gineering accessibility known): new derivatives
generated from legacy scaffolds using established
engineering methods, such as pathway-level repro-
gramming and enzyme tailoring. While these mod-
ifications are technically accessible, their chemical
results are not fully predictable from existing struc-
tural examples and may include by-products, mix-
tures, or unexpectedly reconfigured analogs. These
chemical changes can also impact biological activity.

ii1) Known unknowns (chemical novelty known, en-
gineering accessibility unknown): molecular archi-
tectures that fall within established structural
precedent but whose realization remains beyond
current engineering practices. Robust workflows for
building the required biosynthetic interactions are
still lacking. Cross-biosynthetic class integrations are
a typical example, and 7z vitro reconstitution can
serve as a practical platform for establishing such
non-native crosstalk.

iv) Unknown unknowns (chemical novelty unknown,
engineering accessibility unknown): molecular ar-
chitectures that fall outside established structural
precedent and lack a defined engineering pathway
initially. Such cases are generally approached
through discovery rather than design. Only after
obtaining minimal chemical or biosynthetic anchors
can prioritization, pathway inference, and the de-
velopment of an engineering route begin.

Known knowns: from last resort to resistance
We use vancomycin (1) as an example because it is well
understood on both axes: its structure and its mode of
targeting lipid II are clearly characterized. It is also
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Figure 1

Four-Quadrant Map for Antimicrobial NP Discovery Chen et al.
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A SynBio-centered four-quadrant framework for natural product discovery and engineering. (a) Natural product scaffolds are organized by chemical

novelty (X-axis) and engineering accessibility (Y-axis), with representative examples shown for each quadrant. Colored substructures indicate the

structural element most relevant to the quadrant assignment of each example. Blue, engineered motif. Red, unprecedented scaffold-defining motif. (b)
Dynamic relationships among the four quadrants. Dashed arrows indicate transitions between quadrants enabled by discovery or engineering, and red
cross marks indicate the bottleneck in each quadrant.
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4 Antimicrobials

Table 1

Representative examples for the four-quadrant map.

Four quadrants Examples discussed herein

Additional representative examples

Known knowns
Unknown knowns

Vancomycin [7]
Engineered vancomycin
derivatives [9-12]

Known unknowns Geranylated plantaricin A [3]

Erythromycin [47], rapamycin [48,49], and avermectins [50]
Stambomycin- [51] and lacunalide-like derivatives [52]

Dioxanopeptins [16], rufomycin [17], goadvionin [18], lipoavitide [19], and

microvionin [20]

Unknown unknowns Darobactins [27,28] and dynobactin [29]

Polytheonamides [33], altemicidin [34], NK13650s [53], arsinothricin [54], and

bisenarsan [54]

suitable for systematic pathway refactoring and producer
optimization. Furthermore, vancomycin illustrates the
progression from traditional last-resort antibiotic to
clearly defined resistance issues and finally to SynBio-
enabled engineering solutions to broaden its anti-
microbial spectrum (Figure 2). Approved by the FDA in
1958, vancomycin is a glycopeptide antibiotic with three
aromatic crosslinks that form a cup-shaped topology [7].
This structure gives it a high affinity for the p-alanyl-D-
alanine dipeptide at the C-terminus of the lipid-linked
peptidoglycan pentapeptide (lipid II). This binding
prevents the pentapeptide from engaging transglycosy-
lases and D,D-transpeptidases, which are crucial enzymes
for cell wall synthesis (Figure 2a) [8].

"The natural vancomycin producer Amycolatopsis orientalis can
use biodiesel-derived crude glycerol (a by-product of bio-
diesel manufacturing) as a cost-effective carbon source, and
optimizing its concentration along with other medium
components triples the yield. Non-native producer A. fera-
tiniphila, which has strong keratin-degrading ability and in-
dustrial robustness, offers a promising platform for large-
scale vancomycin production, especially after a CRISPR/
Cas9-mediated genome editing system boosted yield by
redirecting metabolism away from a competing pathway.
Heterologous expression in engineered Strepromyces species
and E. co/i further enhances the potential for high-yield,
diversified vancomycin synthesis by overcoming the lim-
itations of native hosts.

From the late 1980s into the 1990s, vancomycin-resistant
enterococci (VRE) emerged, with VanA-type resistance
being the most prevalent, alongside VanB and VanC. The
vanA gene cluster reprograms lipid I biosynthesis, replacing
the pentapeptide terminus from D-alanyl-D-alanine to D-
alanyl-p-lactate  (Figure 2b). This single-atom change
(amide NH — ester O) eliminates a critical hydrogen-bond
donor at the lipid II pentapeptide terminus and thereby
weakens vancomycin’s interaction, reducing its binding af-
finity ~1000-fold. Clinically, VanA VRE exhibits MICs 2
512 pg/mL, versus ~1 pg/mL for susceptible isolates.

Vancomycin (and many other clinically validated anti-
biotics) sits in the most mature corner of the four-quad-
rant roadmap, as its biosynthetic pathway and mode of

action are well established, and the pathway is amenable
to iterative tuning. In this quadrant, the central task is
resistance-driven engineering, namely, adapting a vali-
dated scaffold class to regain or extend function.

Unknown knowns: engineerable pathways
into uncharted scaffold space

In this quadrant, the starting scaffold and its engineering
logic are already well understood, but the chemical and
functional outcomes of diversification are not yet pre-
dictable. Vancomycin provides a useful example: its
glycopeptide biosynthetic logic is sufficiently tractable
to support pathway-level reprogramming, enzyme-
guided scaffold editing, and late-stage derivatization,
thereby enabling systematic exploration beyond the
native chemical space while remaining compatible with
glycopeptide biosynthesis (Figure 2c).

A primary design lever is to exploit the oxidative cross-
links that shape vancomycin’s cup-like pocket for lipid
II. The cytochrome P450 monooxygenases OxyABC
install diaryl-ether and biaryl linkages that are synthe-
tically challenging yet enzymatically programmable.
Systematic probing of OxyB with modified heptapeptide
precursors (e.g. 2) revealed broad substrate tolerance.
OxyB installs diverse crosslinks to furnish macrocycles of
varying size and composition. Notably, alternative OxyB
products (e.g. 3) showed unexpected antifungal proper-
ties against Saccharomyces cerevisiae (1Cso = 0.7-7.1 pM),
while vancomycin displayed 1Csq > 40 pM under the
same conditions, highlighting that rewiring macrocycle
connectivity may unlock phenotypes absent from the
native scaffold [9]. Glycosyltransferase editing offers an
orthogonal handle that can be combined with OxyB-
driven macrocyclization. Reversible glycosyltransferases
from glycopeptide and aryl C-glycoside pathways cata-
lyze bidirectional sugar-aglycone exchange, enabling
rapid construction of >70 differentially glycosylated
variants spanning vancomycin and the derivatives
thereof (e.g. 4) [10,11]. Cofactor engineering offers a
complementary route for site-defined late-stage edits.
An engineered human methionine adenosyltransferase
(hMATZ2A 1322A) produces fluorinated SAM analogs
in situ from ATP and fluorinated methionine. This
supports 3,3-difluoroallylation and fluorobenzylation of
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Figure 2
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Known knowns and unknown knowns exemplified by vancomycin. (a) Antibacterial mechanism of vancomycin through binding to the p-alanyl-p-
alanine terminus of lipid Il. (b) VanA-type resistance, in which the target is remodeled from p-alanyl-p-alanine to p-alanyl-p-lactate, thereby weakening
vancomycin binding. (c) Representative engineering entry points around the vancomycin scaffold that access unknown knowns space, including
evolutionary reconstruction, glycosyltransferase editing, methyltransferase-enabled late-stage derivatization, and OxyB-mediated macrocycle

rewiring.

N-demethyl-vancomycin (5) with conversions up to 99%
in cell-free or cellular formats. This allows precise tuning
of electronic and lipophilic properties at defined posi-
tions of the scaffold [12].

Evolutionary reconstruction offers an alternative design
pathway. Phylogenomics and ancestral sequence re-
construction pinpointed an ancestral lipid-II-targeting
glycopeptide, paleomycin (7), and the allowable non-
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6 Antimicrobials

ribosomal peptide synthetase (NRPS) modifications that
shaped modern glycopeptides. Rebuilding ancestral-like
NRPS systems within a glycopeptide-producing chassis
demonstrated that specific backbone changes are func-
tionally tolerated and can produce active glycopeptides
in vivo. This approach thus makes evolutionary pathways
practical design rules for creating new glycopeptide
chemotypes [13].

In this quadrant, the practical goal is to use established
biosynthetic techniques, such as oxidative crosslink re-
wiring, glycoediting, or cofactor-enabled late-stage
modification, to push validated scaffolds into structurally
and functionally unexplored territory. Therefore, the
unknown is less about how to engineer the scaffold and
more about what new activities may arise once that en-
gineering becomes feasible.

Known unknowns: precedented
architectures, lacking engineering routes

Not all precedented chemotypes are equally easy to struc-
turally engineer. Beyond the reprogrammable space of legacy
scaffolds, there is a second quadrant called ‘Known un-
knowns’, where the target architecture is already validated by
natural examples, but SynBio routes for diversifying are still
missing. These gaps often stem from unresolved biosyn-
thetic crosstalk that hasn’t yet been translated into en-
gineering principles. This is because, in such systems: 1) the
enzyme responsible for the coupling step might be only
partly identified; 2) intermediate recognition and transfer
between different enzymatic systems can be highly depen-
dent on the context; and 3) the timing of the coupling step
relative to scaffold assembly is often unclear.

These bottlenecks most often occur in lower-frequency
biosynthetic hybrids (NRPS-terpene [14,15], NRPS—po-
lyunsaturated fatty acid synthase (PUFAS) [16], NRPS-i-
bosomally synthesized and post-translationally modified
peptide (RiPP) [17], RiPP—fatty acid synthase (FAS) [18,19],
and RiPP—polyketide synthase (PKS)/FAS [20]) rather than
in more common hybrid classes like PKS-NRPS [21-24]
and PKS—terpene [25,26] systems, which have abundant
natural examples and better-established engineering plat-
forms. At present, experimentally tractable examples in this
quadrant come mainly from peptide-related hybrid systems,
so the cases below are intended to be illustrative rather than
comprehensive.

A practical consequence is that progress in this quadrant is
unlikely to begin with full-pathway reconstruction. Instead,
complex architectures will first need to be reduced to
tractable coupling problems that can be tested outside the
full native pathway. For example, in late-stage transforma-
tions, /7 vitro reconstitution provides a practical entry point
to evaluate donor scope, acceptor tolerance, and coupling
selectivity before broader pathway integration is attempted.

NRPS-terpene hybrids are still rare in nature, with fla-
vunoidine and CJ-12662 among the few examples [14,15].
A practical approach for engineering is not to rebuild the
entire upstream pathway initially but to focus on the late-
stage terpene—peptide coupling step as the key transfer-
able unit for diversification. In this context, RiPP-terpene
systems serve as a useful conceptual model. Although
RiPP and NRPS pathways differ fundamentally in their
upstream assembly processes, both produce peptide-like
acceptors that can be diversified through late-stage tai-
loring chemistry. Therefore, iz vitro coupling assays pro-
vide a practical platform for testing whether terpene-
appending modules can be repurposed across different
biosynthetic systems.

A useful operational example comes from RiPP pre-
nyltransferases, which can function as accessible late-
stage terpene-installation modules. Cyanobactin pre-
nyltransferases are notable for broad peptide-sequence
tolerance, and the distinct prenyltransferase PalQ further
illustrates that extended prenyl donors can be in-
troduced onto Trp-containing peptide substrates. The
geranylated plantaricin A (9) displayed potent anti-
microbial activity with an ICs value of 6.3 nM, an ~18-
fold enhancement compared to the unmodified peptide
(ICsp = 114.7 nM) (Figure 3b) [3].

Taken together, known unknowns are chemotypes that al-
ready exist in nature but are hard to diversify systematically.
The main obstacle is usually not scaffold validation, but the
lack of a practical engineering handle: the key coupling
enzyme, the appropriate intermediate, or the timing of the
coupling step remains unclear. As a result, shifting beyond
this quadrant will likely begin with simplified reconstitution
systems that isolate one coupling event at a time, as shown
by late-stage terpene installation in peptides using substrate-
tolerant prenyltransferases. These lessons may later help
enable the engineering of rarer hybrid architectures.

Unknown unknowns: scaffolds beyond
current prediction

‘Known unknowns’ are mostly limited by how they are
implemented, while ‘Unknown unknowns’ are mainly
limited by how easy they are to discover, since the un-
derlying architectures evade prior expectations and must
first be identified before they can be engineered.
Operationally, the route into this quadrant is discovery-
first: minimal anchors, like a gene-level handle, a re-
sistance clue, or a mechanistic foothold, are used to
identify the scaffold and then convert it into an en-
gineerable program.

Darobactins and dynobactins exemplify this quadrant
with an unexpected RiPP bond topology. As a natural
example of a completely new architecture, darobactin A
(10) 1s a bicyclic RiPP heptapeptide with unusual C-C
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Figure 3
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Known unknowns exemplified by PalQ-catalyzed late-stage terpene installation in peptides. (a) PalQ-catalyzed prenylation of the C-terminal
tryptophan in PalX and plantaricin A, highlighting donor scope from DMAPP to GGPP. (b) Antimicrobial activity comparison of unmodified and
prenylated plantaricin A derivatives. Values are reported as ICsq values for antimicrobial activity (hnM) and cytotoxicity (uM), and as ECsq values for

membrane permeability (UM).

and ether crosslinks (IFigure 4) [27,28]. This bond to-
pology would have been hard to predict based only on
traditional RiPP biosynthetic logic. The small dar BGC
was not found using typical BGC annotation tools (e.g.
antiSMASH) and was instead discovered through a

targeted search of the core peptide sequence. The bi-
cyclic crosslink is necessary for antibacterial activity and
BamA binding. BamA is a target on the outer membrane
of Gram-negative bacteria and is rarely addressed by
natural product antibiotics.
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Figure 4
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Unknown unknowns exemplified by darobactins and dynobactin. (a) Chemical structures of engineered darobactin analogs and dynobactin A. (b)
Cryo-EM structure of the BAM complex bound to darobactin A. Darobactin A binds at the lateral gate of BamA and adopts a p-strand-like
conformation. (c) Close-up view of the hydrogen-bonding interactions between darobactin A and BamA strand p1. (d) MICs of darobactins and
dynobactin A against a panel of pathogens. 2DSM 30007, DSM 30008, and NCTC 13301 were tested for darobactins; ATCC 19606 was tested for
dynobactin A. PATCC 25922, BW25113, JW0451-2 AacrB, and K12 AtolC were tested for darobactins; K-12 MG1655 and AR350 were tested for
dynobactin A. °DSM 30104 was tested for darobactins; AR347 was tested for dynobactin A. 9PAOT, PA14, PA14 AmexAB, DSM 1117, and NCTC
13437 were tested for darobactins; PAO1 and PA14 were tested for dynobactin A.
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Expanding on the family, a computational search for genes
only distantly related to the @ar operon led to the discovery
of dynobactin A (11) from Photorhabdus australis, another
novel peptide antibiotic with two unlinked rings [29]. Dy-
nobactins also target BamA, but their antibacterial activity is
more dependent on outer-membrane permeability. Guided
by the cryo-EM structures of the BamA-darobactin com-
plex, which provided an interaction blueprint, core-peptide
diversification rapidly converted darobactins from a one-off
discovery into an engineerable series, yielding analogs with
enhanced potency and broader Gram-negative coverage,
such as darobactins 9 (12), 22 (13), and 31 (14) [30-32]. 'This
progression highlights a key feature of the quadrant: once an
unexpected scaffold is made visible through a minimal an-
chor, structural and mechanistic insights can swiftly turn it
from a hidden discovery into an engineerable series.

Other antibacterial examples reinforce the same principle.
Polytheonamides [33] and altemicidins [34] emerged from
biosynthetic pathways that would have been difficult to
predict from traditional paradigms, and only after elucidation
of their pathways did related biosynthetic systems become
recognizable more broadly across bacteria [35-37].

In this quadrant, the primary bottleneck is discoverability:
the relevant structures and biosynthetic rules fall outside
current predictive frameworks, making them difficult to
predict or capture with rule-based genome mining tools.
Once a minimal anchor is obtained, these initially opaque
discoveries can be translated into engineerable programs,
enabling both systematic diversification and more reliable
future recognition of related chemotypes.

Conclusion and future perspectives

SynBio is transforming the discovery of antimicrobial
natural products by broadening both what we can see and
what we can build. Viewed through the two axes of
chemical novelty and engineering accessibility, the four
quadrants outlined here offer a practical map of current
discovery and engineering states: legacy scaffolds that can
be refined repeatedly (known knowns), engineerable
scaffolds with uncertain results (unknown knowns), vali-
dated architectures that are still challenging to implement
(known unknowns), and unexpected chemotypes that
must be discovered before design can begin (unknown
unknowns). This framework is not meant to be a static
classification but a tool to link discovery logic with en-
gineering strategy and to show how initially isolated dis-
coveries can be converted into tractable SynBio platforms.

An important limitation of the framework is that quadrant
boundaries are not always clear-cut (Figure 1b). In prac-
tice, the distinction between unknown knowns and
known unknowns may blur as engineering toolkits ma-
ture, especially when a previously context-dependent
transformation becomes accessible. The key question is

Four-Quadrant Map for Antimicrobial NP Discovery Chen et al. 9

therefore not whether a compound permanently belongs
to one quadrant, but which bottleneck dominates at a
given time: uncertain outcome, uncertain implementa-
tion, or uncertain discoverability. Quadrant assignments
are thus time-stamped and dynamic. An unknown un-
known can become a known unknown once a scaffold is
recognized. A known unknown can shift toward unknown
knowns or known knowns, once the relevant coupling
logic is mechanistically understood and a transferable
engineering route is established. An unknown known can
eventually become a known known as its chemical out-
come becomes predictable and reproducible.

Looking forward, artificial intelligence and machine
learning (AI/ML)-assisted pathway discovery and design
are likely to reshape both axes of this map [38,39]. On the
discoverability front [40,41], learning-based models can
move beyond rule-based genome mining by recognizing
atypical precursor peptides (e.g. DeepRiPP [42], TrRiPP
[43], and NeuRiPP [44]), noncanonical tailoring logic,
weakly conserved pathway architectures, and metabo-
lomic patterns that would otherwise remain invisible,
thereby expanding access to unknown unknowns. On the
engineering side [45,46], AI/ML may increasingly support
substrate prediction, enzyme-function assignment, struc-
ture-guided mutagenesis, pathway refactoring, and de-
sign-build-test-learn (DBTL) prioritization. Thus, these
could reduce the distance from known unknowns to en-
gineerable routes, and from unknown knowns to pre-
dictable outcome spaces. In this way, AI/ML should be
seen not just as a discovery tool but as a bridge connecting
hidden chemistry to actionable SynBio programs.

Another priority will be to make both axes more practical
by adding semi-quantitative indicators. Chemical no-
velty can be estimated by distance to known scaffolds
(e.g. Tanimoto similarity of fingerprints) and by MS/MS
fragmentation patterns that do not match those in
spectral libraries. Engineering accessibility is harder to
standardize across hosts and pathway classes. Still, it can
be estimated by the number of DBTL iterations or en-
gineering steps needed to produce the target product,
the achievable titer and yield under similar conditions,
and modular compatibility after swapping.

Viewed through this lens, the framework serves best as a
guide to the next step: identifying which scaffolds need
discovery, which require route-building, and which are
ready for systematic diversification. As these transitions
become more predictable, the search for first-in-class an-
timicrobials should expand and become more intentional.
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