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Evolutionary insights and guidelines to achieve effective 
and high-yield non-ribosomal peptide and polyketide 
engineering
Mark J Calcott1,2,3, Anna C Sang1,2, David F Ackerley1,2,3 and  
Rory F Little1,2,3

Engineering of non-ribosomal peptide synthetase (NRPS) and/ 
or polyketide synthase (PKS) assembly lines to generate 
modified products has long offered promise to produce novel 
antibiotics and other bioactive molecules. However, it is only in 
recent years that this promise has been realised with any 
consistency. Key to this has been a shift away from engineering 
approaches informed solely by structural data, and towards 
strategies that incorporate insights from evolutionary principles 
and datasets. Such analyses have not only guided the selection 
of optimal recombination boundaries for substitution of key 
subdomains, domains or modules, but also methods for 
increasing engineering throughput, often trading accuracy for 
volume. Diverse approaches have proven successful in NRPS 
systems, but a consistent theme has been that recombinant 
assembly lines are generally impaired in terms of product yield, 
and a meta-analysis of published results to date indicates that 
no one engineering strategy is significantly best for minimising 
yield losses. Evolution-inspired strategies have advanced the 
engineering of, and product yields for, PKS systems, and 
further breakthroughs appear imminent. Although no ‘one size 
fits all’ solution is apparent for either NRPS or PKS engineering, 
this review highlights important advances in synthetic biology 
that will support both discovery and production of next- 
generation antibiotics.
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Introduction
Fleming’s chance discovery of the non-ribosomal pep
tide penicillin in 1928 [1] was a seminal event in the 
modern pharmaceutical era, which not only underpinned 
a transformation in healthcare and slashed infection-re
lated deaths but also ushered in the golden age of an
tibiotics [2]. Screening for microbial natural products 
became a key focus [3,4], and non-ribosomal peptides 
have continued to be a fruitful source of clinical drug 
candidates. In consequence, over 50% of drugs in clinical 
use today were inspired by naturally occurring non-ri
bosomal peptides and/or the biosynthetically related 
polyketides [5]. The ecological roles of these natural 
products are often opaque [6], but a consistent theme is 
that they have usually evolved in environments different 
to the human body and require modification to function 
effectively as drugs [7]. Modification of a core antibiotic 
scaffold may also be required to evade resistance that has 
arisen in response to high-level clinical use [8]. In either 
case, achieving desired changes can be problematic, 
owing to structural complexities that make total synth
esis challenging or impractical [7]. A tantalising alter
native, which directly produces the desired analogues, is 
to re-engineer target biosynthetic assembly lines by 
substituting key domains or modules. Such efforts have 
historically focused on structure-guided modification of 
the biosynthetic enzymes, but the past few years have 
witnessed a growing trend to gain insights from natural 
evolutionary processes and apply them to more 
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effectively create new biosynthetic pathways. Evolution- 
informed strategies avoid some of the issues that arise 
from making changes to highly dynamic assembly lines 
based on static structural snapshots, and can also account 
for long-range epistasis and domain–domain co-evolu
tion effects that are difficult to infer from isolated 
structures. This review considers engineering ap
proaches that harness natural evolutionary principles of 
diversification and selection to generate new non-ribo
somal peptides or polyketides and mitigate losses in 
yield.

Biosynthetic logic and natural diversification 
of non-ribosomal peptides and polyketides
The core enzymes governing biosynthesis of each class 
of molecule are non-ribosomal peptide synthetases 
(NRPSs) and polyketide synthases (PKSs) (Type I [9]
PKSs will be the focus in this review, as most PKS-en
gineering efforts have centred on these). NRPS modules 
comprise at least a thiolation (T) and an adenylation (A) 
domain, the latter of which recognises and adenylates a 
particular amino acid or related monomer, then adheres 
it to the free sulfhydryl moiety of a 4’-phospho
pantetheine cofactor bound to the T domain. The T 
domain then shuttles the monomer or peptide inter
mediates between other catalytic domains, including 
condensation (C) domains, which govern amide bond 
formation between the monomers activated by adjacent 
modules. PKS modules similarly employ a 4’-phospho
pantetheine cofactor (here, tethered to an acyl carrier 
protein (ACP)) to shuttle activated monomers or inter
mediates between catalytic domains. Activated mono
mers (typically acetate or propionate) are delivered to 
the ACP-linked phosphopantetheine cofactor by a cog
nate acyltransferase (AT) domain, and a ketosynthase 
(KS) domain then catalyses the condensation of exten
sion units tethered to adjacent modules. Each module 
can additionally contain up to three reduction (ketor
eductase (KR), dehydratase (DH), and enoylreductase 
(ER)) domains that reduce the β-keto position of the 
nascent polyketide [9,10]. The complete PKS module is 
defined as either cis or trans, according to whether the 
AT domain is integrated or a standalone protein [11]. 
Finally, in both NRPS and PKS systems, product release 
is catalysed by thioesterase (Te), reductase (R) or other 
specialised release domains associated with the terminal 
module [12].

The genes encoding the core NRPS and PKS enzymes 
are often associated with tailoring and other accessory 
genes to form biosynthetic gene clusters (BGCs) [13]. 
Clustering provides an evolutionary advantage as it al
lows propagation of genes as functional blocks by both 
vertical and horizontal transmission [13,14]. The vast 
diversity of non-ribosomal peptides and polyketides in 
nature suggests rapid evolution by lateral transfer, and a 

high rate of changes via mutation and recombination 
events, including domain substitution and/or module 
duplication in the core biosynthetic genes [15], coupled 
to loss or gain of accessory enzymes [13]. Of note, di
versification need not add complexity but can also sim
plify molecules. For example, ancestral state 
reconstruction of glycopeptide antibiotic BGCs has in
dicated that ancestral gene clusters likely produced 
compounds more complex than typical extant glyco
peptides [16]. This simplification may serve to hone the 
cluster to produce a more optimal compound or lessen 
the energy burden of biosynthesis.

Evolution-informed rational domain 
substitution strategies
While previous work has described evolutionarily-con
strained NRPS regions, a recent study provided further 
refinement and coined the term ‘functional subunit’ 
(Figure 1a) [17]. This term helps to define regions that 
demonstrate a strong association during natural re
combination events, and represents both the frequency 
with which bordering sequences recombine and the 
likelihood that the substituted unit will be sufficiently 
functional in its new context for natural selection to re
tain it [18]. The first functional subunit comprises the 
substrate binding pocket of the A domain, and it has 
been suggested that partial A domain substitution, and 
to a lesser extent, complete A domain substitution, is a 
predominant mechanism of NRPS diversification in 
nature [18,19]. Supporting such conjecture, the region 
containing the A domain binding pocket has consistently 
been shown to be phylogenetically distinct from sur
rounding regions [17,18,20,21] and to cluster by A do
main substrate specificity [17,18,21]. The second 
functional subunit includes the T–C or T–E–C (E = 
epimerisation) domains and extends from the core motif 
of the T domain [17,20] to the end of the C-domain 
[17,21]. This second functional subunit exhibits se
quence conservation that correlates strongly with the 
type of domain immediately following the T domain 
[17,20]. However, it should be noted that there are ex
ceptions that deviate from these functional subunits, for 
example, the evolution of BGCs for glycopeptide anti
biotic biosynthesis has an example of both A domain 
binding pocket mutation and C–A domain substitution 
[16]. Isolated examples like this show that diverse me
chanisms exist, and further research may uncover addi
tional evolutionary trends.

Several recent studies have performed NRPS domain 
substitutions seeking to maintain discrete functional 
subunits to improve functionality and yield (summarised 
in Figure 1a). In particular, four recent evolution-in
spired strategies that sought to alter the identity of a 
target non-ribosomal peptide residue via substitution of 
the corresponding NRPS substrate-binding pocket were: 
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1) subdomain substitution focused on the binding 
pocket of the A domain [22]; 2) A domain substitution 
that replaced the entire A domain [18]; and eXchange 
Unit between T domains (XUTs) that used whole 
modules with recombination points at either 3) the start 
of the T domain (XUTI); or 4) within the T domain 
motif (XUTIV) [20]. When evaluating relative product 
yields resulting from successful substitutions, as re
ported by the authors of each study, all methods showed 
reasonably similar percentage yields for the substitution 
strains compared to controls when examining the 
median and interquartile range (Figure 1b). Direct 
comparison of the evolution-inspired XUT domain 
substitutions to previous structure-based exchange unit 
(XU) [23] and exchange unit condensation domain 

(XUC) [24] methods pioneered by the same team 
showed that the XUT recombination sites were com
parable to XU and performed substantially better than 
XUC [20]. However, it is important to note that all the 
studies considered in Figure 1b focused on different 
NRPS templates and assessed relatively small numbers 
of recombination events. Statistically powered head-to- 
head comparisons in the same enzymatic systems would 
be required to overcome stochastic variation and more 
robustly assess the relative effectiveness of each 
strategy.

Thus, although some recombination sites are clearly 
better than others for achieving functional and higher- 
yield outcomes, no one strategy is clearly ‘best’ for every 

Figure 1  
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Schematic summary of key NRPS domain substitution experiments. (a) Structure of a typical three-module NRPS showing the relative locations of the 
adenylation (A), thiolation (T), condensation (C), and thioesterase (Te) domains. Functional units representing the A subdomain and the region 
stretching from the core (T1) motif of the T domain to the end of the C-domain are highlighted by green shading. Regions that were exchanged in 
different substitution experiments are shown below the NRPS, with the naming of the substituted region provided to the right and approximate 
recombination sites indicated using dashed lines. Broadly equivalent recombination sites from different studies (within 10–20 residues of each other) 
are represented by a single dashed line. (b) Boxplots showing the percentage yield of compound production by strains containing chimeric NRPS 
enzymes relative to an unmodified control, as reported in key studies that implemented different substitution strategies. The boxes span the 
interquartile range (IQR, 25th to 75th percentile), the horizontal line inside each box is the median, the whiskers extend to the most extreme value 
within 1.5 × IQR, and points show values outside that range. The y-axis has been limited to 125% for display purposes, which caused three data points 
to not be shown at 414.4%, 187.1% and 197.3% for the XUTI, XUTIV and XU strategies, respectively. The sample size was similar in each study (17 for 
subdomains [22], 16 for A domains [18], and 15 for XUTI, 16 for XUTIV, 14 for XU and 16 for XUC [20]). For A domain substitution, the percentage yield 
for four strains producing D-Phe-L-Leu diketopiperazine (DKPs) was calculated relative to a previously-established D-Phe-L-Phe DKP-producing strain 
[18]. It should also be noted that the study comparing XUTI, XUTIV, XU and XUC substitutions [20] included substitutions into GxpS without percentage 
yields provided, so to enable comparisons here, percentage yields were calculated relative to the yield from unmodified GxpS reported previously by 
the same team [23,24]. A Mann–Whitney U test was conducted to compare subdomain substitutions with every other substitution type. Only XUC 
domain substitutions showed a significant effect (p = 0.0021; Bonferroni-adjusted α = 0.05/5). (c) Boxplots showing the percentage yield of each 
different compound analogue produced by the top variants created via each of the three high-throughput strategies considered in this review. The 
boxes, whiskers, and points have the same parameters used in panel b. The different substitution strategies generated 14 (C4–A10 [41]), 12 (C1–A10 

[41]), and 15 (XUTIV [42]) compound analogues, respectively. A Mann–Whitney U test was conducted to compare C4–A10 domain substitutions with 
each other substitution type. No significant differences were detected at the 0.05 level or at the Bonferroni-corrected threshold.  
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BGC. For example, subdomain substitution boundaries 
that were successful in generating modified enduracidin 
analogues [22] were unsuccessful in modifying pyo
verdine biosynthesis [18]. Moreover, although each 
method has had success in different NRPS systems, 
product yields following individual substitution events 
are generally less than 50% relative to unmodified con
trols (Figure 1b). Such activity losses may be nearly 
unavoidable due to the disruption of evolutionarily op
timised structural interactions between native domains, 
as well as the inevitable introduction of new residue 
sidechain clashes. These suppositions are supported by 
recent statistical coupling analyses of groups of amino 
acids that are functionally linked [21], and the use of 
software to predict residue clashes [18]. Overall, while 
the use of evolutionarily-informed NRPS fusion sites has 
improved outcomes overall, diminished product yields 
are common, and there does not appear to be any uni
versal fusion point that can reliably avoid perturbing 
important functional interactions. As distant interactions 
can be predicted by statistical coupling and then com
bined with projections of likely clashes, it may be that 
future machine learning studies will address this. In the 
meantime, it may be more pragmatic to test multiple 
recombination strategies in any new target BGC.

Some parallels have been observed in recent PKS en
gineering efforts (Figure 3), although we consider that 
there has not yet been sufficient product yield data re
ported to enable meaningful comparisons between the 
different strategies. While modular PKS and NRPS en
zymes share similar biosynthetic mechanisms, PKS en
gineering poses some unique challenges. For example, 
PKS systems typically contain more domains per 
module, suggesting a heightened risk that important 
protein–protein interactions between domains will be 
disrupted, and yield losses can occur due to keto
synthase domain substrate gatekeeping [25,26]. A PKS 
module was traditionally considered to be made up of 
KS–AT–X–ACP domains (where X represents the re
ductive domains present) [27,28], but phylogenetic 
analysis has shown that KS domains tend to migrate with 
the corresponding upstream processing domains [28,29], 
much like T–C or T–E–C pairings in NRPS systems. 
The importance of this was apparent in a study that 
sought to replace rapamycin PKS domains, which re
sulted in a variety of unexpected analogues arising from 
module-duplication and deletion events [30]. Notably, 
the recombination sites that led to these diversified 
BGCs were within the KS domain, consistent with the 
AT–X–ACP–KS domain structure implied by phyloge
netic analysis. This effect, termed ‘accelerated evolu
tion’, was subsequently recapitulated to deliberately 
induce recombination between homologous regions and 
create novel tylosin analogues [30], while in another 
study, the mid-KS region was rationally targeted to en
gineer chimeric stambomycin PKS enzymes [31]. 

Chimeric PKSs have also been constructed simply by 
introducing genes encoding different PKS modules into 
Saccharomyces cerevisiae, a highly recombinogenic inter
mediate host that proved effective in fusing modules 
together, most commonly within KS or AT domains [32].

Phylogenetically defined exchange units (i.e. 
AT–X–ACP–KS, where the splice site is within the 
KS–AT linker sequence) have now been directly com
pared to traditional module constructs (KS–AT–X–ACP), 
and demonstrated to yield superior recombination out
comes in multiple experimental systems [33–36]. How
ever, not all module substitutions are equally tolerated, 
even using the updated boundaries [34,36], with module 
skipping sometimes observed [36]. Thus, while progress 
has been made overall, there are clearly other aspects to 
consider before high-yielding chimeric PKSs can be re
liably created.

Preferred PKS module boundaries to enhance func
tionality and product yield were adjusted slightly in 
2025, based on phylogenetic analyses of the KS–AT 
linker sequence that indicated that these sequences 
form clades according to the nature of the AT domain 
that follows (e.g. selective for 2S-methylmalonyl-CoA). 
This suggested that KS–AT pairings are an evolutiona
rily conserved unit, and it was further inferred that the 
KS–AT linker interacts physically with both the up
stream KS domain and downstream AT domain [37]. 
Based on these inferences, a post-AT splice site was 
identified as an effective exchange unit boundary (i.e. 
X–ACP–KS–AT) that can outperform the KS–AT linker 
boundary [37,38]. The equivalent region of trans-AT 
PKSs was also found to be an effective recombination 
site that enabled the generation of functional trans-AT 
PKS chimeras (via both insertion and removal of do
mains) [39]. Module cut sites for the insertion of a 
terminal reductase (TR) domain were also identified 
within evolutionarily conserved amino acid motifs be
tween domains [40]. This led to the ACP–TR domain 
being identified as a reliable unit for transplanting onto 
the end of PKS modules to reductively release the 
polyketide product [40]. Based on current information, 
we advise that researchers planning new PKS en
gineering experiments use these module boundaries as a 
starting point.

Evolution-inspired strategies focused on 
increased throughput
Having the ability to conduct an unfathomable number 
of recombination experiments in parallel, nature can 
afford most NRPS and PKS recombination events to be 
unsuccessful. Lab-based efforts do not have this luxury, 
but some teams have developed methods that sacrifice a 
degree of efficiency in exchange for substantially in
creased throughput relative to individual rational domain 
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substitutions. One recent approach used degenerate 
PCR primers to target the highly conserved C1 or C4 
and A10 motifs within NRPS modules present in soil 
metagenomic DNA, to amplify C1–A10 and C4–A10 do
main fragments from the thousands of bacterial genomes 
represented therein. This yielded over 1000 unique 
domain fragments that were then used to substitute the 
equivalent region in a Pseudomonas aeruginosa module 
involved in pyoverdine biosynthesis (Figure 2a) [41]. 
Screening identified over 100 unique functional variants, 
and 16 distinct pyoverdines were produced as major 
products (Figure 1c) [41]. Another high-throughput ap
proach based on XUTIV domain substitutions targeted 
two conserved glycine residues within the T domain as a 
recombination site for Golden Gate Assembly (Figure 
2b) [42]. Chimeric artificial NRPS enzymes of three or 
four modules in length were made using different 
starter, elongation and termination modules, with 46 out 
of 96 producing the expected peptide product. An ad
ditional 44 variants were created to modify xenomicin 
biosynthesis by replacing two modules with one or two 
modules, resulting in the production of 15 peptides of 
the expected masses (Figure 1c) [42]. A further combi
natorial approach used restriction sites strategically in
stalled within the C/A-domain linker regions of NRPS 
modules involved in biosynthesis of plipastatin or gra
micidin S to randomly exchange modules between the 
two systems [43]. Thirty-two distinct combinations of 
chimeric plipastatin–gramicidin S gene clusters were 

recovered from 50 randomly-selected transformants, and 
ultimately nine unique lipopeptides were recovered 
alongside a range of smaller peptide products [43]. Im
portantly, each of the examples above demonstrates how 
the historically low success rates for individual NRPS 
recombination events can be offset by enhancing 
throughput and selecting desired outcomes, that is, 
strategies that more closely resemble natural evolution.

Given the requirement for precise molecular choreo
graphy between domains, it seems likely that natural 
NRPS or PKS recombination events also usually yield 
low-activity initial outcomes, followed by an accrual of 
point mutations that ‘massage’ the newly acquired do
main(s) into place [44]. This subsequent optimisation is 
generally difficult to recapitulate in laboratory-based 
recombination studies, although it was achieved in a 
landmark study using error-prone PCR to restore func
tion to inactive recombinant NRPS enzymes involved in 
enterobactin or andrimid synthesis, for which a high- 
throughput product selection and screen, respectively, 
were available [45]. More recent work has shown that 
semi-rational approaches can get remarkable results with 
relatively few mutations required to restore activity [46]. 
In one case, subdomain substitution into a GrsA/GrsB1 
model system that usually yields a D-Phe-L-Pro diketo
piperazine generated a variant that additionally made a 
D-Val-L-Pro analogue [47]. Combining mutations to re
vert individual subdomain residues predicted to clash 

Figure 2  
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A schematic summary of high-throughput methods to engineer non-ribosomal peptide biosynthesis. (a) Metagenomic domain substitution amplifies 
pools of domains using conserved motifs and substitutes them en masse into an NRPS. Functional variants are then identified by screening [38]. (b) 
Golden Gate Assembly has utilised conserved glycine residues within the T domain motif to generate overhangs for piecing together modules. These 
were assembled in a combinatorial fashion, and strains containing the resulting constructs were screened for activity [42]. (c) Directed evolution has 
been used to randomly mutate DNA or specific residues to restore yield [45,46], change stereospecificity [48] or incorporate either alternative or 
unnatural amino acids [49,50].  
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with the rest of the A domain not only increased di
peptide production up to sixfold, but also altered spe
cificity towards Val or Phe depending on the mutations 
(Figure 2c) [47].

In a different study using the same DKP-producing 
system, saturation mutagenesis was applied to improve 
the relative yield of a side product. Selected residues in 
the C-domain of GrsA/GrsB1 were targeted to modulate 
the preference for incorporating different L-amino acids 
(Figure 2c), with some portability of key mutations to 
other NRPS systems also observed [48]. It was also 
found that the A domain of GrsB1 could be mutated to 
allow low-activity incorporation of L-piperazic acid in
stead of L-Pro, with additional mutagenesis restoring 
activity (Figure 2c) [49]. Transferring the mutations to 
full-length GrsB allowed production of gramicidin S 
containing L-piperazic acid at 15 mg/l [49].

Engineering NRPS or PKS enzymes involved in side
rophore biosynthesis offers potential to mimic the en
hanced throughput of natural evolution, by applying a 
conditional viability selection on media amended with 
chelating agents that prevent passive iron uptake. This 
strategy was recently applied for domain substitution to 
replace the Ser-specific A domain of the enterobactin 

synthetase EntF with a Leu-specific A domain, and 
subsequently find mutations to shift the specificity back 
to serine. Although it was expected that only serine- 
containing enterobactins would transport iron, recovered 
strains contained tyrosine-incorporating A domains that 
generated a novel tyrosine-containing enterobactin [50]. 
This illustrates the potential for evolutionary approaches 
to provide unexpected insights by avoiding preconcep
tions associated with rational strategies.

Another attractive selection was employed for high- 
throughput yeast display to engineer a C-domain variant of 
surfactin synthetase SrfA-C to better tolerate O-propargyl-L- 
Tyr and 10-undecynoic acid as donor substrates (Figure 2c). 
The donor substrates were passed from another NRPS 
enzyme or an artificially loaded T domain to a displayed 
module in which the C-domain was mutated using degen
erate codons. Absence of a Te-domain caused any product 
to remain attached to the T domain of the displayed 
module, while the terminal alkynes of O-propargyl-L-Tyr 
and 10-undecynoic acid allowed attachment of a fluorescent 
label and selection by fluorescence-activated cell sorting 
[51]. Application of this display system to modify C-domains 
demonstrates its versatility, having previously been used to 
modify A-domain specificity to recognise clickable amino 
acids [52,53], α-hydroxy acids [54], or β-amino acids [55].

Figure 3  
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A summary of the different PKS exchange units used in recent engineering experiments. Top: Schematic structure of a two-module cis-AT PKS, 
containing ketosynthase (KS), acyltransferase (AT), dehydratase (DH), enoylreductase (ER), ketoreductase (KR), and acyl carrier protein (ACP) 
domains. The optional reduction domains (DH, ER, and KR) are highlighted using a broken black border. The traditional biochemical PKS module 
definition starts at an N-terminal KS domain and ends with a C-terminal ACP domain. The different PKS exchange units identified using an evolution- 
guided approach, which have been used to create hybrid or engineered PKS enzymes, are then summarised (intra-KS exchange unit, KS–AT linker 
exchange unit, post-AT exchange unit). Bottom: The structure of a model two-module trans-AT PKS containing ketosynthase (KS), flanking subdomain 
(FSD), acyltransferase (AT), dehydratase (DH), ketoreductase (KR), and ACP domains. A recently identified trans-AT PKS exchange unit spans from the 
C-terminal end of the upstream module’s FSD to the C-terminal end of the downstream module’s FSD.  
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Evolution-informed strategies to improve 
product yields
Evolutionary insights can also be applied to overcome the 
losses in yield that are typically associated with NRPS and 
PKS BGC engineering. For example, a comparison of 720 
actinobacteria genomes found that the most PKS-rich spe
cies were consistently associated with a five-gene operon for 
pyrroloquinoline (PQQ) biosynthesis [56]. Overexpression 
of the PQQ operon was found to enhance polyketide pro
duction via a proposed mechanism of increasing cytoplasmic 
ATP, NADH, NADPH and acyl-CoAs [56]. An over
expressed PQQ operon may therefore offset yield losses in 
organisms expressing chimeric PKSs. Other features that 
could help enhance engineered product yields include in
creasing the pool of available malonyl-CoA via orthogonal 
pathway insertion [57], splitting large PKS or NRPS genes 
into smaller units to enhance mRNA stability [58,59], and 
modifying ACP domains for maximal activation by the 
preferred phosphopantetheinyl transferase [60].

To mimic the stochastic and high-throughput nature of 
evolution, combinatorial strategies are increasingly being 
applied to both NRPS and PKS systems. Cloning genes 
into alternative plasmids with different copy numbers and 
identifying optimal combinations increased salivabactin 
and epoxomicin production two to eightfold, respectively 
[61,62], while precursor supplementation [61,62], linking 
enzymes together [62], and modifying drug efflux systems 
[61] further increased yield. Similarly, the use of 
homology-based assembly to create compatible plasmids 
with different gene combinations allowed rapid char
acterisation of diverse gene combinations, and identifi
cation of new product analogues as well as the minimal 
genes for heterologous expression in a new host [63]. An 
alternative approach of iteratively and combinatorially 
testing different promoters improved production of 
polymyxin B in a heterologous host by 40-fold [64]. As 
screening can be limited by compound detection, another 
study inserted a standalone single-module NRPS that 
generates the blue pigment indigoidine into diverse 
BGCs, which served as a proxy for expression. This al
lowed screening of CRISPRi libraries targeting hundreds 
of repressor genes, and strains were created producing 
daptomycin, thaxtomin A and surfactin at 1054 mg/L, 
352 mg/L and 878 mg/L, respectively [65].

Conclusions
Substantial progress has been made in experimentally de
fining optimal fusion sites, developing high-throughput en
gineering methods and increasing compound yields. 
Although there have been attempts to define rules for en
gineering, given the complexity of protein–protein interac
tions within complex NRPS and PKS megaenzymes, it is 
unlikely that there is a universally optimal approach. Rather, 
we suggest that researchers who seek optimal outcomes 
should be prepared to be flexible, trialling multiple 

strategies in target BGCs and scaling the most productive. It 
is probable that domain substitutions will continue to impact 
product yield, but these losses may in the future be offset by 
the development of innovative selection strategies to enable 
directed evolution and advances in heterologous expression 
to improve yield. Moreover, methods have been developed 
to detect long-range interactions that are disrupted by do
main recombination, but these rely on covariance within 
large evolutionary datasets and have not yet been applied to 
increase the success of individual domain substitutions.

Resolving the challenges associated with achieving do
main substitution at scale is likely to prove essential to 
increasing the likelihood of individual studies suc
ceeding. Addressing these challenges could also gen
erate the large datasets required for machine learning to 
bridge the gap between covariance and prediction, to 
project the recombination strategy likely to prove op
timal for each new target BGC. We anticipate a positive 
feedback loop as the scale of experiments increases and 
our knowledge of natural NRPS and PKS diversification 
improves, providing opportunities to further fine-tune 
and accurately predict outcomes. Given the looming 
threat of antibiotic resistance and the dwindling num
bers of natural products entering clinical pipelines, 
achieving these goals is becoming increasingly critical.
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