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Introduction

In the modern era of pharmaceutical development and dis-
covery, high-throughput screening methods are central to 
discovering new drugs. Some pharmaceutical companies 
have screening collections of sizes on the order of one mil-
lion entities [5]. When screening such collections, hit rates 
can vary from 0.001 to 0.3 % [23], requiring many samples 
to be tested before a single hit is generated. Among the leads 
that become approved drugs, natural products or molecules 
derived from natural products represented 74.8 % of all can-
cer drugs approved by the FDA from 1981 to 2010 [33]. 
While evermore sensitive and accurate screening methods 
are continually being developed by academia and industry 
to increase the number of hits generated, there is also room 
for improvement in diversifying the screening libraries them-
selves. By and large, the natural product and extract libraries 
employed in modern high-throughput screens are still assem-
bled using the same methods as in the 1970s. As such, many 
supposedly new hits often result in rediscovery of known 
compounds. One proposed method of expanding these 
libraries is combinatorial biosynthesis, whereby complex 
and novel products can be formed by taking a set of enzymes 
from disparate sources and combining their activities to form 
new biosynthetic pathways. This method is attractive due to 
the ability of biological catalysts to perform highly selective 
reactions that are difficult to achieve by chemical methods, 
giving it an advantage in product complexity and diversity 
over purely chemistry-based methods [47].

While in the past the prospects of combinatorial bio-
synthesis have been limited by the availability of known 
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enzymes to concatenate into pathways [43], in the current 
era of ever-decreasing genome sequencing costs there is 
a continually expanding selection of enzymes that can be 
utilized. Bioinformatics tools like the basic local align-
ment search tool (BLAST) [1] and protein domain rec-
ognition databases, including the protein families (Pfam) 
database and the conserved domains database (CDD), 
give rapid prediction of enzyme function without the need 
for laborious expression and isolation [28, 35]. Tools for 
the prediction of secondary metabolic pathways based 
on only genomic sequencing data also exist, which cover 
almost the entire scope of common secondary metabolites 
[9, 18, 30]. In addition, it is now realized that the number 
of secondary metabolite gene clusters present across all 
domains of life far exceeds the number of known second-
ary metabolites discovered under laboratory conditions. 
For example, although only a handful of natural products 
were previously known to be produced by Streptomyces 
coelicolor A3(2), Streptomyces griseus IFO 13350, and 
Streptomyces avermitilis MA-4680, genome sequencing 
revealed over 20 [3], 34 [34], and 38 secondary metabo-
lite clusters [17], respectively, in these strains. The ability 
to rapidly identify a diverse set of homologous enzymes 
with potentially different catalytic activities or substrate 
specificities opens the door to the realization of combina-
torial biosynthesis.

At the heart of most combinatorial biosynthesis efforts 
are the driving forces of potentially valuable and novel 
“non-natural natural products”, knowledge of a set of 
enzymes amenable to combinatorial methods, and the 
ever-improving biological techniques to realize them. Up 
against these motivating factors are the challenges of natu-
ral protein–protein orthogonality, incompatible substrate 
scope, and limitations of microbial host capabilities and 
genetic manipulability. The story of combinatorial biosyn-
thesis thus far, and very likely into the future, is that of the 
understanding of secondary metabolic pathway subtleties, 
and engineering efforts to create ever more robust expres-
sion systems and genetic tools. In this mini-review, we will 
highlight some of the major successes in combinatorial bio-
synthesis of natural products, and describe the host of new 
DNA assembly techniques that are poised to revolutionize 
the field.

Classic approaches to combinatorial biosynthesis

The initial attempts at combinatorial biosynthesis focused 
on the polyketide synthase (PKS) family of enzymes, due 
to the inherent modularity of PKS systems and the pre-
dictability of their end products [43]. Each PKS module 
catalyzes one specific step in polyketide synthesis before 
passing the maturing product onto the next module [43], 

making it straightforward to envision the combinatorial 
mixing and matching of these “assembly line”-type com-
plexes to synthesize new non-natural products. Typically, 
one well-characterized system would be modified to create 
a small number of novel natural product derivatives. For 
instance, the erythromycin PKS system has been modified 
by the substitution of acyl-transferase domains of multi-
ple PKSs to produce a library of 61 end products, many of 
which had not been observed in nature (Fig. 1) [29]. The 
pikromycin, tylosin and erythromycin PKS genes have also 
been combinatorially assembled to produce novel mac-
rolides [44].

In addition to modifying enzymes in preexisting path-
ways, another combinatorial strategy is to combine 
enzymes to create de novo pathways in heterologous 
hosts. Two flavanones, pinocembrin and naringenin, were 
produced in Escherichia coli by expressing a phenylala-
nine ammonia-lyase from the fungus Rhodotorula rubra, 
a 4-coumarate:CoA ligase from the actinobacteria species 
S. coelicolor, the PKS chalcone synthase from the leg-
ume Glycyrrhiza echinat, and a chalcone isomerase from 
the Japanese arrowroot species Pueraria lobata. A similar 
strategy was employed to synthesize stilbenes by employ-
ing the phenylalanine ammonia-lyase from R. rubra, a 
4-coumarate:CoA ligase from Lithospermum erythrorhi-
zon, and the PKS stilbene synthase from Arachis hypogaea. 
When supplied with tyrosine or phenylalanine, E. coli cells 
expressing these three genes produced resveratrol and pino-
sylvin, respectively. When other carboxylic acids were 
used as substrates, a number of non-natural stilbenes were 
produced. To further diversify the products, a promiscuous 
pinosylvin methyltransferase was introduced to produce 
a collection of dimethylated stilbenes. This strategy was 
extended by the addition or substitution of various enzymes 
in PKS precursor synthesis and/or post-polyketide modifi-
cation to create a total of 128 polyketide products, 42 of 
which had not been previously reported [15, 16].

Combinatorial biosynthesis has been performed for the 
production of terpenoids, the class of chemicals to which 
the drugs artemisinin and paclitaxel belong. Synthesis of 
carotenoids has been demonstrated in E. coli by combining 
carotenoid pathway genes from various sources to create 
29 different compounds, ten of which had not been isolated 
from natural sources. To achieve significant yields, the 
host’s metabolism was modified by overexpression of the 
precursor-generating enzymes 1-deoxy-d-xylulose 5-phos-
phate synthase, 1-deoxy-d-xylulose 5-phosphate reductoi-
somerase, and isopentenyl pyrophosphate synthase [38].

While E. coli is the most common host used for com-
binatorial biosynthesis, extensive work on lipopeptides 
related to the antibiotic daptomycin has been performed 
in Streptomyces hosts [2]. In both Streptomyces rose-
osporus and Streptomyces fradiae, the native producers 
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of lipodepsipeptides A21978C and A54145, respectively, 
genetic modifications including gene deletion, gene 
replacement, NRPS domain substitution, and module 
fusion have been introduced. As a result, over 120 novel 
compounds were produced, some of which exhibited 
improved therapeutic properties relative to their parent nat-
ural products.

Some enzymes with desirable properties from higher 
organisms, such as fungal membrane-bound cytochrome 
P450 enzymes, do not express well or are inactive in 
bacterial hosts. This has prompted adoption of alternate 
strategies to achieve some reactions, for instance the pro-
duction of genistein from tyrosine by co-culture of E. 
coli and Saccharomyces cerevisiae [15, 16]. However, 
such co-culture strategies require significant fine-tuning 
that must be performed on a compound-by-compound 
basis. Other approaches forgo bacterial hosts altogether 
in favor of complete production in yeast or fungal cells. 
A method for combinatorially assembling gene cassettes 
in yeast artificial chromosomes in vitro has been demon-
strated by the creation of a library of flavonoid-producing 
pathways [32].

Synthetic biology techniques for DNA assembly

The concept of combinatorial biosynthesis is well estab-
lished through several pioneering examples. Nevertheless, 
it remains that, in practice, most studies in this field are not 
rigorously combinatorial. Instead, they are limited to a few 
selected elements from a much larger library of possibili-
ties. To date, all successful attempts at combinatorial bio-
synthesis have focused on single pathways or a small set of 
enzymes, since such a limited set is tractable for laborato-
ries working with standard DNA manipulation techniques. 
Traditional restriction digestion and ligation-based clon-
ing methods are tedious, time-consuming, and typically 
require specific tailoring to the entity of interest. Further, 
many pathways of interest for combinatorial biosynthesis 
are comprised of several genes and regulatory elements, 
necessitating a lengthy series of sub-cloning steps en route 
to the desired pathway constructs. As a result, traditional 
approaches are not readily amenable to the rapid combina-
torial library assembly necessary to create sufficient novel 
chemical entities for the purpose of drug discovery. The 
lack of facile, highly efficient manipulation techniques for 
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Fig. 1   Combinatorial domain swapping from the rapamycin gene 
cluster (RAPS from Streptomyces hygroscopicus) to the erythromy-
cin gene cluster (DEBS from Saccharopolyspora erythraea) yields a 
library of erythromycin derivatives. Domain abbreviations: AT acyl-

transferase; ACP acyl carrier protein; KS ketosynthase; KR ketoreduc-
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libraries of interchangeable genetic elements has heretofore 
stood as a significant hurdle to true combinatorial biosyn-
thesis. In recent years, however, a number of revolution-
ary techniques have been developed, transforming arduous 
constructions into routine tasks.

Modern DNA assembly techniques can broadly be 
classified into two groups: those based on homology and 
those based on ligation. Homology-based methods require 
neighboring DNA fragments to share identical sequences, 
such that splicing can occur either by annealing and exten-
sion of the homologous ends in vitro or by homologous 
recombination in vivo. Perhaps the most prominent in 
vitro technique is the one-pot isothermal assembly pio-
neered by Gibson and coworkers, colloquially known as 
“Gibson assembly” [12]. In this process, DNA fragments 
with homologous termini are spliced via three enzymatic 
reactions. First, T5 exonuclease catalyzes “chew-back” 
(single-strand degradation) of the 5′ ends of each frag-
ment. This exposes their complementary single-stranded 
3′ ends, which anneal to each other in the desired order to 
form the target construct with single-stranded gaps (Fig. 2). 
Phusion polymerase then fills in the gaps, and Taq ligase 
seals the nicks to produce the intact final product, which 
can subsequently be used to transform a host of choice. 
A variety of previously developed in vitro assembly tech-
niques present variations on this theme, including sequence 
and ligase independent cloning (SLIC), which utilizes T4 
DNA polymerase for both 3′ chew-back and partial gap-
filling, but requires addition of a single deoxynucleotide to 
switch between the two functions [25]; polymerase incom-
plete primer extension (PIPE) cloning, which relies on 
incomplete primer extension during PCR of each fragment 
to leave single-stranded 3′ ends [20]; and uracil-specific 
excision reagent (USER) cloning, which utilizes uracil-
containing primers and a uracil-specific glycosylase and 
endonuclease to generate defined single-stranded 3′ ends 
[4] (Fig. 2). Note that besides Gibson assembly, none of the 
above methods employ a ligase enzyme, instead requiring 
nick-sealing to occur in vivo following transformation into 
the desired host. Further, both SLIC and PIPE cloning also 
require additional gap-filling in vivo to generate the nicked 
target construct.

Published shortly after Gibson assembly, circular poly-
merase extension cloning (CPEC) presents an alternative 
to the “chew back and anneal” strategy. Starting from a 
set of DNA fragments with homologous ends, this method 
instead relies on cycles of heating to denature the duplex 
fragments, cooling to anneal neighboring strands at their 
overlapping ends, and polymerase-mediated extension to 
generate the concatenated duplex. After several cycles, the 
nicked target construct is formed, which can be sealed in 
vivo [36]. Site-specific recombination-based tandem assem-
bly (SSRTA), on the other hand, employs the Streptomyces 

phage ϕBT1 integrase to splice neighboring fragments in 
vitro [46] (Fig. 2). This method requires each fragment to 
be flanked by a set of orthogonal recombination sites, and 
consequently leaves interstitial scar sequences. While this 
is a clear disadvantage compared to the other techniques 
described, the absence of a polymerase extension step 
and the high specificity of the ϕBT1 integrase for its cog-
nate recognition sequences make this method attractive by 
avoiding the introduction of mutations or off-target recom-
bination events.

An alternative to in vitro assembly is to allow frag-
ment splicing by native cellular homologous recombina-
tion machinery. A key example of this is the DNA Assem-
bler method, which relies on S. cerevisiae to assemble 
DNA fragments with terminal overlap sequences [41] 
(Fig. 2). In this approach, the assembly host is simultane-
ously transformed with individual fragments containing 
homologous ends. The target construct generated in vivo 
via homologous recombination can then be selected via an 
incorporated selection marker. Additional in vivo assem-
bly methods include the Red recombination system, in 
which homologous recombination in E. coli is enhanced 
through expression of the Redαβ proteins from the lambda 
prophage or RecET proteins from the Rac prophage [48]; 
mating-assisted genetically integrated cloning (MAGIC), 
which employs bacterial conjugation to transfer a donor 
plasmid to the assembly host strain containing a receiver 
plasmid, a homing endonuclease (to generate linear frag-
ments), and inducible lambda recombinases (to facilitate 
homologous recombination) [24]; transformation-associ-
ated recombination (TAR) cloning, which can be used to 
clone large portions of genomic DNA via simultaneous 
transformation of S. cerevisiae with genomic DNA con-
taining the target sequence and a receiver vector [27]; and 
RecET-mediated “direct” cloning, which is similar to TAR 
cloning but carried out in E. coli with inducible expression 
of the RecET recombinases and requires prior digestion of 
the genomic DNA to liberate the target sequence as a lin-
ear fragment [10]. An ex vivo recombination-based method 
named for its seamless ligation cloning extract (SLiCE) has 
also been recently described, which utilizes E. coli extracts 
rather than whole cells to catalyze fragment assembly [49].

Although numerous powerful homology-based assem-
bly methods have been developed, there are still non-triv-
ial limitations to their general utility. Among these is the 
necessity to avoid multiple fragments with similar homolo-
gous ends in the assembly design, as this can lead to incor-
rect pairing of fragments not intended to be neighbors. Such 
concerns become significant in clusters containing repeated 
similar elements, such as the domains of a modular PKS 
or NRPS or the exogenous promoters and terminators 
used in pathway refactoring. Thus, there still exists a need 
for assembly techniques that do not rely on homologous 
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recombination. Of course, the classic restriction digestion/
ligation method is one such technique which generates only 
short single-stranded overhangs at specific sites. As noted 
above, however, this method has limited applicability for 
rapid combinatorial assembly. To facilitate and streamline 
its application, the concept of BioBricks (and subsequent 
variants, including BglBricks) has been proposed [42]. Bio-
Brick assembly can be seen as the standardization of tradi-
tional cloning techniques. The BioBrick assembly standard 

dictates the restriction enzyme recognition sequences that 
should be positioned at the 5′ and 3′ ends of the assembly 
fragments. Utilization of two restriction enzymes with dif-
ferent recognition sequences but identical single-stranded 
overhangs (e.g., XbaI and SpeI) renders the assembly of 
two fragments an idempotent operation. In other words, 
correct ligation of two fragments abolishes the recognition 
sites between them while retaining those at the 5′ and 3′ ter-
mini of the product fragment. Thus, the product fragment 

Fig. 2   Modern techniques for multi-component DNA assembly
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can be employed in subsequent assemblies under the same 
standardized conditions, eliminating the need to identify 
new restriction enzymes for each fragment in the target 
construct. Nevertheless, this restriction enzyme-recycling 
approach necessitates a stepwise rather than simultaneous 
assembly scheme as only two fragments can be joined per 
round of assembly. As a result, construction of large sec-
ondary metabolite gene clusters by this approach can still 
be time-consuming.

To reconcile the assembly of several fragments with a 
convenient enzyme-recycling methodology, a restriction 
enzyme that can recognize only a single defined sequence 
but generate many different single-stranded overhangs is 
needed. Fortuitously, both of these properties are manifested 
in Type IIS restriction endonucleases, which can bind only 
to a specific recognition site but cut indiscriminately at a 
prescribed distance from this site. Thus, by incorporating 
Type IIS restriction sites at the termini of each fragment, 
user-defined overhangs can be generated such that simulta-
neous assembly of multiple fragments in the desired config-
uration can be achieved. This technique, initially proposed 
by Engler et al. [8] is termed golden gate assembly.

Note that modern ligation-based cloning techniques still 
carry with them a major limitation of traditional cloning; 
namely, the necessity to remove all DNA recognition sites of 
the selected restriction endonuclease within the fragments to 
be assembled. To obviate this requirement, Chen and cowork-
ers recently presented a method to limit restriction endonucle-
ase digestion only to the desired terminal sequences [6]. Their 
method, methylation-assisted tailorable ends rational (MAS-
TER) ligation, expands the utility of golden gate assembly 
via utilization of MspJI, a type IIS restriction endonuclease 
containing 5-methylcytosine in its recognition sequence. 
Through incorporation of 5-methylcytosine in the primers 
used to amplify each fragment for assembly, digestion only 
occurs at the desired terminal locations and not within the 
fragments where only unmodified cytosine’s are present.

Current and future applications in combinatorial 
biosynthesis

The aforementioned techniques have been recently 
developed, and as such their current applications have 
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predominantly been limited to proof-of-concept studies. 
As with any new technology that seeks to replace estab-
lished methodologies, a certain degree of recalcitrance to 
their initial wide-spread adoption is inevitable. Neverthe-
less, as these techniques continue to gain prominence, more 
researchers are exploring the scope of their utility, and their 
potential in the field of combinatorial biosynthesis is just 
beginning to be realized. An example is the application of 
the DNA Assembler method for combinatorial biosynthe-
sis of the nitroaryl polyketide aureothin (1; Fig. 3) and its 
derivatives [39, 40]. Modification of the domains of a multi-
modular PKS (either by mutation or replacement) is a well-
established approach in combinatorial biosynthesis for the 
generation of derivatives of a target polyketide. While it is 
easy to introduce a mutation to a given sequence via PCR, 
seamless integration of the mutated PCR product to the 
full cluster is a non-trivial operation by traditional means. 
Application of the DNA Assembler method, in contrast, 
enables facile one-step assembly of the full gene cluster 
from multiple fragments. As a demonstration, the aureothin 
cluster was modified by inactivating a dehydratase domain 
via point mutations in conserved motifs. The mutated frag-
ments were then combined with the remaining fragments 
that comprise the 29-kb aureothin cluster, assembled in S. 
cerevisiae, and later integrated into the Streptomyces liv-
idans genome to produce a new aureothin derivative (2; 
Fig. 3). An additional example was provided in the assem-
bly of a hybrid aureothin pathway comprised of genes from 
both the native aureothin cluster and the gene cluster for a 
related nitroaryl polyketide, spectinabilin (3; Fig.  3). The 
hybrid pathway was capable of producing the anticipated 
aureothin product, again illustrating the versatility of mod-
ern assembly techniques for rapidly creating new pathways 
from disparate sources (Fig. 3).

The DNA assembler method is, of course, not the only 
technique applicable to rapid assembly of large polyketide 
synthase-containing gene clusters. One example of an in 
vitro recombination-based assembly technique applied to 
construct a natural product pathway was provided by Zhang 
et al. [46], who utilized SSRTA to assemble the complete 
56-kb epothilone gene cluster from Sorangium cellulosum 
So0157-2. They performed the assembly in two steps, first 
assembling the large PKS epoD from four fragments (plus 
a receiving vector), and then the full cluster from six frag-
ments (plus a receiving vector). While no variations to the 
gene cluster were introduced in this experiment, an analo-
gous assembly using fragments with site-specific mutations 
would not be difficult to envision.

A key benefit of modern assembly techniques is the 
unprecedented scope of the manipulations they facilitate, 
from individual point mutations to mega base assemblies 
[11]. Perhaps the most significant contribution of these 
modern techniques to combinatorial biosynthesis, though, 

will be to make it truly combinatorial; that is, to enable 
the facile, simultaneous assembly of many pathways from 
libraries of interchangeable elements. Early efforts in this 
direction have already demonstrated this capability. For 
example, Merryman and Gibson [31] carried out a proof-
of-concept experiment in which Gibson assembly was 
used to join three fragments (two bar-coded open reading 
frames and a receiver vector). With 79 possibilities for each 
ORF, a library size of 6,241 was expected, ~92 % of which 
were identified from Illumina Solexa sequencing. A further 
example of combinatorial Gibson assembly is the recon-
struction of an acetate utilization pathway in E. coli [37]. 
Here, four variants each of the ackA and pta genes were 
included in the assembly, along with three possible promot-
ers for each gene, giving a library size of 144. Thirty strains 
capable of acetate utilization were analyzed, and 10 % of 
the possible combinations were observed.

Combinatorial assembly of pathway libraries using in 
vivo techniques has also been recently demonstrated. For 
example, pathways for xylose utilization and cellobiose uti-
lization in S. cerevisiae have been constructed from librar-
ies of promoters via DNA Assembler, dubbed the custom-
ized optimization of metabolic pathways by combinatorial 
transcriptional engineering (COMPACTER) method [7, 
45]. An analogous approach was utilized to assemble com-
binatorial libraries of enzyme variants in the xylose utiliza-
tion pathway [19]. Eight, ten, and six variants each were 
included for the three genes in the pathway, respectively, 
yielding a library size of 480 possible pathways. Twenty-
eight isolated pathways from two independent libraries 
were sequenced and found to all have different gene combi-
nations, demonstrating the unbiased nature of this assembly 
approach.

At present, the above examples are limited to primary 
metabolism, and more specifically to the optimization of a 
single target pathway. However, the extension of these tech-
niques to secondary metabolism can easily be envisioned. 
In principle, one could assemble libraries of PKS or NRPS 
modules, for example, to simultaneously generate libraries 
of derivatives as easily as one can assemble a single path-
way. Inclusion of tailoring enzyme libraries with differing 
stereo- or regio specificities or glycosyl transferases with 
varied sugar specificities could further diversify the library 
of compounds generated. Ultimately, a platform could even 
be developed in which an entire library of derivatives is 
simultaneously synthesized and screened for a desired bio-
activity in a high-throughput format.

Moving forward, the simplification and standardiza-
tion of modern assembly technologies will make feasible 
the automation of assembly protocols. Already in silica 
tools have been developed to design assembly schemes 
for a variety of methods [14, 26]. Integration of such tools 
with modern robotic laboratory automation platforms will 
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enable combinatorial assemblies to be carried out on an 
unprecedented scale. With a wealth of new pathways gen-
erated, new expression hosts will also be needed to maxi-
mize production and detection capabilities, such as the ver-
satile genome-minimized S. avermitilis SUKA strains [17, 
21, 22].

Conclusions

As modern DNA assembly techniques continue to grow 
in reputation and application, the field of combinato-
rial biosynthesis is poised for a new generation of growth 
and innovation. Of course, DNA assembly is not the only 
obstacle to next-generation combinatorial biosynthesis. 
For example, difficulties in heterologous expression of 
enzymes from vastly different species in a desired host can 
be formidable, although significant strides have been taken 
to mitigate this difficulty [13]. Further, issues of compat-
ibility between enzymes in designed combinatorial path-
ways, such as differences in kinetics, localization within the 
cell, and substrate specificity (or promiscuity) are still sig-
nificant. Nevertheless, the need for reliable, facile assem-
bly tools remains significant regardless of these concerns, 
and their development allows these issues to be addressed. 
The ease with which libraries of new pathways can now 
be assembled greatly expands the scope of combinatorial 
strategies, and this potential in the area of natural prod-
ucts is only just beginning to be realized. The number of 
known and characterized secondary metabolite gene clus-
ters is rapidly increasing through microbial genome min-
ing efforts, further equipping researchers with the requisite 
diversity of biological parts to harness a truly combinatorial 
approach and generate unprecedented libraries of new and 
interesting compounds.
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