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ARTICLE INFO ABSTRACT

Keywords: Synthetic Biology is a rapidly growing interdisciplinary field that is primarily built upon foundational advances

Cloning in molecular biology combined with engineering design principles such as modularity and interoperability. The

EII;IA assembly field considers living systems as programmable at the genetic level and has been defined by the development of
assis

new platform technologies and methodological advances. A key concept driving the field is the Design-Build-
Test-Learn cycle which provides a systematic framework for building new biological systems. One major
application area for synthetic biology is biosynthetic pathway engineering that requires the modular assembly of
different genetic regulatory elements and biosynthetic enzymes. In this review we provide an overview of
modular DNA assembly and describe and compare the plethora of in vitro and in vivo assembly methods for
combinatorial pathway engineering. Considerations for part design and methods for enzyme balancing are also
presented, and we briefly discuss alternatives to intracellular pathway assembly including microbial consortia
and cell-free systems for biosynthesis. Finally, we describe computational tools and automation for pathway
design and assembly and argue that a deeper understanding of the many different variables of genetic design,

Pathway tuning
Synthetic biology

pathway regulation and cellular metabolism will allow more predictive pathway design and engineering.

1. Introduction

Synthetic biology has the capacity to contribute towards the United
Nations’ Sustainable Development Goals, particularly those concerning
health, nutrition, clean energy and responsible production. It allows not
only improvements in the efficiency and sustainability of current pro-
duction methods (Schmidt-Dannert and Lopez-Gallego, 2016) but also
the development of fundamentally novel products that cannot be made
with other technologies, such as advanced materials (Le Feuvre and
Scrutton, 2018) and sensor-actuator therapeutic cells (Black et al.,
2017).

The creation and regulation of genetic pathways for such purposes
requires the assembly of DNA parts, for instance promoters, ribosome
binding sites, coding sequences and terminators. In this review we focus
on DNA assembly methods that can be used for combinatorial ap-
proaches, i.e. the parallel formation of many variants of a pathway to be
optimised, usually where two or more elements are varied simulta-
neously (Jeschek et al., 2017). Combinatorial experiments facilitate the
efficient optimisation of pathways in the absence of fully accurate

predictive modelling in silico. For example, multiple candidate genes
from diverse sources may be screened for each enzymatic function
required in a metabolic pathway, and/or the expression level of each
gene can be optimised by combinatorial testing of regulatory elements,
including the option of dynamic optimisation by feedback control.
Inappropriate expression levels can lead to the accumulation of toxic
intermediates or overburdening the cell (Ghodasara and Voigt, 2017).
For prokaryotes, the gene order and operon occupancy are additional
variables that affect expression levels. Combinatorial DNA approaches
(Section 3) have enabled the improved production of chemicals such as
flavonoids (Carbonell et al., 2018), carotenoids (Naseri et al., 2019;
Taylor et al., 2019) and acrylic acid (Ko et al., 2020), while information
from combinatorial tuning experiments (Section 4) has aided the
increased production of taxadiene (Ajikumar et al., 2010), squalene
(Park et al., 2019), artemisinic acid (Fuentes et al., 2016) and 3-hydrox-
ybutyrate (Karim et al., 2020) in various chassis.

DNA part combinations can be tested randomly by generating as-
semblies from large pooled libraries, or alternatively in a more
controlled fashion using a Design of Experiments (DoE) approach to
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sample efficiently across the design space (see Section 6.1). The number
of designs that can be characterised is likely to be limited by either the
cost of DNA synthesis or the throughput of the chosen screening method;
such constraints should be taken into consideration during library
design. Importantly, the decreasing cost of gene synthesis is making it
now more feasible to explore longer metabolic pathways or those that
contain large enzymes.
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In Section 5 we move to a broader definition of combinatorial
pathway assembly to include cases where biosynthesis involves combi-
nations of organisms or mixed cell extracts. These options expand the
boundaries of what is possible using synthetic biology by separating
incompatible or competing enzyme expression or functions and are
currently areas of intensive research. As illustrated in Fig. 1, the process
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Fig. 1. Pathway assembly strategies for metabolic engineering, illustrated by the production of hydrogenobyrinic acid and curcumin in Escherichia coli. Top panel: in
work by Jiang et al. (2020), classical combinatorial pathway assembly via multivariate optimisation (left) was augmented with debottlenecking approaches (right) to
increase the titre of a vitamin By, precursor. For step 1, different RBS libraries were used for each gene, each comprising 8 variants, and 288 clones were tested.
Additional optimisation steps for hemABCD RBSs and promoter were also carried out (not shown). Lower panel: Strategies used by Rodrigues et al. (2020) to increase
the titre of curcuminoids, including curcumin, in E. coli. A six-gene pathway using tyrosine as a substrate was assembled and optimised by several methods.
Figures are presented using SBOL Visual glyphs. For simplicity, only the relevant elements are shown.
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combinatorial techniques to ensure that the choice of genes, regulatory
elements and chassis maximises product yield.

2. Considerations for DNA part design
2.1. Open reading frames

2.1.1. Choice of enzymes and codons

Candidate enzymes to be included in the pathway design can be
identified through databases such as BRENDA (Jeske et al., 2019) or
MetaCyc (Caspi et al., 2017), or through genome mining and homology
searches. In some cases the best-performing combination of genes may
originate from several diverse species, as demonstrated for long chain
omega-3 fatty acid (‘fish oil”) biosynthesis in Camelina sativa seeds (Han
et al., 2020) and tropane alkaloid biosynthesis in yeast (Srinivasan and
Smolke, 2020). To accelerate pathway design, genes can be individually
transcribed and translated in vitro and the resulting enzymes tested
combinatorially, for example to explore natural product biosynthesis
(Bogart et al., 2020) or investigate protein glycosylation pathways
(Kightlinger et al., 2019).

For expression in a heterologous host, the original gene or cDNA can
be cloned if donor genomic DNA is available; E. coli strains such as
Rosetta™ enhance the translation of genes from eukaryotic sources by
supplying rare tRNAs. Alternatively, a codon-optimised version can be
synthesised. The codon choice influences the level of competition be-
tween protein elongation and mRNA degradation (Boél et al., 2016), in
effect tuning the expression level. A simpler approach was demonstrated
by Wu et al. (2019), who randomized only the initiation codons of three
genes in a combinatorial fashion to improve levels of zeaxanthin pro-
duction in E. coli ten-fold.

2.1.2. Variants and fusion proteins

Advances in both DNA synthesis and high-throughput screening (e.g.
microbead Split and Mix assembly (Lindenburg et al., 2020)) enable
many enzyme variants to be tested, either those with similar predicted
functions from different organisms or mutant libraries that explore
structural variations of a domain. The inclusion of de novo designed
enzymes in pathways is also becoming a more feasible option thanks to
increased understanding of protein structure-function relationships
(Dawson et al., 2019). Fusion proteins with multiple or new functions
can be encoded by combining open reading frames. The length and
amino acid sequence of the linker affects the activity and interaction of
domains, so optimisation may be needed; linker libraries and combi-
natorial approaches are available (Grawe et al., 2020; G. Li et al., 2016).
Individual domains of an enzyme can also be exchanged to generate
novel products. For example, Bozhiiyiik et al. (2018) mixed and matched
parts from multiple bacterial non-ribosomal peptide synthetase genes to
make enzymes that produced new peptides.

2.1.3. Design features

Within an open reading frame, a plethora of design features are
available to control the activity of the protein. For example, a light-
oxygen-voltage (LOV) domain can be incorporated to allow precise
activation using light, with steric unblocking or domain dissociation
being the most common strategies (Seifert and Brakmann, 2018). In
synthetic circuit design, protein degradation tags such as ssrA tags are
often used to shorten response times, but care must be taken to avoid
crosstalk between circuit components via competition for proteases
(Butzin and Mather, 2018). An ssrA tag can also be paired with an up-
stream protease cleavage site in a clever scheme that uses conditional
proteolysis to counteract leaky expression (Volke et al., 2020).

Spatial organisation within the cell is an important consideration for
optimising the performance of metabolic pathways. Beyond the basic
requirement for enzymes in eukaryotes to be directed to the appropriate
compartments, often using localisation tags, the capacity to bring en-
zymes into close proximity increases intermediate flux and minimises
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crosstalk with other pathways. This can be achieved by, for example, co-
localisation within an encapsulin compartment using a targeting peptide
(Lau et al., 2018) or anchoring the enzymes to a spatial scaffold such as
the endogenous functional membrane microdomains in bacteria, a
technique used to increase GlcNAc titre in Bacillus subtilis as a proof of
principle (Lv et al., 2020). Another option is to employ a pair of peptide
tags with strong affinity to each other, such as RIDD and RIAD, to
assemble key metabolic nodes (Kang et al., 2019).

Lastly, scientists in the twenty-first century are not restricted to
designing enzyme pathways containing only the standard 20 amino
acids. Over 200 different non-canonical amino acids have been incor-
porated into proteins through altering the genetic code machinery
(Biava, 2020). Recent advances are reviewed elsewhere (Arranz-Gibert
et al.,, 2019; Biava, 2020; Ros et al., 2020); key challenges include
ensuring the orthogonality of the introduced aminoacyl tRNA synthe-
tase/tRNA pair to the native system, the efficiency of incorporation, and
providing a source of the amino acid either intracellularly through
metabolic engineering or through uptake from the growth media. An
alternative method, particularly suited to the incorporation of multiple
different modifications, is to use orthogonal pairs of split inteins to insert
synthetic peptides into proteins (Khoo et al., 2020). In all, these exciting
advances allow new properties to be conferred on proteins to alter or
enhance their function.

2.2. Non-coding regions

2.2.1. Transcriptional control

Promoter libraries allow the fine-tuning of multigene pathways in a
combinatorial fashion and have been developed for many organisms
commonly used for metabolic engineering. Notable recent examples
include the screening of over 100 million synthetic promoters in
Saccharomyces cerevisiae, many of which include transcription factor
binding sites by chance (de Boer et al., 2020), and a large screen of
promoters (randomised excluding the —35 and —10 regions) for cya-
nobacteria, of which a representative set of 37 were characterised
further (Taylor and Heap, 2020). UP elements upstream of the —35
element in native E. coli promoters can also be modified to increase
expression (Presnell et al., 2019). A new in vitro method employing
bacterial cell lysates for transcription and RNA sequencing allows the
profiling of thousands of regulatory elements in one reaction (rather
than the separate wells required for fluorescence methods), showing
good correlation with in vivo measurements regarding relative promoter
strengths (Yim et al., 2019).

Bacterial promoters that indirectly sense electrical signals (Bhoki-
sham et al., 2020) or small molecules (Meyer et al., 2019; Moser et al.,
2018) have been developed to allow precise external control of path-
ways. Combinatorial logic gates can also be integrated into the design,
using for example the large set of synthetic transcription factors and
their cognate DNA operators developed for E. coli by Rondon et al.
(2019); these allow robust and predictable dynamic regulation,
although the more complex circuits (three or more transcription factors)
were found to impact the cell growth rate (Rondon et al., 2019).

2.2.2. Translational control

For modulating prokaryotic enzyme expression at the translational
level, the sequence of the ribosome binding site is critical. Predictive
software such as RBS Calculator v2.1 (Espah Borujeni et al., 2014), NRP
(non-repetitive parts) Calculator (Hossain et al., 2020), UTR Designer
(Seo et al., 2013) or EMOPEC (Bonde et al., 2016) are used alongside
screens to identify appropriate translational regulatory elements. For
example, Liang et al. (2020) screened 256 RBS variants to tailor the
translation rate of two transgenic enzymes for enhanced styrene pro-
duction in E. coli. On a larger scale, Bonde et al. (2016) used Multiplex
Automated Genome Engineering (MAGE) in E. coli to alter the
Shine-Dalgarno sequence of a reporter gene to most possible combina-
tions of six bases and assess its contribution to E. coli protein expression.
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The resulting software, EMOPEC, allows expression levels to be tuned
while minimising mRNA secondary structure changes. Accurate pre-
diction of long-range and tertiary RNA structure, however, is still chal-
lenging (Pervouchine, 2018).

Cell-free transcription-translation reactions using crude cell lysates
facilitate the rapid profiling of part collections for particular species; for
example, 264 synthetic RBS variants were screened via GFP fluorescence
in 2 pL reactions using a lysate of Bacillus megaterium (Moore et al.,
2018). A similar high-throughput system has been tested for mammalian
regulatory elements such as internal ribosome entry sites (IRES)
although variation in performance between commercial cell lysate
batches was observed (Kopniczky et al., 2020).

2.2.3. Flanking regions

A combinatorial testing approach can also include variation of the
regions flanking the expression cassette(s); sequence optimisation up-
stream of the promoter was recently demonstrated in yeast using a
randomised 30 bp library and overlap extension PCR (Lopez et al.,
2020). The authors hypothesized that the effect was due to altered
transcription factor binding and/or nucleosome occupancy. Regarding
E. coli, Carr et al. (2017) carried out library screening to identify effec-
tive insulator-promoter pairs, whilst Zong et al. (2017) insulated core
promoters and operators to prevent interactions, making the system
more predictable and amenable to modelling.

2.3. DNA parts to aid screening and analysis

To test the function of regulatory elements such as promoters and
RBSs, fluorescent reporter proteins are frequently used, often in
conjunction with plate readers or flow cytometry. Issues with this
method include protein stability, oxygen dependency and lack of
standardisation (Decoene et al., 2018); fluorescence measurements
should be quantified using an independent calibrant (Beal et al., 2018)
to avoid collection of data in arbitrary units which precludes compari-
sons between datasets. The levels of specific mRNAs can be measured
using fluorescence-enhancing RNA aptamers (summarised by Hennig
and Neubacher, 2019) so that fluorescent proteins no longer have to be
used as a proxy in transcriptional studies. Screening and analysis
methods do not necessarily require the inclusion of special DNA se-
quences; for example, population or single-cell RNA sequencing can
provide insights into regulatory network behaviour and help to check
and debug genetic circuits (Appleton et al., 2017a; Gorochowski et al.,
2017).

2.4. Vectors

2.4.1. Vector backbones

Many combinatorial pathway assembly methods rely on the use of
E. coli or yeast cloning vectors as these invariably constitute the work-
horses used by researchers; see Nora et al. (2019) for an overview. These
vectors are available with various selection markers and origins of
replication, with the latter determining plasmid copy number and host
range. The choice of elements has a marked effect on the performance of
bacterial expression vectors: SEVA Linkers (a nicking-enzyme based
technology for backbone exchange) was used to test all combinations of
six selection markers and five origins of replication, demonstrating a
ten-fold improvement in beta-carotene yield from a four-gene pathway
(Kim et al., 2016).

2.4.2. Rational rebuilding

Several groups have reported recent improvements to popular vec-
tors. Shilling et al. (2020) modified the T7 promoter and translation
initiation region of pET28a to increase protein expression; these changes
are also applicable to some other pET vectors. Meanwhile, Staal et al.
(2019) created a 1 kb minimal bacterial cloning plasmid (pICOz) by
deleting regions of pUC18. This resulted in increased yields of the high
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copy plasmid from E. coli culture in terms of both moles and DNA mass.
The small size would be advantageous for assembly techniques that
involve PCR amplification of the backbone. These examples illustrate
that a rational rebuilding of genetic element libraries, including tradi-
tional vector backbones, may enable a more rigorous approach to
combinatorial assembly than relying on parts that are widely used for
historic reasons.

2.5. Chassis choice and part registries

2.5.1. Host cells, toolkits and registries

The choice of host species for bioproduction depends on factors such
as underlying metabolism, the ease and speed of culture and genetic
engineering, secretion pathways, the need for post-translational modi-
fication, biosafety, and cost. These are reviewed elsewhere (Calero and
Nikel, 2019; Kelwick et al., 2014). DNA assembly toolkits and part
collections are available for an increasing number of metabolic engi-
neering chassis organisms, as detailed in Table 1. Many of these have
been made available to purchase from Addgene (www.addgene.org) or
can be ordered from the researchers. Additional registries focus on parts
developed following particular assembly standards. For example, the
Registry of Standard Biological Parts (http://parts.igem.org) currently
uses BioBrick RFC[10] and Type IIS as its de facto standards and cata-
logues over 20,000 parts, including collections for E. coli, Bacillus subtilis
and plants. The database for Standard European Vector Architecture 3.0
(http://seva.cnb.csic.es/) lists prokaryotic plasmid vectors and cargo
modules adhering to the SEVA assembly standards.

2.5.2. Photosynthetic hosts

Of particular interest from a sustainability perspective are photo-
synthetic chassis organisms, which use (sun)light and CO; as their en-
ergy and carbon sources. For example, cyanobacteria have been
engineered to produce ethanol, isobutanol, isoprenoids, biohydrogen,
sugars, glycerol and natural products (Knoot et al., 2018), although low
yields currently hinder industrial production. The CyanoGate toolkit for
modular cloning will assist further development in this field and in-
cludes 6 acceptor plasmids, 11 CDS parts including dCas9, 10 homology
regions for insertion sites in Synechocystis or Synechococcus, 12 native
promoters, 33 heterologous promoters and 21 terminators (Vasudevan
et al., 2019). The development of this resource should also facilitate
sharing and experimental standardization between laboratories. Since
chloroplasts are of prokaryotic origin, the toolkit could be adapted for
photosynthetic eukaryotes such as microalgae and plants.

2.5.3. New and fast-growing hosts

The bacterium Vibrio natriegens is another potential chassis for
metabolic engineering, with its main appeals being extremely fast
growth and a non-pathogenic nature. Tschirhart et al. (2019) found this
organism to have a doubling time of 12 min in rich medium even with an
increased metabolic load; the genetic basis of this rapid growth was
recently analysed using CRISPRi (interference via Clustered Regularly
Interspaced Short Palindromic Repeats) (Lee et al., 2019). Heterologous
production of 2,3-butanediol, a precursor for synthetic rubber produc-
tion, has been achieved as a demonstration of the metabolic potential
and genetic tractability of this organism (Erian et al., 2020). It has been
shown that V. natriegens is compatible with many commonly-used bac-
terial plasmids and other genetic elements (Table 1) and amenable to
chemical and optogenetic induction pathways (Tschirhart et al., 2019).
Although E. coli is still the most popular cloning host for plasmid as-
sembly before transfer to other organisms, V. natriegens is a strong future
competitor for this purpose due to its accelerated workflows.

2.6. Enhancing stability and minimising burden

2.6.1. Designing enhanced pathway stability
Maintaining the stability of optimised strains and pathways during
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Table 1

Toolkits and part collections for a variety of chassis organisms.

Group Organism Resource name Details References
Eubacteria Acinetobacter baylyi n/a Integrative vectors, promoters, RBSs. CRISPR/Cas9-based markerless insertion. Biggs et al., 2020
Bacillus (1) Bacillus BioBrick Box 2.0 BioBrick parts: integrative and replicative vectors, selection markers, fluorescent Popp et al., 2017
proteins, promoters. Parts at http://bgsc.org
Bacillus (2) n/a Various part collections: native and synthetic promoters, RBSs, UP elements, Reviewed by(Liu et al., 2019)
proteolysis tags.
Chromobacterium violaceum n/a Replicative vectors, promoters, selection markers, CRISPRi. Gibson Assembly used. Liow et al., 2020
E. coli (1) CIDAR MoClo MoClo parts (for CIDAR protocol): promoters, terminators, RBSs, fluorescent proteins. Iverson et al., 2016. Available from Addgene
E. coli (2) CRIMoClo: Conditional- MoClo integrative vectors, targeting four chromosomal sites. Vecchione and Fritz, 2019
Replication, Integration and
Modular MoClo
E. coli (3) EcoFlex MoClo parts: promoters, terminators, RBSs, purification tags, fluorescent proteins. 68- (Lai et al., 2018; Moore et al., 2016). Available from
part plasmid assembled. Addgene
Halomonas spp. n/a Vectors, promoters, selection markers, GFP. (X. Chen et al., 2018; Shen et al., 2018)
Mycobacterium bovis BCG n/a BioBrick parts: vectors, promoters, selection markers, GFP. Oliveira et al., 2019
Pseudomonas putida n/a Integrative vectors, promoters, UP elements, RBSs. Elmore et al., 2017
Rhodococcus opacus n/a Replicative and integrative vectors, promoters, selection markers, CRISPRi. DeLorenzo et al., 2018
Shewanella oneidensis n/a BioBrick parts: conjugation vectors, promoters, selection markers, fluorescent proteins. ~ Cao et al., 2019
Vibrio natriegens n/a Vectors, promoters, selection markers, terminators, RBSs, fluorescent proteins, Tschirhart et al., 2019
degradation tags.
Cyanobacteria: Synechocystis sp. PCC CyanoGate 96 MoClo parts: integrative and replicative vectors, promoters, selection markers, (Vasudevan et al., 2019). Available from Addgene
6803 and Synechococcus elongatus terminators, CRISPRi. Could be adapted for eukaryotic organelles e.g. chloroplasts.
Gram negative (1) BEVA: Bacterial Expression Vector ~ Broad host range. Golden Gate/SEVA vectors for conjugation from E. coli to other Geddes et al., 2019
Archive bacteria.
Gram negative (2) SEVA: Standard European Vector Vectors with varied replication origin, selection marker and cargo in standard format. (Martinez-Garcia et al., 2020). Available at http:
Architecture //seva.cnb.csic.es/
Fungi Filamentous fungi FungalBraid GoldenBraid parts: promoters, selection markers, fluorescent protein. Demonstrated in ~ Hernanz-Koers et al., 2018
Penicillium digitatum.
Issatchenkia orientalis n/a DNA Assembler used in this yeast. Characterised promoters and terminators. Cao et al., 2020
Kluyveromyces marxianus n/a MoClo parts: vectors, promoters, terminators, selection markers. Rajkumar et al., 2019
Pichia pastoris GoldenPiCS Golden Gate parts: integrative and replicative vectors, promoters, terminators, (Prielhofer et al., 2017). Available from Addgene
selection markers. Up to 8 transcription units per plasmid.
Saccharomyces cerevisiae (1) COMPASS: Combinatorial High-throughput scheme for balancing expression of heterologous pathways in yeast. (Naseri et al., 2019). Available from Addgene
Pathway Assembly Employs homology arms for assembly, with 3 successive cloning levels. Uses a library of
orthogonal, plant-derived artificial transcription factors.
Saccharomyces cerevisiae (2) COSPLAY: Combinatorial Swift Golden Gate parts: integrative and replicative vectors, promoters, degrons, fluorescent  (Goulev et al., 2019). Available from Addgene
Plasmid Assembly in Yeast proteins. Recapitulates features of pRSII vectors in Golden Gate format.
Saccharomyces cerevisiae (3) EasyClone-MarkerFree BioBrick/USER based. Allows simultaneous insertion of 6 genes (2 genes into 3 genomic ~ (Jessop-Fabre et al., 2016). Available from Addgene
locations) using markerless CRISPR/Cas9.
Saccharomyces cerevisiae (4) Yeast Toolkit MoClo parts and assembly standard: integrative and replicative vectors, promoters, (Lee et al., 2015; Rajakumar et al., 2019)
terminators, degradation tags. BioBrick-compatible.
Schizosaccharomyces pombe n/a Golden Gate parts: integrative vectors, promoters, terminators, selection markers, (Kakui et al., 2015)
fluorescent proteins.
Yarrowia lipolytica (1) YaliBricks BioBrick parts: replicative vectors, promoters, introns. (Wong et al., 2017). Available from Addgene
Yarrowia lipolytica (2) n/a Golden Gate parts: replicative vectors, promoters, selection markers, fluorescent (Celinska et al., 2017; Larroude et al., 2019).
proteins. Available from Addgene
Microalgae Chlamydomonas reinhardtii Chlamydomonas MoClo Toolkit 119 MoClo parts for nuclear genome including riboswitch, 2A peptide and micro RNA  (Crozet et al., 2018)
backbones. Available at AddGene or https://www.chlamyco
llection.org/products/moclo-toolkit/
Nannochloropsis oceanica n/a Gateway vectors, bidirectional promoters, selection markers, GFP, luciferases. (Poliner et al., 2020)
Plants Chloroplasts MoChlo 128 Golden Gate parts: integrative vectors for tobacco, maize and potato, promoters, (Occhialini et al., 2019). Available at Addgene.
UTRs, selection markers.
Nucleus (1) MoClo A Golden Gate framework. Up to 6 transcription units in Level 2 assembly, which canbe ~ (Weber et al., 2011; Werner et al., 2012). Empty

Nucleus (2)

GoldenBraid 4.0

combined further. Originally for plants; standard now expanded to other organisms.
A Golden Gate framework. Large parts collection with associated experimental data.

vector kit and plant parts kit available at Addgene.

(continued on next page)
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Table 1 (continued)

References

Details

Resource name

Organism

Group

(Sarrion-Perdigones et al., 2013; Vazquez-Vilar et al.,
2017). Available at Addgene. Data-only at https

://gbclo

»
Q
>
(="
=
80
b=

(Gantner et al., 2018). Available at Addgene.

(Belcher et al., 2020)

Collection of 80 additional MoClo parts, mostly also compatible with GoldenBraid.

n/a
n/a

Nucleus (3)

Library of TF-binding cis-elements, minimal promoters and TF fusion proteins using

Nucleus (4)

elements from yeast regulatory systems. Used Golden Gate and jStack. Validated in

Nicotiana and Arabidopsis.

(Donahue et al., 2020)

Comprises 44 activating and 12 inhibitory zinc-finger TFs and 83 cognate promoters.

COMET: Composable Mammalian
Elements of Transcription

Mammalian cells (1)

Mammals

(Jones et al., 2019; Martella et al., 2017). Available at

Addgene.

A Golden Gate framework with 25 functional categories. Up to 3 transcription units but

5 proteins.

EMMA: Extensible Mammalian

Modular

Mammalian cells (2)

Assembly

2017)

(Weber et al.,

A Golden Gate framework with 53 defined DNA modules across 8 functional categories.

Assemble up to 8 parts in one step (promoters, tags, linkers etc).

MOoPET: Modular Protein
Expression Toolbox

Mammalian cells (3)

2019)

(Fonseca et al.,

Golden Gate. Over 300 parts including promoters, 3'UTRs, fluorescent proteins,

insulator and P2A elements. Build up to 9 transcription units.

MTK: Mammalian ToolKit

Mammalian cells (4)

(Chiasson et al., 2019). Available at Addgene.

A Golden Gate framework designed to allow part use across species, e.g. bacteria, fungi,

plants, protista, frog oocytes, human cells.

MK: Multi Kingdom Golden Gate

n/a

Cross-

kingdom

(Pollak et al., 2020). Available at Addgene.

Enables use of Universal Loop Assembly in many chassis including bacteria, yeast,

plants and diatoms.

uLoop vector kits

n/a
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large scale production can be a challenge, but the risk can be mitigated
by certain design considerations at the outset. Using the example of
mevalonic acid production in E. coli, Rugbjerg et al. (2018) used
deep-sequencing to examine how a pathway mutates away from
chemical production to regain fitness, finding that insertion sequences
were the predominant mechanism. The authors demonstrated that this
can be selected against by moving an essential gene to the end of the
biosynthesis operon; in addition, homopolymeric tracts should be
avoided within open reading frames as these can easily mutate and put
the gene out of frame (Rugbjerg et al., 2018). Repeated elements, e.g.
promoters, operators or terminators, can lead to deletion of the inter-
vening sequence over time (Sleight et al., 2010) and in plants leads to
gene silencing (Belcher et al., 2020), so access to a library of diverse
parts is advantageous for combinatorial pathway assembly even if the
genes require similar promoter strengths.

2.6.2. Improved chassis strains

Increasingly sophisticated genetic engineering tools are making it
easier to modify host organisms to further enhance stability, generating
strains that are more suitable as industrial chassis. In an E. coli BL21
(DE3) background, prophages were eliminated using genome shuffling
and all remaining insertion sequences were inactivated by stop codon
insertion with CRISPR/Cas-assisted MAGE (Umenhoffer et al., 2017). It
was subsequently found that a similar outcome could be obtained in just
one transformation step by employing a single CRISPRi plasmid to
inhibit the transposition of insertion elements (Nyerges et al., 2019).
This efficiently suppressed insertional mutagenesis in chromosomal and
plasmid genes and could be adapted for other species in the future.
Meanwhile, in the ambitious S. cerevisiae Sc2.0 project, every chromo-
some is gradually being replaced with a synthetic version in which
(among other modifications) all mobile elements are designed out,
potentially increasing genetic stability (Richardson et al., 2017).

2.6.3. Controlling host cell burden

Chromosomal integration of transgenes removes the burden of
plasmid replication, allows more precise control over gene copy number
and does not require constant antibiotic selection for stability (Jes-
sop-Fabre et al., 2016; Vecchione and Fritz, 2019). For many host or-
ganisms both integrative and replicative plasmids are available
(Table 1). Regardless of plasmid or chromosomal location or growth
conditions, incoherent feedforward loops can be used to maintain con-
stant gene expression in bacteria (Segall-Shapiro et al., 2018). The
translational burden of a heterologous pathway should also be consid-
ered. The resource consumption of different designs can be modelled in
silico using information from in vitro protein expression using cell-free
lysates (Borkowski et al., 2018). In addition, as demonstrated using a
GFP-based capacity monitor in E. coli, designs with similar expression
outputs can inflict different levels of burden on the cell (Ceroni et al.,
2015), endorsing the assessment of multiple pathway designs.

3. DNA assembly methods

Researchers have developed a huge variety of methods for assem-
bling DNA fragments in a defined order (Table 2). These largely depend
on enzymes such as restriction endonucleases, exonucleases, DNA
polymerases, DNA ligase and/or recombinases (Fig. 2), with a varying
degree of assistance in vivo from the cloning host organism. Aspects to
consider when selecting an assembly method include the simplicity of
design and laboratory steps, number of parts that can be assembled at
once, cost of reagents, amount of DNA synthesis required, ratio of cor-
rect to incorrect clones, presence of scars, sequence limitations, scal-
ability and suitability for automation.

The most popular techniques and standards for combinatorial as-
sembly have been tabulated by Naseri et al. (2020) and described by
Wiltschi et al. (2020), alongside schematic workflows of the processes
required. However, all of the methods that we present in Table 2 are
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DNA assembly methods, with a focus on techniques enabling multi-insert assembly.
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Category Assembly method Reference Key features and capabilities
Overlapping RapGene Zampini et al., 2015 Insert assembled from overlapping 60 nt oligos between 20-22 nt vector
oligonucleotides overhangs, displacing counter-selectable marker. Amplified in E. coli.

Type IIP RE based

Type IIS RE based

Conventional restriction-ligation cloning

3A: Three Antibiotic Assembly

BglBricks
BioBrick™

ePathOptimize

iBrick

IRDL: Improved Restriction Digestion-

Ligation

QGA: Quick Gene Assembly

3G Assembly: Golden Gate-Gibson

BASIC: Biopart Assembly Standard for
Idempotent Cloning

Body Double cloning
FASTR: Fully Automatic Single-Tube

Recombination

Golden Gate

Loop Assembly

MASTER Ligation: Methylation-Assisted
Tailorable Ends Rational

MetClo: Methylase-Assisted Hierarchical

DNA Assembly

MIDAS: Modular Idempotent DNA Assembly

System

Mobius Assembly

OLMA: Oligo-Linker Mediated Assembly

pHD: pHeaven’s Door vectors

PODAC: Protected Oligonucleotide Duplex
Assisted Cloning

Cohen et al., 1973

Shetty et al., 2011

Anderson et al., 2010
Knight, 2003

Jones et al., 2015

Liu et al., 2014

Wang et al., 2014

Yamazaki et al., 2017

Halleran et al., 2018

(Storch et al, 2015, 2017)

Toéth et al., 2014

Kotera and Nagai, 2008

(Engler et al., 2008; Engler

and Marillonnet, 2014)

Pollak et al., 2019

Chen et al., 2013

Lin et al., 2018

Van Dolleweerd et al., 2018

Andreou and Nakayama,
2018

Zhang et al., 2015

Schefer et al., 2014

Van Hove et al., 2017
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No standardisation. Separate digestion and ligation steps required. Relies on
presence of suitable RE sites or addition by PCR.

BioBrick improvement. Uses negative and positive selection to reduce the
number of possible incorrect assembly products. No digest purification
required. Vector background eliminated with ccdB insert. Two parts are
assembled into vector.

Uses BioBrick principle but allows protein fusions through a glycine-serine 6
bp linker.

Two parts assembled into a destination vector using Type IIP REs, leaving 8
bp scar. Iterative process to add further parts.

Uses isocaudomer REs (matching overhangs) to allow sequential assembly of
5-gene pathway with randomised 5-promoter library for combinatorial
screening.

BioBrick principle but uses two homing endonucleases, I-Scel and PI-Pspl,
with rare >18 bp recognition sites. This avoids need for part domestication
but creates 21 bp scar (7 amino acids if in CDS).

Restriction and ligation in single 5-30 min 37 °C step; vector background
eliminated with ccdB insert. RE inactivation is not necessary. 3-part assembly
demonstrated.

In vitro assembly of multiple Biobricks then ligation into vector. Uses
magnetic beads conjugated to oligo-dT to purify DNA containing oligo-dA at
each step. PCR and gel purification required; 6 bp scar between BioBricks.
Tandem repeats and short DNA fragments are permissible. Requires only 4
universal primers for any assembly.

Single-day assembly of multigene constructs. Transcription units flanked by
unique nucleotide sequences (UNS) are constructed by Golden Gate then
amplified and linked by Gibson Assembly. 6-gene assembly demonstrated;
suitable for libraries.

Hierarchical cloning standard with single tier format enabled by methylase
protection of RE sites. PCR-free; 1 forbidden RE site. Bsal-cut parts are ligated
to oligo linkers, which determine assembly order. 21 bp overlaps, 6 bp scars
facilitating fusion proteins. Allows same part to be used in multiple locations.
7-part assembly demonstrated.

Type IIS REs allow use of classic Type IIP RE cloning without prior part
domestication.

Crude PCR products used directly in Type IIS RE/ligation one-pot reaction:
aphidicolin inhibits polymerase and Dpnl digests template DNA. E. coli
transformation. Suitable for high throughput. Limitations: parts are not
sequence-verified before assembly. Primer dimers may form unwanted parts.
Popular method for hierarchical assembly with toolkits available for many
organisms. Parts are stored in entry vectors then combined in hierarchical
multipart assemblies, with order defined by short overhangs. Quick
restriction -ligation method but extensive part domestication required.
Type IIS assembly alternating between 2 types of vector, reducing size of
vector set required and allowing flexibility between levels. Use with
LOOPDESIGNER software. Assembly of 16 genes (56 parts) and 38 kb
demonstrated. Compatible with long-overlap assembly techniques.

Similar to Golden Gate but avoids part domestication: MspJI cuts at
methylated sites added to fragment ends but not internal (unmethylated)
sites. MspJI can remove restriction scars. Methylated primers can be
expensive.

Golden Gate Assembly framework. Uses only one RE for hierarchical
assembly, making use of methylase-protected and unprotected sites. Less part
domestication required. Uses a methylase-expressing E. coli strain.

Allows nesting between existing parts. Allows genes in either orientation.
Uses pheS negative marker in Level 2 vectors — unlike ccdB, this does not
require special E. coli strain. Assembled 7 TUs one at a time into final vector.
Pathway was then used in Penicillium paxilli.

Golden Gate Assembly framework. Uses a low frequency cutter and
chromogenic proteins for easy colony scoring. Validated with 16-gene
construct.

Golden Gate reactions where short parts (promoters, RBS) are generated by
staggered oligo annealing, with ends defining assembly order. 7-part
assembly (3 genes) demonstrated for small combinatorial library.

For production of recombinant proteins in mammalian cells starting from the
cDNA within 3 days. Golden Gate style one pot reaction; single insert
demonstrated but more are possible; vector background eliminated with ccdB
insert; bulk plasmid prep from transformation mix was reliable enough to use
directly in transfection.

Uses single Type IIS RE (Bsal) for iterative assembly. New Bsal sites
introduced for next round of assembly, protected by methylation. No vector

(continued on next page)
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Category

Assembly method

Reference

Key features and capabilities

Nicking
endonuclease
based

Homology based

PS-Brick

Scarless Stitching

Start-Stop Assembly

TNT: Three Nucleotides Cloning

Universal (u) Loop Assembly
VEGAS: Versatile Genetic Assembly System

NE-LIC: Nicking Endonuclease Ligation-
Independent Cloning

AFEAP: Assembly of Fragment Ends After
PCR

AQUA: Advanced Quick Assembly

Chew-back assembly

CLIVA: Cross-Lapping In Vitro Assembly
CPEC: Circular Polymerase Extension
Cloning

DATEL: DNA Assembly with Thermostable
Exonuclease and Ligase; SDATEL

(simplified)
Gibson Assembly (Isothermal Assembly)

GTS: Guanine/Thymine Standard

Hot fusion

LCR: Ligase Cycling Reaction

MODAL: Modular Overlap-Directed
Assembly With Linkers

M-PERL: Multigene Pathway Engineering
with Regulatory Linkers

Nimble Cloning

One-Step SLIC: Sequence- and Ligation-

Independent Cloning

Optimised USER: Uracil Excision Cloning

PaperClip

(S. Liu et al., 2019)

Smanski et al., 2014

Taylor et al., 2019

De Paoli et al., 2016

Pollak et al. (2020)
(Chuang et al., 2018;
Mitchell et al., 2015)

Wang et al., 2013

Zeng et al., 2017

Beyer et al., 2015

(Schmid-Burgk et al, 2012,
2014)

Zou et al., 2013

(Quan and Tian, 2009,

2011)

(Ding et al., 2017; Jin et al.,
2016)

Gibson et al., 2009

Ma et al., 2019

Fu et al., 2014

de Kok et al., 2014

Casini et al., 2014

Liu et al., 2016

Yan et al., 2020

Jeong et al., 2012

Cavaleiro et al., 2015

(Trubitsyna et al, 2014,
2017)
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levels required. 5-insert sequential assembly demonstrated but multiple
inserts possible.

Seamless and iterative method using both Type IIP and IIS REs. BioBrick
based. Uses T/A or blunt ends to avoid scars. Requires part domestication and
separate restriction/ligation reactions.

Scarless and modular. Bridging fragment is removed with MlyI digestion to
give precise fusion between two parts only.

Scarless and modular. 3 nt overhangs correspond to start and stop codons.
Internal sites for 3 REs are forbidden. Only one destination vector needed.
Demonstrated in E. coli.

Uses Type IIS REs with 3 nt overhang, useful for in-frame fusion. Requires
E. coli cell line expressing M.Taql methyltransferase. Part domestication can
be avoided by a triplex oligo step, masking certain RE sites.

Loop Assembly adapted for cross-kingdom use.

Transcription units are assembled by yeast Golden Gate, including adapters
added for later [episomal] pathway assembly by homologous recombination
in S. cerevisiae. 6-gene assembly and combinatorial use demonstrated.

Uses nicking enzymes Nb.BbvCI, Nt.BspQI or Nb.BtsI for multiple fragment
assembly. Produces controlled ssDNA overhangs containing scar and any
overlap. Avoid internal sites in the parts. Recommended overlap 5-10 bp with
T4 DNA ligase or 10-15 bp without.

Two rounds of PCR generate 5’ overhangs. 5-8 nt is optimal. Ligase treatment
then E. coli transformation. Shown for 200 kb assembly and up to 13
fragments.

Enzyme-free after PCR step. Gel-purified fragments with >15 bp homology
ends are mixed; E. coli transformation is sufficient to recombine them.
Expression strains can be used directly. 6-part assembly demonstrated.
Steps: PCR with 45 nt primers, gel purification, chew-back, E. coli
transformation. Precise chew-back by T4 DNA polymerase by inclusion of
mononucleotide. 20 bp overlap designs are restricted to other 3 bases. 10
parts assembled in 2 steps.

Enzyme-free after PCR step; scarless. PCR products with 38 bp overlaps are
made using phosphorothioate primers, allowing single-stranded ends. Mixed
and transformed into E. coli. 6-fragment 21 kb plasmid assembled.
Gel-purified parts with 15-25 bp homology ends are hybridised then
extended with DNA polymerase. E. coli transformation. No sequence
restrictions or scars. 5-part assembly demonstrated.

Assembled up to 10 (DATEL) or 4 (sDATEL) fragments. Parts with 30 bp
overlap are hybridised, overhangs removed with Taq DNA polymerase and
sealed with Taq DNA ligase.

Uses T5 exonuclease, DNA polymerase and Taq DNA ligase to assemble
fragments with >15 bp homology ends in vitro in 15 min single step. 583 kb
scarless assembly demonstrated. Uncontrolled exonuclease can be
problematic for small parts; long primers can be costly.

Assembly standard with 1 bp scars (scarless around CDS). Parts with 1 nt
overhangs (e.g. using phosphorothioate primers) are barcoded at both ends
using stem-loop oligos, which create 15-20 bp overlaps. Allows
combinatorial use of Gibson, CLIVA etc.

Similar to Gibson Assembly but no DNA ligase. Assembled up to 7 fragments.
Parts with 17-30 bp overlaps are assembled using T5 exonuclease and
Phusion polymerase. Nicks sealed by E. coli transformation. Blue-white screen
allowed use of unpurified vector digest.

Scarless method using bridging oligos and Ampligase thermostable DNA
ligase to assemble up to 20 parts in one step. Parts can be reused easily
between assemblies by utilizing different bridging oligos.

Combines Gibson-style overlap method with part reusability for
combinatorial design. Uses 15 bp adaptor sequences (75 bp synthetic DNA
between parts), so best suited to combining whole gene cassettes. Use with
R20DNA Designer software. Compatible with E. coli and yeast assembly.
Uses OE-PCR to assemble transcription units, then in vivo recombination in
yeast using overlapping linkers of 120-400 bp. To test modifications to TSS
(transcriptional start sites) for yeast. Assembly of 8 genes demonstrated.
Standardisation of Gibson Assembly. Entry vector/PCR product is assembled
directly with circular destination vector using Sfil (rare cutter) and T5
exonuclease. Assembly with 3 inserts demonstrated.

Fragments with 15 bp homology ends are treated with T4 DNA polymerase
for 2.5 min to generate overhangs, annealed on ice and gap-repaired in E.coli.
4-part assembly demonstrated. Based on SLIC (Li and Elledge, 2012).

PCR with uracil-containing primers followed by uracil DNA glycosylase
treatment creates overhangs for annealing. Overhangs and reaction
conditions optimised for efficiency and accuracy. Scarless assembly of 6 parts
demonstrated.

(continued on next page)
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Category Assembly method Reference Key features and capabilities
‘Clips’ (phosphorylated, annealed and ligated oligos) determine assembly
order; a set of 4 oligos is required per part and allows assembly in any order
from any type of part library. 8-part assembly demonstrated. GCC scars.

PIPE: Polymerase Incomplete Primer (Klock et al., 2008; Klock No enzymes required after PCR step. Uses any 15 bp overlap. Direct E. coli

Extension and Lesley, 2009) transformation of unpurified PCR mix, taking advantage of incomplete
extension products. Best suited to parallel assembly of single-insert plasmids.

PLICing: Phosphorothioate-based Ligase- Blanusa et al., 2010 Homology ends added by PCR using phosphorothioate primers. Products used

Independent Cloning directly in 10 min iodine cleavage/hybridisation. Scarless and fast but
primers expensive. Demonstrated for single insert but multiple possible.

PTO (Phosphorothioate) QuickStep Jajesniak et al., 2019 Seamless cloning into any plasmid position; suitable for one insert or PCR
mutagenesis library with no pre-cloning. Uses Q5 DNA polymerase, PTO
primers, iodine and Dpnl. Could be adapted for multiple inserts using
overlapping PCR.

SLiCE: Seamless ligation cloning extract (Motohashi, 2015; Scarless assembly of 2-3 parts with 15-19 bp homology ends. Uses the

Okegawa and Motohashi, recombination activity of E. coli cell lysates in vitro. Lysate is cost-effective
2015) but long primers are needed.

TEDA: T5 Exonuclease-Dependent Assembly ~ Xia et al., 2019 Similar to Gibson Assembly but uses T5 Exonuclease alone. Completed by
E. coli transformation. Purified linear vector and inserts; assembled 2-4
fragments using 9-20 bp homology.

TPA: Twin-Primer Non-Enzymatic DNA Liang et al., 2017 Two PCRs per fragment, annealed to give overhangs. Parts with 20 bp overlap

Assembly are hybridised. Completed by E. coli transformation. 10 fragments assembled.

UNS-guided isothermal assembly (Unique Torella et al., 2014 Enables reuse of elements such as promoters and terminators. Demonstrated

Nucleotide Sequence) in E. coli and embryonic stem cells.

Zebra: Zero-Background Redo Richter et al., 2019 Insert replaces counter-selectable marker in vector. Uses simplified SLiCE
lysate for in vitro recombination.

CRISPR C-Brick (S. Y. Lietal., 2016) BioBrick principle but uses Cpfl & crRNAs (CRISPR) instead of REs: long

CRISPR-CLONInG: CRISPR-Cutting and
Ligation Of Nucleic acid In vitro via Gibson

Shola et al., 2020

recognition sites so part domestication not necessary. 6 bp (Gly-Ser) scar. 2
inserts per round. Gel purification required.

CRISPR-Cas9 is used to precisely remove unwanted element from vector.
Gibson Assembly then inserts new PCR-amplified element(s) with homology
ends. Useful for vectors where convenient restriction sites are unavailable
and PCR amplification would be problematic (e.g. large or repetitive
sequence).

capable of assembling at least two parts into a vector backbone, which
means that they can be used for at least basic combinatorial approaches
if the two parts are libraries. To diversify parts for this library creation,
the techniques available depend partly on the assembly method.
Random mutagenesis can be carried out by error-prone PCR using MnCly
and/or imbalanced dNTPs, a method first developed several decades ago
(Leung et al., 1989) but that continues to be useful for directed evolution
experiments today (Jajesniak et al., 2019; Reed et al., 2019). Alterna-
tively, degenerate oligonucleotides can be used in PCR or overlapping
assemblies, or part libraries can be ordered. These methods apply to any
part where variants are to be tested in a combinatorial fashion, including
coding regions, regulatory elements or insulators.

In parallel to the introduction and tuning of heterologous genes,
pathway engineering often involves manipulating host metabolism by
deleting or altering the expression of endogenous genes. Current
methodology for genome engineering is reviewed by Ren et al. (2020).

3.1. DNA synthesis and overlapping oligonucleotide assembly

When the part libraries to be assembled are not already available or
easily generated using the methods above, de novo DNA synthesis is
generally the first step. This is performed by combining
phosphoramidite-synthesised overlapping oligonucleotides to create
parts, either commercially or in-house (Hughes and Ellington, 2017).
The accuracy and cost of DNA synthesis are key determinants of the
amount of design space that can be explored. Recent advances in fidelity
include a MutS error correction enzyme with improved stability (Zhang
et al., 2020). Miniaturization and new technologies have reduced both
the cost and environmental impact of DNA synthesis; 9600 genes can
now be produced on a single silicon chip (www.twistbioscience.com). A
new method for enzymatic rather than chemical synthesis of DNA is in
development (Barthel et al., 2020; Palluk et al., 2018; Perkel, 2019) and
is the basis of a benchtop DNA printer in development by DNA Script
(www.dnascript.com).

89

3.1.1. Invitro assembly

DNA can be assembled from overlapping oligonucleotides in vitro,
including with small-scale high-throughput methods such as micro-
fluidics (Kong et al., 2007; Plesa et al., 2018) or microchips (Quan et al.,
2011). Megacloning using error-free, microarray-derived oligonucleo-
tides and a high tiling depth was used to produce 72 cas9 genes from
different species (Cho et al., 2018); this technique could be used to
efficiently generate a library of gene variants to test in metabolic path-
ways after in silico genome mining. Generation by overlapping oligo-
nucleotides can be problematic where the sequence contains repeats.
Cooper and Hasty (2020) overcame this issue when making multiplex
CRISPR arrays by a careful tiling design that avoided annealing and
ligation within repeats and allowed single stranded gaps that were filled
in by PCR.

3.1.2. In vivo assembly

It has been demonstrated that oligonucleotides can also be assembled
into a vector in vivo using S. cerevisiae (Gibson, 2009) or E. coli (Zampini
et al., 2015). The latter method, RapGene, requires a preannealing step
in vitro but is faster overall due to the shorter doubling time of E. coli. In
addition to the overlapping oligonucleotides, the E. coli method requires
the use of type IIP restriction enzymes and the exonuclease activity of T4
DNA polymerase. These oligonucleotide-based assembly methods are
most often used to generate single DNA sequence designs, but could be
adapted for combinatorial assembly if the central (non-overlapping)
portion of certain oligonucleotides was varied in a systematic way.

3.2. Restriction enzyme methods

Restriction-ligation techniques were established in the 1970s and
have been the mainstay of cloning ever since. The first standardised
assembly method was NOMAD (Rebatchouk et al., 1996), which used
standard prefix and suffix restriction sites and allowed one insert per
round of restriction and ligation. This was followed by the BioBricks


http://www.twistbioscience.com
http://www.dnascript.com

R. Young et al.

Restriction endonuclease
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Nicking endonuclease

(Type 1IP) (Type 1IS)
Nb.BbvCl
Spel Bsal
GCTGAGGNNN......
——CTAGTNNN.. ... e NNNNNNGAGACCNNN.. ... CGACTCCNNN.. ...
TGATCANNN. .. e NNNNNNCTCTGGNNN.. ...
\l/ reanneal
Defined Unconstrained c
A _N OVerhang
TGATC overhang e NN NN CGACTCCNNN.ovee
BioBricks Golden Gate etc. NE-LIC and USER (vector)

T5 Exonuclease

T4 DNA polymerase

Incomplete PCR

in presence of dTTP

Non-specific 5' to 3' activity;
overhang length uncontrolled

except by reaction time DNA3'to 5'..

Proof-reading digests

n
T

Late-cycle PCR naturally
produces varied 3' end lengths
by incomplete primer extension

Gibson and TEDA

Staggered PCR
F1 F2

>>

PCR1 & PCR2

...but polymerase function
keeps adding dTTP, defining

==

<—--

overhang length

Chew-back

Uracil excision

Primer contains uracil base...

PIPE

Phosphorothioate excision

Primer contains PTO
modifications...

<<

...which cause site-specific
cleavage by iodine

Melt &
reanneal \l/ R1 R2 ...which is removed by a
glycosylase-lyase enzyme mix
TPA and AFEAP* USER (inserts)

PLICing, CLIVA and GTS

Fig. 2. Techniques for creating single strand DNA overhangs for part assembly. Nine techniques are shown, with the corresponding DNA assembly methods in blue
(see Table 2 for references). Blue rectangles represent the recognition domain of an endonuclease, lined up against its cognate recognition sequence. Parallel
horizontal lines represent double stranded DNA, with PCR templates in black and DNA to be assembled in blue. *AFEAP uses sequential PCRs.

standard (Knight, 2003) where two inserts are ligated into the vector
backbone simultaneously, accelerating the cloning process. Both
methods were designed to be idempotent, i.e. the output vector can be
manipulated in the same way as the input vector for subsequent rounds
of assembly. A modified protocol called Quick Gene Assembly allows
five BioBricks to be assembled per day instead of two (Yamazaki et al.,
2017); see Table 2.

3.2.1. Golden Gate assembly

Golden Gate assembly (Engler et al., 2008; Engler and Marillonnet,
2014) relies on Type IIS restriction enzymes; these cut outside their
recognition domain, allowing multipart assembly through uncon-
strained sequence design for the single strand overhang. T4 DNA ligase
is used to seal junctions. As the recognition sequence is not present in the
desired ligation product, the reaction proceeds one-way in an efficient
combined restriction-ligation step that is amenable to automation.
Sequencing of the final assembly is not always necessary as the
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procedure uses pre-sequenced part libraries in entry vectors and no
subsequent PCR amplification or gel purification. Golden Gate assembly
can be used for combinatorial experiments; for example, 48 combina-
tions of —35 and —10 promoter elements were tested in E. coli to identify
those with high inducibility and low leakiness and to study the dynamic
range (Y. Chen et al., 2018).

Three issues with the Golden Gate method are the need for part
domestication (the removal of internal restriction sites), the variation in
ligation efficiency between different overhang designs, and the presence
of scars (typically 4 bp) at part junctions. These are all addressed by a
new web application, iBioCAD GGA (HamediRad et al., 2019) which
designs scarless assembly schemes and primers using existing areas
around the junctions as overhangs, although at some expense to part
reusability. These linker sets are carefully chosen to ligate efficiently
while avoiding cross-reactions. Combinatorial assembly schemes can be
designed by uploading multiple part sequences per location. The ligation
fidelity and efficiency of different overhangs has also been studied by
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others (Potapov et al, 2018a, 2018b).

3.2.2. Scarless assembly methods

Other techniques for the avoidance of scars are Scarless Stitching and
Start-Stop Assembly. Scarless Stitching (Smanski et al., 2014) allows the
assembly of two parts into a backbone per round of assembly. An initial
Golden Gate reaction is performed to assemble three parts into a back-
bone using Bsal, with the central part being a bridging sequence
encoding a lacZa peptide. In the same tube, the bridging sequence is
then removed with MlyI digestion and blunt-end ligation to form a
scarless junction between the two desired parts. This method is suitable
to form transcription units that can be PCR amplified to add MoClo
cohesive ends for subsequent higher order assembly using standard
Golden Gate/MoClo procedures. Scarless Stitching was used in the first
assembly step of a combinatorial library for the nitrogenase pathway in
Klebsiella that comprised three T7 RNAP promoters, one terminator,
twelve RBSs and seven spacers (Smanski et al., 2014). Although it was
largely successful, some point mutations occasionally occurred (likely
due to the PCR step), and in some experiments 1-2 bp deletions were
found to be common at the junction site, so clones should be checked by
sequencing.

Start-Stop Assembly (Taylor et al., 2019) is an alternative modular
and scarless method in which the assembly of expression units (Level 1)
uses a Type IIS restriction enzyme that leaves 3 bp overhangs, appro-
priate for junctions that are sensitive to scars such as those around the
start and stop codons. As above, subsequent assemblies use classic
Golden Gate 4 bp overhangs that have already proven to give
high-fidelity assembly as scars are not so problematic at these levels. Up
to five expression units can be combined at Level 2 and 15 at Level 3. The
approach was validated using five libraries for carotenoid biosynthesis
pathways, each produced combinatorially from up to eight genes, six
promoters, six RBSs and four terminators to explore the design space.
This included both monocistronic and operon configurations. The
Start-Stop constructs developed by Taylor et al. (2019) are for pro-
karyotic expression, but the scheme is designed in such a way that only
one destination vector is required (Level 2 or 3), facilitating the transfer
of the approach to new shuttle vectors or organisms. One potential
drawback of the scheme is that it cannot assemble fusion proteins, as a
stop codon is used as the fusion point at the end of any coding region.

3.2.3. Type IIS modular assembly methods

To eliminate the requirement for construct-specific cloning strategies
and facilitate sharing of parts between researchers, hierarchical Golden
Gate syntax schemes such as MoClo (Weber et al., 2011) and Golden-
Braid (Sarrion-Perdigones et al, 2011, 2013) have been developed. The
MoClo standard requires many entry and destination vectors, while
GoldenBraid uses fewer vectors but involves more cloning steps for large
assemblies. These are reviewed elsewhere (Casini et al., 2015; Deb and
Reshamwala, 2020; Vazquez-Vilar et al., 2020). A common syntax for
MoClo and GoldenBraid was developed that uses 12 Type IIS overhangs
defining different positions for eukaryotic genes (Patron et al., 2015).

Other Type IIS assembly systems are detailed in Table 2, including
the recent developments of 3G Assembly (Halleran et al., 2018), BASIC
(Storch et al, 2015, 2017), Loop Assembly (Pollak et al., 2019), MetClo,
(Lin et al., 2018), PODAC (Van Hove et al., 2017), Universal Loop As-
sembly (Pollak et al., 2020), and VEGAS plus yeast Golden Gate (Chuang
et al., 2018; Mitchell et al., 2015). These help to address some of the
limitations of MoClo and GoldenBraid; for example, BASIC is an idem-
potent cloning framework for combinatorial assembly that only requires
parts to be domesticated for one restriction enzyme, reducing the risk of
altering part function. With this method the authors assembled con-
structs containing up to seven parts, with the possibility to include more
by applying functionalised linkers (Storch et al., 2015). These advan-
tages of idempotency and reduced part domestication are also shared by
the MetClo and PODAC methods.

91

Metabolic Engineering 63 (2021) 81-101
3.3. Non-restriction enzyme methods

To avoid issues associated with the use of restriction enzymes e.g.
scars and part domestication, researchers have developed alternative
DNA assembly methods.

3.3.1. Methods using in vivo recombination

Several of these methods utilise yeast homologous recombination
(YHR). YHR has been used for routine cloning for more than 30 years
(Kunes et al., 1985). However, it was not until relatively recently that
this methodology was adapted for combinatorial pathway assembly
with the implementation of the DNA assembler method (Shao et al.,
2009). The authors first assembled individual expression cassettes using
overlap-extension PCR. These were then assembled into larger
biochemical pathways via YHR. Up to eight cassettes coding for D-xylose
utilization and zeaxanthin biosynthesis pathways were assembled with
efficiencies of 70-100%, depending on the number of fragments
assembled. The authors suggested that between 30 and 50 genes
encoding 100-200 kb DNA could be assembled through iterative cycles
of transformation, selection and counter-selection, with the latter step
freeing a ura3 selectable marker for further cycles. A follow-up study
used a variant of DNA assembler to engineer higher efficiency xylose and
cellobiose utilizing pathways (Du et al., 2012), further demonstrating its
utility. Several additional studies have also used YHR for combinatorial
pathway assembly e.g. COMPASS (Naseri et al., 2019) and M-PERL (Liu
et al., 2016). The latter M-PERL method used linker oligonucleotides to
vary promoter sequences, reducing the number of expression cassettes
that needed to be assembled prior YHR. A key limitation of these ap-
proaches is the amount of time required, roughly 1-2 weeks (Kouprina
and Larionov, 2016; Shao et al., 2009). This derives from the slower
doubling of S. cerevisiae compared to other alternative workhorses e.g.
E. coli. As such, for smaller pathways and for those that do not require
expression in yeast, alternative methods are generally preferred.

As an alternative to YHR, the AQUA cloning method uses the native
ability of E. coli to assemble DNA fragments containing 15 bp over-
lapping regions (Beyer et al., 2015). Given the short doubling time of
E. coli, cloning and recombinant protein expression can be completed
within a single day. AQUA was subsequently used to assemble different
variants of an auxin sensor and an A NIMPLY B logic gate, illustrating
how it might be used for combinatorial assembly. However, depending
on cell competency and strain, colony numbers can be low, limiting its
application.

3.3.2. Methods using in vitro assembly steps

3.3.2.1. Gibson DNA assembly. To facilitate faster DNA assembly
workflows and without the drawbacks associated with restriction en-
zymes, researchers have developed methods using alternative enzymes
in vitro. One such method is Gibson DNA assembly (GDA) (Gibson et al.,
2009). GDA utilises a combination of T5 exonuclease, DNA polymerase
and Taq DNA ligase to assemble multiple DNA fragments in vitro. The
method was originally demonstrated by assembling half the Mycoplasma
genitalium genome (~300 kb) into a bacterial artificial chromosome, via
a 3-fragment assembly, achieving 50% fidelity (Gibson et al., 2008).
While the original method can be used to assemble up to 5 fragments in a
one-pot reaction, a two-step variant was developed by Codex DNA
where up to 15 fragments can be assembled simultaneously (https://co
dexdna.com/products/benchtop-reagents/gibson-assembly-kits). The
two-step variant splits the exonuclease and annealing steps of the re-
action from the polymerase and ligation steps, increasing fidelity. In
addition to genome engineering, GDA has been used for combinatorial
transcriptional rewiring of Pichia pastoris, improving the expression of
recombinant proteins (Windram et al., 2017). In another example, a
variation of GDA was used to improve the production of pristinamycin, a
streptogramin antibiotic, via combinatorial metabolic engineering (Li
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et al., 2015). Further variations on GDA have been proposed to reduce
its cost (Fu et al., 2014; Xia et al., 2019) or improve its efficiency (Casini
et al., 2014).

3.3.2.2. Ligase-dependent assembly. Other relevant DNA assembly
methods using DNA ligases in vitro include ligase cycling reaction (LCR)
(de Kok et al., 2014) and “DNA assembly method using thermal exo-
nucleases and Taq DNA ligase” (DATEL) (Jin et al., 2016). LCR utilises
bridging oligonucleotides with complementarity to DNA fragments in
combination with a thermostable DNA ligase and thermocycling to join
DNA fragments in a one-pot reaction. LCR in combination with a DoE
approach was recently used to optimize the production of the flavonoid
(2S)-pinocembrin in E. coli, improving titres 500-fold (Carbonell et al.,
2018). Notably, LCR was shown to have a similar performance
compared to YHR, achieving 60-100% fidelity for the assembly of 12
fragments. However, it has a higher cost compared to alternative
methods given the requirement for phosphorylated primers and bridging
oligonucleotides (de Kok et al., 2014). DATEL utilises Taq and Pfu DNA
polymerases to degrade ssDNA flaps, formed when multiple dsDNA
molecules sharing complementarity are annealed. The resulting nicked
backbone is sealed by Tag DNA ligase. The method was able to ligate
2-10 fragments simultaneously with accuracies ranging between 74 and
100%. This facilitated the combinatorial assembly of the beta-carotene
pathway (Jin et al., 2016).

3.3.2.3. Ligase-independent assembly. Except for GDA variants (Fu et al.,
2014; Xia et al., 2019), the previously described methods all utilise DNA
ligases to seal the backbone of constructs prior to transformation. An
alternative strategy is to avoid the use of DNA ligases and rely on native,
in vivo machinery to seal the nicks. A collection of these “ligase-inde-
pendent” methods have been described and utilised for combinatorial
assembly (Liang et al., 2017; Quan and Tian, 2009; Zou et al., 2013).
These methods use a variety of strategies to anneal DNA fragments. For
instance, Twin-Primer Assembly (TPA) utilises two, separate PCR re-
actions and subsequent re-annealing, followed by hybridisation to
assemble constructs (Liang et al., 2017). TPA enabled the assembly of
constructs from 5 to 10 fragments with fidelities ranging between 50 and
80%. Furthermore, pathways expressing glucoraphanin, a compound
with potential neuroprotective and cardiovascular effects (Bai et al.,
2015; Tarozzi et al., 2013), were synthesised using TPA (Yang et al.,
2020).

Other ligase-independent methods use the enzymes present in bac-
terial lysates to recombine homologous DNA ends (Motohashi, 2015;
Richter et al., 2019). Alternatively, bacteriophage lambda recombina-
tion proteins can be used for in vitro assembly; these recombine attB and
attP sites that are positioned at the ends of fragments by PCR. MultiSite
Gateway™ technology allows up to four fragments to be assembled in a
vector in a predetermined order and has been used for the creation of
complex plasmids for genomic integration in mammalian cells (Jackel
etal., 2016), among other applications. The in vitro version of Synthetic
Chromosome Rearrangement and Modification by LoxPsym-mediated
Evolution (SCRaMbLE) also relies on recombinases (Wu et al., 2018),
in this case the Cre/loxP system from bacteriophage P1, and allows
pathway flux optimisation by stochastically rearranging transcription
units.

3.4. DNA sequence verification

Traditionally, the arrangement and DNA sequence of individual
plasmid constructs was confirmed by techniques such as restriction
digest and Sanger sequencing. However, high-throughput quality con-
trol methods suitable for combinatorial plasmid libraries are now
available. In terms of short-read NGS sequencing, Shapland et al. (2015)
used an automated workflow to sequence 4000 plasmids in one [llumina
MiSeq run, while plasmids submitted to Addgene are sequenced using
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plexWell™ technology, which pools 96 plasmids per well. Long-read
NGS sequencing is also employed: D’Amore et al. (2017) developed a
high-throughput SMRT (Single Molecule, Real-Time) Gate method to
validate plasmid inserts using Golden Gate and Pacific Biosciences
technology. In addition, a new PCR barcoding system and analysis al-
gorithm were recently described that facilitate fast high-throughput
plasmid sequencing using Oxford Nanopore technology (Currin et al.,
2019).

4. Methods and toolkits for enzyme balancing

Once the enzymes required for a metabolic pathway have been
established, their expression must be balanced to achieve optimal
product yields. The traditional screening approach is to vary the DNA
cis-elements that regulate their expression at the transcriptional or
translational levels, such as promoters and RBS, as discussed above.
However, this laborious pathway-specific combinatorial DNA con-
struction can be bypassed by gaining information on optimal expression
in other ways, often followed by the informed selection of parts for the
final hard-coded design. As illustrated in Fig. 3, pathway-blind toolkits
developed for this purpose include those based on CRISPR, inducible
transcription factors and sRNA translational downregulation.

CRISPRi and CRISPRa (CRISPR-mediated activation), which enable
transcriptional regulation via a nuclease-deficient Cas9 protein, can be
harnessed for pathway tuning by adjusting the presence or promoter
strengths of a set of guide RNA sequences that each correspond to a
different target gene’s promoter region. For example, Liu et al. (2019)
developed a reusable CRISPRa-based expression profile scanning plat-
form for bacteria that takes advantage of the wide dynamic range
permitted by eukaryotic-like 6>*-dependent promoters and by dxCas9.
As a proof of principle, a five-gene violacein pathway in E. coli was tuned
by upregulating three of the genes individually with a 27-member
combinatorial guide RNA library prepared by Golden Gate assembly
(three guide RNA genes each expressed using one of three promoters;
Fig. 3a). CRISPRa systems that could facilitate pathway tuning are also
available for mammalian cells (Li et al., 2017) and yeast (Camara et al.,
2020). In addition, a highly effective CRISPR/Cas9-based programmable
transcriptional activator has recently been developed for plants, with a
10,000-fold increase in mRNA abundance demonstrated for an endog-
enous test gene in Nicotiana (Selma et al., 2019).

Meyer et al. (2019) recently developed E. coli ‘Marionette’ strains in
which 12 inducer chemicals control 12 transcription factors in an
orthogonal and tunable manner (Fig. 3b), allowing researchers to test
different combinations of expression levels for many genes in highly
automatable screens. Directed evolution was employed to ensure that
each sensor, comprising a transcription factor and its target promoter,
gave low background expression and a high dynamic range while min-
imising crosstalk. This sophisticated tuning system rests on decades of
research into gene regulation in E. coli (Meyer et al., 2019) and similar
tools are not yet available for the majority of industrial chassis
organisms.

A third method to identify optimal enzyme balance is the combina-
torial repression of target genes using sRNA; this binds to its cognate
mRNA to inhibit translation initiation and stimulate RNA degradation
(Fig. 3c). Binding occurs between the 15 nt sRNA tag region and its
reverse complement sequence in the 5UTR of the target mRNA. Six
orthogonal sRNA:target pairs were created for pathway optimisation in
bacteria, with each target sequence incorporated upstream of a test gene
from a beta-carotene biosynthesis pathway (Ghodasara and Voigt,
2017). The rigorous development process included screening for optimal
hammerhead ribozyme additions and strong (>120-fold) potential
repression without off-target effects, then diversification of the
chaperone-binding, ribozyme and terminator loop regions to prevent
issues with genetic instability when using multiple SRNAs. The sRNAs,
which can be used for any pathway, were each expressed from 16
different promoters of varying strengths. After identifying the most
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Fig. 3. Combinatorial tools to investigate pathway balancing without creating a pathway-specific combinatorial library, illustrating the approaches of Yang Liu et al.
(2019), Meyer et al. (2019), Ghodasara and Voigt (2017) and Karim et al. (2020). See main text in Section 4 for more detail. RBS and terminator symbols are omitted
for clarity. TF = transcription factor, TXTL = transcription and translation, UAS = upstream activating sequence.

productive strains, the authors recapitulated the balance of expression
using a panel of T7-based promoters.

The most appropriate approach to pathway tuning depends in part
on the chassis organism. The random integration of transgenes into the
nuclear genomes of plant and mammalian cells by non-homologous end
joining leads to variable expression and copy number; this heterogeneity
can be exploited in combinatorial screens. In a proven approach for
plant enzyme selection and balancing termed COSTREL (Fuentes et al.,
2016), a core biosynthetic pathway is integrated into the chloroplast
genome by homologous recombination for stable, high-level expression.
The transplastomic line is then supertransformed with a collection of
single-gene plasmids to allow the combinatorial integration of potential
regulatory or accessory genes into the nuclear genome. This leads to
variation in the identity, copy number and location (therefore
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expression level) of integrated genes across the transformant popula-
tion. This method has been used to optimize the metabolic flux of a
heterologous artemisinic acid biosynthesis pathway in tobacco (Fuentes
et al., 2016) and improve plant drought tolerance (Schulz et al., 2020).

A pathway testing and tuning approach particularly suited to mi-
crobes that are slow-growing and/or difficult to engineer is the use of
cell-free protein synthesis, exemplified by the iPROBE platform (Karim
et al., 2020). In this method, genes are expressed individually from
plasmids in vitro using crude cell lysates; the resulting enzymes are
quantified and mixed in different combinations and ratios together with
substrates and cofactors to enable pathway analysis and optimisation.
The authors used iPROBE to improve 3-hydroxybutyrate production in
Clostridium autoethanogenum (Karim et al., 2020). A number of cell-free
approaches to pathway tuning, including iPROBE, are illustrated in
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Table 3
Platforms and methods used for automated DNA assembly.
Platform Assembly method using platform References
Microfluidics Golden Gate and cloning standards (Linshiz et al., 2014; Shih et al., 2015)

Gibson DNA assembly

Golden Gate and cloning standards
Gibson DNA assembly

Ligase cycling reaction

BASIC DNA assembly

Golden Gate and cloning standards
Gibson DNA assembly

BASIC DNA assembly

Tip-based liquid handling robotics

Acoustic liquid handling robotics

(Linshiz et al, 2014, 2016; Shih et al., 2015)

(Chao et al., 2017; Linshiz et al., 2014; Ortiz et al., 2017; Walsh et al., 2019)
https://codexdna.com/pages/bioxp-3200-system

(Carbonell et al., 2018)

(Exley et al., 2019; Storch et al., 2020)

(Kanigowska et al., 2016; Mann et al., 2019; Ortiz et al., 2017; Rajakumar et al., 2019)
(Kanigowska et al., 2016)

(Exley et al., 2019)

Fig. 3d.
5. Alternatives to intracellular biomanufacturing
5.1. Microbial consortia

So far, we have considered techniques for combinatorial pathway
assembly in which all elements are expressed in a single host cell line in
the final production system. However, an intercellular approach
combining natural or engineered organisms that each express parts of a
metabolic pathway can be advantageous in increasing the yield or range
of possible products.

There has been a surge of interest in the use of microbial consortia for
bioproduction, with several recent reviews available (Arora et al., 2020;
Lu et al., 2019; McCarty and Ledesma-Amaro, 2019; Sgobba and Wen-
disch, 2020). Novel bioproducts have been discovered by combinatorial
screening of microbe pairs, such as an antibacterial borrelidin from the
co-culture of an actinomycete and fungus (Yu et al., 2019), although
many of these new compounds are the result of cryptic pathway in-
duction rather than the sharing of intermediates. If the co-culture spe-
cies are slow growing or product yields are low, genes can be transferred
to more amenable and genetically tractable host organisms.

Where the aim of a consortium is simply to spread the metabolic
burden of a well-characterised but resource-intensive pathway between
cells, a single species can be used: for example, the naringenin biosyn-
thetic pathway was split between two engineered E. coli strains to in-
crease yield (Ganesan et al., 2017), as was the resveratrol pathway
(Hong et al., 2020). Relative population densities can be tested and
controlled through engineered quorum sensing (Stephens et al., 2019) or
allocating different carbon substrates (Li et al., 2019). Pathways
requiring multiple specialized environments or existing substrates can
be distributed across two appropriate species, such as the biosynthesis of
a paclitaxel precursor using an E. coli and S. cerevisiae co-culture (K.
Zhou et al., 2015).

5.2. In vitro pathways

Commercial chemical production using combined purified enzymes,
or using lysates from cell lines that express the relevant enzymes, is
termed ‘cell-free synthetic biochemistry’ (reviewed by Bowie et al.,
2020). Advantages include the ability to mix enzymes from different
hosts, lack of competition for cellular resources, avoidance of product
toxicity problems and the option to use non-physiological conditions,
but technical and economic issues (e.g. enzyme stability and cofactor
cost) will need to be overcome. One promising example of cell-free
synthetic biochemistry is the production of hydrogen from starch and
water using a pathway of 13 enzymes originating from plant, animal,
yeast, bacterial and archaeal sources (Zhang et al., 2007).

Aside from biomanufacturing, this approach allows the efficient
screening of enzyme combinations prior to in vivo work, such as for
monoterpenoid pathways (Dudley et al., 2019), and the optimisation of
enzyme ratios simply by combining different amounts of each extract
(Section 4). It is also particularly suited to molecular diagnostics; for
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example, Silverman et al. (2020) combined four E. coli extracts, each
overexpressing a different protein, as part of a biosensor for the water
contaminant atrazine.

Cell-free protein synthesis shares many of the benefits of cell-free
synthetic biochemistry and is starting to be considered as a chemical
manufacturing platform using multi-enzyme combinations (e.g. Grubbe
et al., 2020), augmenting its current roles in part characterisation
(Section 2) and pathway optimisation (Section 4). These two bio-
manufacturing routes are compared in a recent review (Lim and Kim,
2019).

6. Computational tools and automation
6.1. DNA design software

Computational tools are available to assist with many stages of
combinatorial pathway assembly, from selection of parts through to
amplification of assembled DNA. The Synthetic Biology Open Language
(SBOL) standard (Cox et al., 2018) for the representation of genetic data
facilitates automated generation of computational models of genetic
circuits from data stored in design repositories (Misirli et al., 2019).
Circuits can be visualised using SBOL Visual glyphs (Madsen et al., 2019;
Misirli et al., 2020) or the more flexible DNAplotlib (Der et al., 2017).

Biodesign automation tools were recently reviewed (Appleton et al.,
2017b). These include BOOST, which takes into account determinants of
DNA synthesis success such as repeats and secondary structure (Ober-
ortner et al., 2017); and the algorithm of Blakes et al. (2014) which
calculates the fewest concatenations required to assemble a whole li-
brary. The Edinburgh Genome Foundry provides a suite of over 20
open-source software applications for DNA design and assembly (http
s://edinburgh-genome-foundry.github.io/).

DoE can be used to explore the design space without making every
single combination, selecting a subset of designs that will together
provide maximum information. Tools such as Double Dutch (Roehner
et al., 2016) are available to help design suitable DoE combinatorial
libraries. For example, the yield of itaconic acid in S. cerevisiae was
improved by testing different promoters and terminators for each of six
genes in a novel pathway (Young et al., 2018), while Woodruff et al.
(2017) adopted DoE to explore a huge design space for the optimisation
of expression levels in a 16-gene nitrogen fixation pathway, using pools
of retrievable composite parts. Ideally, different genetic designs and
growth conditions (e.g. temperature, aeration and media composition)
should be varied simultaneously with DoE. This approach was shown to
increase the yield of 6-aminocaproic acid (6-ACA) in E. coli (H. Zhou
et al., 2015).

6.2. Automation

High-throughput and complex combinatorial assembly projects can
benefit from automation, saving time and reagents and reducing human
error (Jessop-Fabre and Sonnenschein, 2019; Walsh et al., 2019). A
range of DNA assembly methods have been automated using micro-
fluidic platforms, tip-based liquid handling robotics or acoustic liquid
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handlers (Table 3) either dedicated or in combination.

Each of these platforms offers specific strengths and challenges. For
instance, digital microfluidic platforms can manipulate sub-microlitre
assembly reaction volumes with high accuracy (Yehezkel et al., 2016).
However, delivering material to and from the chip and accurately con-
trolling temperatures is often challenging. To address this, 3D printing
technology was recently applied to digital microfluidics, improving
temperature stability and facilitating the delivery of larger volumes to
reservoirs, while making this workflow more accessible (Moazami et al.,
2019).

Tip-based liquid handling robotics are widely available and their
ability to transfer liquids with high accuracy and precision (Bessemans
et al., 2016) has led to a range of well-performing automated DNA as-
sembly workflows (Table 3). Furthermore, the initial cost of these
platforms can be low, making them accessible to most research groups.
For instance, BASIC DNA assembly was recently automated using the
Opentrons OT-2, which at a price of $8k will be available to most labs
(Storch et al.,, 2020). When aiming at higher throughput, tip-based
liquid handlers are limited by their lower transfer limits of 1 pL and
relatively slow speed for cherry-picking operations (Walsh et al., 2019).
These limitations restrict the ability to reduce cost by shrinking reaction
volumes or scaling up throughput.

Acoustic-based liquid handlers utilise acoustic energy to transfer
liquids in multiples of nanolitre volumes contactless between source and
target plates. They are highly scalable and fast, dispensing liquids into
microtiter plates with up to 1536 wells and assembling 96x, 5-part DNA
assembly reactions in as little as 5 min (Ortiz et al., 2017). Their small
volume operations can reduce costs dramatically, exemplified in 50 nL,
2-part Golden Gate reactions assembled at a cost of $0.01 per reaction
(Kanigowska et al., 2016). It should however be recognised that later
steps in the DNA assembly workflow, e.g. bacterial transformation, are
typically conducted in larger volumes (Exley et al., 2019; Kanigowska
et al., 2016; Mann et al., 2019; Ortiz et al., 2017; Rajakumar et al.,
2019), meaning overall savings are not as significant given that reagents
such as competent cells tend to constitute a larger percentage of total
cost (Storch et al., 2020). Furthermore, these platforms typically have
high initial and services costs, impeding their wide availability.

It is worth considering that the aforementioned platforms can work
synergistically, drawing on individual strengths and facilitating the
automation of more complex workflows. For instance, a complete DNA
assembly workflow and validation consisting of Golden Gate assembly,
E. coli transformation, plasmid extraction and digest validation has
previously been automated using multiple robotic platforms including
an acoustic dispenser, tip-based liquid handlers and a colony picker
(Mann et al., 2019). Within this work, fast cherry-picking operations
enabled by acoustic dispensers were paired with batch operations
enabled by tip-based systems equipped with multi-channel pipetting
heads, yielding a more effective setup. Cross-platform automation is
further aided by versatile programming languages such as PR-PR (Lin-
shiz et al, 2013, 2014).

7. Conclusion and outlook

Our ability to assemble optimal metabolic pathways has seen great
progress in the last few years, with improved enzyme annotations
allowing more sophisticated genome mining (Blin et al., 2019) and ge-
netic tools and parts becoming available for many more potential chassis
organisms (Table 1). As presented in this review, a great number of DNA
assembly strategies have been developed to suit different requirements
such as speed, cost effectiveness, or the ability to join parts without
leaving scars. Furthermore, researchers investigating the optimal
expression ratios of the enzymes within a pathway can now choose be-
tween directly swapping regulatory elements such as promoters or using
one of the ‘universal’ toolkits for adjusting the balance of any pathway,
if available for the chassis of interest.

Screening candidate pathways for the final product is no longer such
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a bottleneck now that various methods can bypass time-consuming
sample preparation or extraction steps, at least for an initial evalua-
tion. For example, rapid laser-enabled mass spectrometry directly from
yeast colonies can semi-quantitatively detect a metabolite of interest at a
rate of six colonies per minute (Gowers et 2019), and
metabolite-specific biosensors that transduce detection into a signal are
increasingly available (Carpenter et al., 2018). In addition, Syntrophic
Co-culture Amplification of Production phenotype (SnoCAP) uses
auxotrophic  cross-feeding secretor and sensor strains for
high-throughput metabolite screening of E. coli strain libraries in
microplates or microdroplets (Saleski et al., 2019).

The development of automation platforms for DNA assembly has
allowed more design space to be explored efficiently. Walsh et al. (2019)
used ‘Q-metrics’ as a means to determine whether automation might
lead to time or cost savings when compared to manual workflows;
however, comparison between the various automation options for DNA
assembly is still challenging and would require improved metrics such as
ease of use, versatility, throughput and the costs of initial setup and
consumables.

The issue of intellectual property (IP) can potentially affect several
aspects of pathway assembly, particularly the use of parts, vector
backbones and standards (Nielsen et al., 2018). An IP expert meeting
(Minssen et al., 2015) made six recommendations for the synthetic
biology community in this regard, such as encouraging scientists to
employ tools that are unencumbered with IP rights when developing
foundational technologies. The BioBrick™ Public Agreement facilitates
the free sharing of DNA sequences across the synthetic biology com-
munity (https://biobricks.org/bpa) while the more recent Open Mate-
rial Transfer Agreement (http://openmta.org/) provides a legal tool for
sharing physical biomaterials in a simpler and less restrictive way than
typical arrangements allow (Kahl et al., 2018).

As discussed by Szymanski and Scher (2019), DNA is not merely
linear text comprising independent parts; inter- and intramolecular in-
teractions, epigenetic modifications and environmental factors make the
reality of these 3D polymers much more complex. Predictive software
that incorporates these parameters is much more likely to result in a
well-functioning design. In reality, combinatorial library screens will
still be a necessity, but more accurate models should result in smarter
library design, reducing the R&D resources needed to reach the same
goal or increasing the attainable product yield.
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