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Abstract

The Registry of Standard Biological Parts imposes sequence constraints to enable DNA assembly using restriction
enzymes. Alnahhas et al. (Journal of Biological Engineering 2014, 8:28) recently argued that these constraints should
be revised because they impose an unnecessary burden on contributors that use homology-based assembly. To add
to this debate, we tested four different homology-based methods, and found that students using these methods on
their first attempt have a high probability of success. Because of their ease of use and high success rates, we believe
that homology-based assembly is a best practice of Synthetic Biology, and recommend that the Registry implement
the changes proposed by Alnahhas et al. to better support their use.
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The Registry of Standard Biological Parts (the Registry) is
a repository of DNA material that aims to make biology
easier to engineer by facilitating the sharing of genetic
parts and simplifying their assembly. The Registry also sets
the rules and standards for the International Genetically
Engineered Machine (iGEM) competition, and is in this
capacity highly influential on the formation of the next
generation of bioengineers and biotechnology entrepre-
neurs. The Registry currently recommends the use of a
DNA assembly method called three-antibiotic (3A) re-
striction enzyme assembly [1], and genetic parts submitted
to the repository must comply with sequence restrictions
that are necessary for this method to work. Although the
Registry mention homology-based assembly on their web-
site, 3A assembly is the only recommended method.
Alnahhas et al. [2] recently advocated that the Registry
should no longer enforce compatibility with 3A assembly
because homology-based assembly methods are highly
versatile and efficient, and free of the sequence constraints
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imposed by the use of restriction enzymes. The authors
argue that the cost and time needed to eliminate all illegal
sequences imposes a significant and unnecessary burden
on contributors, and provide survey data indicating that
many iGEM teams have already adopted homology-based
assembly. They recommend a new submission standard
that would significantly reduce the occurrence of illegal
sequences while retaining the quality control features of
the current submission standard.

Should the Registry recommend homology-based as-
sembly along with 3A assembly and abandon one of its
founding principles? Our lab did not have extensive ex-
perience with homology-based methods, so to inform our-
selves about their benefits and limitations, we tested the
performance of four different methods (Fig. 1). We specif-
ically examined how well each method facilitated the as-
sembly of a circularized plasmid in yeast Saccharomyces
cerevisiae that naturally is able to fuse overlapping DNA
fragments during a transformation without specialized en-
zymes or reagents [3]. This in vivo homologous recombin-
ation (HR) method served as our baseline.

We compared HR assembly to three in vitro methods
where DNA fragments are fused prior to transformation:
PCR assembly based on overlap extension [4, 5], Seamless
assembly [6] and Gibson assembly [7]. Because HR takes
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Fig. 1 Overview. a Partially overlapping DNA fragments are transformed into yeast cells together with a linearized plasmid backbone, or fused together by
PCR, Seamless or Gibson assembly prior to the transformation. Homologous recombination (HR) enables the fusion of the DNA fragments without
transformation. b The assembled plasmid insert contains 4.5 kb DNA encoding two expression units, the TEFT promoter driving KanR expression, and
the TDH3 promoter driving a fusion of the TRPT and GFP genes. The insert has DNA sequences at the ends that are homologous to the ends of the
linearized plasmid backbone (not shown). Assembly success was tested when the insert was broken into two, three, four or five fragments with short
or long regions of homology to neighboring fragments or the linearized RS416 plasmid. The transformation used 2 ng or 20 ng of total DNA, including
the linearized plasmid. The linearized plasmid DNA was added at the pre-transformation step for Seamless and Gibson assembly
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place in all our tests, we expected that adding in vitro as-
sembly prior to the transformation would increase the
probability of cloning success. We did not have the oppor-
tunity to test Ligase-cycling assembly [8, 9], nor commer-
cially available PCR-based methods. Neither did we test 3A
assembly, and can therefore not compare it directly to
homology-based assembly. It is worth noting, however, that
3A assembly only allows for the fusion of two DNA frag-
ments and must be used reiteratively in assemblies requir-
ing the fusion of more than two DNA fragments, which
includes most of the assemblies tested in our experiments.
Our laboratory mostly uses DNA assembly for the
construction of relatively small expression cassettes that
report on cellular signaling pathways or form building
blocks of larger gene regulatory networks. To test the
utility of homology-based assembly in this context, we
decided to construct a circular plasmid with a 4.5 kb in-
sert that encodes two expression cassettes (Fig. 1b): a
cassette where the KanR gene, conferring resistance to
G418, is expressed from the promoter of the TEFI gene,
and a cassette where a fusion of the TRPI and GFP
genes is expressed from the promoter of the TDH3 gene.
The 5 and 3’ ends of the assembled insert contain

sequence homologies to a shuttle vector backbone
(pRS416). This commonly used vector has origins of
replication for E. coli and yeast, as well as selection cas-
settes for E. coli (AmpR confers resistance to ampicillin)
and yeast (URA3MX allows cells that are auxotrophic
for uracil to grow in the absence of uracil) [10].

To cover a broad range of conditions, we performed 192
assembly experiments that tested each of the four methods
under 16 different conditions. In these conditions, the vector
backbone was unchanged while the insert was assembled
from two, three, four or five DNA fragments that had either
long (200 bp or more) or short (~30-40 bp) homologous
regions to one another. We tested such short “overhangs”
because they can be added to low-cost PCR primers, but note
that long overhangs can be created at a relatively low cost if
overlap extension PCR is used to fuse two or more parts prior
to the assembly. We then transformed yeast cells with either
alow (2 ng) or high (20 ng) total DNA.

We generally expect that method developments re-
ported in the peer-reviewed literature involve personnel
with considerable experience and practice with its appli-
cation. To assess if the four assembly methods are effi-
cient also when used by personnel without such
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experience, we had the assembly reactions and subsequent
transformations done independently by an MSc student
(A.A. with assistance from V.G.), a PhD student (H.P.)
and a laboratory technician (L.T.). Each person was
allowed to perform each test only once. While L.T. did a
few preliminary experiments, the results reported for A.A.
and H.P. were obtained when they used our assembly
protocols for the first time (the protocols are provided
with this letter [Additional file 1]).

For each of the 192 tests, the plasmid assembly was
judged successful if the transformation allowed a colony
1) to grow in the absence of uracil, 2) to fluoresce green
light and 3) to be resistant to G418. For each test, we ei-
ther screened 20 colonies or all colonies when 20 col-
onies were not available (17 % of the tests). Remarkably,
we observed a 96 % overall success with only seven of
the 192 tests failing to yield at least one colony with a
fully functional plasmid. The more experienced per-
formers (H.P. and L.T.) were successful in all of their
128 tests. Moreover, at least one positive colony was
found in 95 of 96 tests with 20 ng transformed DNA,
and in all the tests that used Gibson assembly irrespect-
ive of conditions. The method that failed most often was
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PCR assembly (five failures in 48 tests). Some of these
failures likely arise from human error during repetitive
operations (e.g., missing template DNA or primers).

While the four methods worked remarkably well, the
screening of up to 20 colonies per assembly can be both
expensive and impractical. For this reason, we assessed
how well the methods work when fewer colonies are
screened. To do this, we calculated for each test the
probability that screening three colonies would give at
least one colony with a fully functional plasmid, and
judged a test as successful if this probability was 95 % or
higher. We then counted for each method the fraction
of successful tests, and used these fractions to calculate
overall success rates as well as to compare the four
methods. With this more restrictive measure of assembly
success, we found that 64 % of the 192 tests were suc-
cessful (Fig. 2a). While HR alone was successful in 44 %
of the tests that used this method, the tests that used
PCR, Seamless or Gibson assembly had success rates of
56 %, 73 % or 81 %, respectively.

Several conditions resulted in increased success rates.
Notably, 75 % of the 96 tests that used 20 ng total DNA
were successful. The success rates for HR alone, PCR
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Fig. 2 Charts illustrating the overall success rate and the success rates for each assembly method under different conditions. Success is defined
as a 95 % hypergeometric probability or higher that at least one of three clones screened carry a fully functional plasmid. The fraction of failed
tests is indicated in grey. The fraction of successful tests is subdivided into different colors to indicate the method used. a All tests. Overall success rate:
65 %. Individual method success rates: 44/56/73/81 % for HR alone, PCR, Seamless and Gibson, respectively. b Tests with 20 ng transformed DNA. Overall:
75 %. Methods: 65/75/83/79 %. ¢ Tests with 20 ng transformed DNA and long regions of overlap between DNA fragments. Overall: 87 %. Methods: 75/83/
92/100 %. d Tests performed by A.A. Overall: 69 %. Methods: 61/50/88/75 %. e Tests performed by H.P. Overall: 81 %. Methods: 75/100/62/38 %. f Tests
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and Seamless assembly were in these tests 63 %, 75 % and
83 %, respectively (Fig. 2b). Gibson assembly was insensi-
tive to the amount of transformed DNA, presumably be-
cause the concentration of correctly assembled plasmid is
higher with this method than with the others. This would
be consistent with the observation that Gibson assembly
always yielded many more colonies than any of the other
methods (data not shown). Interestingly, we did not see a
consistent decrease in success rate with an increase in
the number of fragments. In tests with 20 ng trans-
formed DNA, the assembly of three fragments failed in
nine of 24 tests while the assembly of four fragments
failed only four times in 24 tests. This could reflect a
sensitivity of homology-based assembly to the sequence
of the overlap of the DNA fragments.

High success rates were obtained in tests with 20 ng
transformed DNA and long regions of homology
(Fig. 2¢). In these cases, 87 % of 48 tests were successful
with success rates of 75 %, 83 %, 92 % and 100 % for HR
alone, PCR, Seamless and Gibson assembly, respectively.
The success rates were also high in tests that used two
DNA fragments and 20 ng transformed DNA. In the 24
tests done under these conditions, we found that 23 of
them had a 95 % probability or higher that at least one
colony has a fully functional plasmid. Remarkably, this
probability was 99 % or higher, irrespective of the assem-
bly method and the length of the homologous over-
hangs, in the 16 tests that used two DNA fragments and
20 ng transformed DNA and completed by H.P. or L.T.
In fact, for the more experienced personnel, almost all
tests with two DNA fragments and 20 ng transformed
DNA would have been successful even if only one col-
ony had been examined.

To further evaluate the impact of individual training
level, we examined the percentage of successful assembly
tests for each of the three performers (Fig. 2d-f). As one
might anticipate, the performer with the least experience
also had a lower overall success rate (69 % for A.A. com-
pared to 81 % for H.P. and 75 % for L.T.). Interestingly,
the success rate for each method varied considerably
among the performers. For example, while H.P. attained
a 100 % success rate with PCR assembly, Seamless as-
sembly was the only method where the most experi-
enced performer (L.T.) had a perfect record. All of the
performers achieved a 100 % success rate in the tests of
Gibson assembly, but only in tests where long regions of
homology were used. Correspondingly, none of the assem-
bly methods stands out as consistently better compared to
the others across all conditions. However, compared to
HR alone, performing in vitro assembly prior to trans-
formation using the PCR, Seamless or Gibson assembly
did increase the probability of cloning success under all
conditions, and especially so when a low amount of DNA
was used in the transformation step.
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Our data demonstrates that personnel with no special-
ized training in the first attempt have a high likelihood
of successfully using homology-based assembly. For ex-
ample, for the one-step insertion of two DNA fragments
into a plasmid backbone, the cloning was successful in
23 of 24 of the tests that used 20 ng transformed DNA.
However, the most important benefit of homology-based
assembly is the ability to fuse more than two DNA frag-
ments in a single step. Notably, in our tests fusing four
DNA fragments, the cloning was successful in 20 of 24
experiments with 20 ng transformed DNA. For compari-
son, conventional binary restriction enzyme cloning
would require a minimum of three steps and likely in-
volve the screening of at least six colonies. In our tests,
screening six colonies would give a 99 % probability of
success in 23 of the 24 experiments that used four DNA
fragments and 20 ng transformed DNA.

Our results have convinced us that homology-based as-
sembly for our purposes provide significant benefits. For
this reason, we agree with Alnahhas et al. that the Registry
should no longer enforce compatibility with 3A assembly.
We also hope that our results will encourage teams partici-
pating in the iGEM competition to test if homology-based
assembly might be beneficial to them. Because our data do
not allow a direct cost-benefit comparison to 3A assembly,
it would be valuable if teams tested the efficiency, accuracy
and cost of both 3A assembly and homology-based assem-
bly. In fact, we are unaware of any systematic tests docu-
menting the efficiency and accuracy of 3A assembly by
inexperienced and unassisted personnel, and believe that
such tests are critical to ensure that the results reflect what
would be achievable by most iGEM participants.

We recognize that homology-based assembly methods
have shortcomings. As pointed out to us by Tom Knight
(personal communication), major issues are that failed
PCR reactions are difficult to troubleshoot, and are likely
to perform poorly for assemblies that involve identical
or near-identical parts. Other drawbacks are the need
for assembly-specific primers, which may not be readily
available in some areas (i.e., developing countries), and
that a cleanup may be required to eliminate off-target
fragments from the initial amplification of overlapping
DNA fragments.

Our results demonstrate that the shortcomings of
homology-based methods for our purposes are relatively
minor compared to the increase in productivity they pro-
vide. The assembly protocols we used gave high success
rates across a broad range of conditions, did not require
troubleshooting nor prior practice, and were time efficient.
Colonies could in most cases be screened two days after the
in vitro assembly and each performer was able to success-
fully complete roughly 20 assemblies per week. Whether
homology-based assembly will be equally useful to others
will require further testing. Specifically, the commercial
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Seamless and Gibson assembly kits are relatively expensive
and may not always be cost-efficient because in vivo
recombination-based methods have a very low cost per reac-
tion. Correspondingly, we believe it would benefit the Syn-
thetic Biology community to further develop and test such
methods, especially for assembly in E. coli [11].

In conclusion, our results have convinced us that
homology-based assembly for our purposes is a best prac-
tice of Synthetic Biology. Because of this, we believe the
Registry should implement the suggestions by Alnahhas
et al. and recommend the use of homology-based assembly
along with 3A assembly. In the light that many iGEM
teams already use homology-based assembly, we believe
that these steps are vital to maintain the relevance of the
Registry as a community resource, and the usefulness of
the iGEM competition as a vehicle for Synthetic Biology
training. While it is noble that the Registry seeks to main-
tain a level playing field for participants in the iGEM com-
petition, it might not be sustainable to achieve this
objective by impeding the use of technology advancements.

Additional file

Additional file 1: Methods and protocols for “No training required:
Experimental tests support homology-based DNA assembly as a best
practice in Synthetic Biology".
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