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Synthetic biology is moving in the direction of larger and more sophisticated design, which depends
heavily on the efficient assembly of genetic modules. Conventional evaluation of the DNA assembly effi-
ciency (AE) requires transformation, and the whole process requires up to 10 h and is susceptible to
various interferences. To achieve rapid and reliable determination of the AE, an alternative
transformation-independent method was established using a modified quantitative polymerase chain
reaction (qPCR) assay. The AE is represented by the proportion of the ligated fragment, which can be
determined within 3 h. This qPCR-based measurement was tested by the commonly used restriction liga-
tion, Golden Gate assembly, and Gibson assembly for the assembly of two or more DNA pieces; the results
correlated significantly with the AEs represented by the counting of the colony-forming units (CFUs). This
method outperformed the CFU-based measurement by reducing the measuring bias and the random
deviations that stem from the transformation process. The method was then employed to investigate
the effects of terminal secondary structures on DNA assembly. The results revealed the major effects
of the overall properties of the overlap sequence and the negative effects of hairpin structures on the
AE, which are relevant for all assembly techniques that rely on homologous annealing of the terminal
sequences. The qPCR-based approach presented here should facilitate the development of DNA assembly
techniques and the diagnosis of inefficient assemblies.

� 2019 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The goal of synthetic biology is to modify the behavior of organ-
isms or create new life forms to perform novel tasks [1]. This dis-
cipline builds on biological molecules such as DNA and protein,
and follows the hierarchy to constitute biochemical reactions,
metabolic pathways, cells, and finally populations [1,2]. However,
development toward more sophisticated biological systems is
greatly hindered by two challenges. The first of these is to increase
the diversity of artificial biological constructs [3], as the current
size of constructed libraries for genetic parts is usually orders of
magnitude (103–105) below the desired level [4,5]. The
second challenge is the integration of multiple genetic modules
[6], especially when it comes to more than 10 biological parts
[7]. Overcoming these challenges will rely on DNA assembly
techniques that offer easy and fast operation, superior compatibil-
ity, and high efficiency [8].

The assembly efficiency (AE) reflects the probability of the liga-
tion event between DNA fragments, and is the key parameter indi-
cating the potential of an assembly method. It is generally
determined by the number of colonies formed after transforming
the assembly products [9,10]. Measurement of the AE begins with
the transformation process, which takes about 1–1.5 h, followed by
overnight incubation for at least 8 h to allow colony formation.
Finally, there is the laborious step of colony counting and verifica-
tion. These steps require up to 10 h, in addition to the time-
consuming preparation of the competent cells. Thus, rapid deter-
mination of the AE would greatly speed up the cycle of testing
and optimization in the development of assembly techniques.

The assembly of DNA molecules has evolved from site-
dependent ligations of two DNA pieces to sequence-independent
combinations of multiple fragments with desired orders [11].
Existing methods such as in vivo assembly (IVA) [12], twin-
primer assembly (TPA) [13], sequence and ligation independent
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cloning (SLIC) [10], and circular polymerase extension cloning
(CPEC) [9] have the highest AEs, which range from 400 to 56 000
colony-forming units (CFUs) per unit of DNA. However, these val-
ues can be misleading. On the one hand, calculation of the AE var-
ies among studies. Some studies use the amount of total DNA for
normalization and express the efficiency as CFUs per nanogram
DNA (CFUs�ng�1) [14], while others bring the amount of either
the vector or the insert into the calculation [9,15]. Expressions such
as CFUs/plate [12,16] and the proportion of positive CFUs [17] have
also been used. Therefore, the efficiencies reported by different
assembly techniques may not be comparable. On the other hand,
the AE represented by the CFU count can be affected by the trans-
formation process. Any factor that affects the transformation effi-
ciency, such as the genotype of the competent cell, the approach
of transformation, or the size of the assembly product [18,19],
may lead to dramatic variations in the colony count. As a result,
the CFU-based measurement may not represent the actual AE,
making comparisons among different techniques less reliable even
if the same calculation method is employed. Thus, there is an
urgent need to develop a transformation-independent method for
the standardized and unbiased evaluation of the DNA AE.

Most assembly technologies, such as SLIC, IVA, In-Fusion [20],
and Gibson assembly [21], require overlap sequences at the ends
of the adjacent fragments. Assembly of the fragments relies on easy
and stable annealing of the complementary overhangs once the
overlap regions are recessed. Therefore, design of the overlap
sequences is crucial in achieving high AE. The influence of sec-
ondary structures in the overlap region on the AE has received
much less attention in comparison with factors such as the overlap
length, which has been optimized intensively for most assembly
techniques [10,12,14]. Since the overlap region must be processed
into a single strand before assembly, secondary structures formed
within or between the overhangs might prevent successful anneal-
ing of the complementary terminal sequences. This concern has
been addressed by several online protocols (e.g., Gibson Assembly
Cloning from Addgene; gBlocks Gene Fragments Protocol from the
Integrated DNA Technologies, Inc.), yet experimental evidence is
still lacking.
Fig. 1. (a) Constructions of complex metabolic pathways and genomic libraries rely on
sequence-dependent to sequence-independent approaches. (b) The AE is usually det
measurement of the AE was established by harnessing the qPCR assay; the ratio of the am
series of overlap sequences with different secondary structures were introduced to the e
effects of terminal secondary structures on Gibson assembly. DG: free energy difference
In this study, a transformation-independent measurement of
the AE was established using a modified quantitative polymerase
chain reaction (qPCR) assay (Figs. 1(a–c)). To summarize, the
DNA fragments were first assembled, producing a mixture of
ligated circular DNA and unligated linear fragments. After treat-
ment by T5 exonuclease, only the assembled circular DNA
remained intact, while the linear insert and vector were digested.
The relative quantity of the ligated fragment to its initial amount
was measured by qPCR assay, and was used to indicate the AE. This
approach was applied to three widely used assembly techniques—
namely, restriction ligation, Golden Gate assembly, and Gibson
assembly—and the results were compared with those of CFU-
based measurement. To demonstrate the application of the qPCR-
based measurement, the effects of secondary structures in the
overlap regions on the efficiency of Gibson assembly were investi-
gated. The results of this study suggest that the qPCR-based
method can generate a less biased evaluation of the AE in compar-
ison with the conventional CFU-based approach, and in a much fas-
ter way; therefore, it can be employed for the development and
optimization of DNA assembly techniques.

2. Materials and methods

2.1. Restriction ligation

Seven sets of restriction ligation (RL1–RL7) were tested. The
enzymes BamHI and SalI, or PacI and FseI were used for double
digestion. When necessary, the restriction sites were introduced
into the ends of the DNA fragments by primers via polymerase
chain reaction (PCR) amplification, and the remaining template
plasmids were eliminated by DpnI. For double digestion, 1 lg of
insert fragments and 1 lg of vectors were each cut by 1 U (one unit
is defined here as the amount of restriction enzyme required to
digest 1 lg of k DNA in 1 h at 37 �C in a total reaction volume of
50 lL) of both enzymes in a total reaction volume of 50 lL. The
reaction mix was incubated at 37 �C for 2 h and the targeted frag-
ments were gel purified using a GeneJET Gel Extraction Kit
(Thermo Fisher Scientific Inc.). A total of 60–350 ng DNA fragments
the efficient assembly of DNA fragments, a method that has been evolved from
ermined by transformation and subsequent colony counting. (c) An alternative
ount of the ligated fragment to its initial amount was used to indicate the AE. (d) A
nds of a linearized pUC19 and a 1 kilobase (kb) fragment in order to investigate the
. 1 kcal = 4186 J.
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with an insert-to-vector molar ratio of 1:1 or 5:1 were ligated by
400 cohesive end ligation units (CEU) of T4 DNA ligase in a total
volume of 20 lL at 22 �C for 1 h. All enzymes were from New
England Biolabs, Inc.

2.2. Golden Gate assembly

Eight sets of Golden Gate assembly (GG1–GG8) were tested. The
BbsI restriction sites flanked by a four-base complementary
sequence that directs the assembly of the ligation were added to
the ends of the DNA fragments by PCR amplification. A total of
200–500 ng DNA with an insert-to-vector molar ratio of 1:1, 3:1,
or 5:1, 2 lL of 10� T4 ligase buffer, 200 CEU of T4 DNA ligase,
and 5 U of BbsI were mixed to a total volume of 20 lL. The reaction
was performed for 30 cycles, for 5 min at 37 �C and for 5 min at
22 �C per cycle. This was followed by inactivation of the restriction
enzyme at 55 �C for 15 min and inactivation of the T4 ligase at
85 �C for 15 min. All enzymes and buffers used were from New
England Biolabs, Inc.

2.3. Gibson assembly

The fragments to be ligatedwere PCR-amplified to add the termi-
nal overlaps. Overlaps of 20 base pairs (bp) were usually introduced
for the assembly of two DNA fragments, and the overlap regions
were extended to 40 bp for multi-part DNA assembly. Fifty
femtomoles of each of the vector and insert were added to
11.25 lL lab-made assembly master containing 0.06 U of T5
exonuclease, 0.375 U of Phusion� High-Fidelity DNA Polymerase,
60 CEU of Taq DNA ligase, 13.3 mmol�L�1 of MgCl2, 13.3 mmol�L�1

of 1,4-dithiothreitol (DTT), and 1.33� isothermal reaction buffer
(0.1 mol�L�1 tris(hydroxymethyl)aminomethane-hydrochloride
(Tris-HCl), pH 7.5, 0.2 mmol�L�1 each deoxy-ribonucleoside triphos-
phate (dNTP), 1 mmol�L�1 nicotinamide adenine dinucleotide
(NAD), and 150 mg polyethylene glycol (PEG) 8000 for 1� buffer).
A reaction mix of 15 lL was incubated at 50 �C for 1 h (two-part
assembly) or 2.5 h (multi-part assembly). The enzymes used were
from New England Biolabs, Inc. Six sets of Gibson assembly
(GA1–GA6) were tested.

2.4. Transformation

Lab-made Escherichia coli strain XL10-Gold (Integrated Science
& Technology, Inc.) with a transformation efficiency of 7 � 106

CFUs per microgram pUC19 DNA (CFUs�lg�1) was used for chem-
ical transformation. A volume of 1–6 lL of the assembly products
was added to 50 lL of competent cells, recovered in 950 lL of
SOC medium for 1 h and plated. The purple colonies were consid-
ered correct assemblies if the gene (iGEM Part: BBa_K1033906)
encoding the purple chromogenic protein was used for assemblies.
Assemblies that did not contain marker genes were verified by col-
ony PCR using 10 randomly picked colonies. The AE was repre-
sented by the number of correct CFUs per microgram DNA.

2.5. qPCR

Before quantification, the residual linear fragments in the
assembly mix were digested by 0.5 lL (5 U) T5 exonuclease at
37 �C for 30 min, followed by incubation at 85 �C for 15 min to
inactivate the exonuclease. The insert or vector fragment in
1.5 lL assembly product was quantified in a 20 lL reaction system
(Supplementary data, Table S1) prepared by SYBR� Premix Dimer-
EraserTM (TaKaRa). For the reference, a parallel reaction containing
an identical amount of every DNA fragment used for assembly
except the enzyme was prepared. A mixture of T5 digested linear
vector and insert was used as the template in the control assay.
Quantification was performed using a Roche LightCycler� 96 sys-
temwith SYBR Green I detection. The reaction started with a prein-
cubation at 95 �C for 30 s, followed by 40 cycles of 5 s at 95 �C, 30 s
at 56 �C, and 30 s at 72 �C per cycle. Melting curve analysis was
performed by raising the temperature from 60 to 95 �C at a rate
of 0.1 �C�s�1 with five signal acquisitions per degree centigrade.
Each sample was measured in duplicate.

Calculation of the AE was derived from the DCt (i.e., difference
in the threshold numbers for the target and the reference) method
[22]. The threshold number of DNA molecules for the target (Xt)
and reference (Rt) can be described as follows:

Xt ¼ X0 � ECt;X
X ð1Þ

Rt ¼ R0 � ECt;R
R ð2Þ

where X0 and R0 represent the amount of the target and the refer-
ence DNA, respectively. EX is the amplification efficiency for the tar-
get sequence and ER refers to that of the reference. Ct;X is the
threshold cycle for the target and Ct;R is the threshold cycle for
the reference. Accordingly, the ratio of X0 to R0 can be expressed
as follows:

X0

R0
¼ Xt

Rt
� ECt;R

R

ECt;X
X

¼ R ð3Þ

In this case, quantification targets the same sequence for both
the ligated fragment and its linear reference, and measurements
are performed in the same PCR run. Thus, the ratio of Xt to Rt can
be assumed to be a constant that approximates to one. In addition,
the DCt approach assumes equal amplification efficiency for both
the target and the reference. In this case, the assumption is more
valid because the target and the reference are identical. Ideally,
the PCR product replicates once in every cycle, which means an
amplification efficiency of 2. Therefore, Eq. (3) can be transformed
into the following:

R ¼ 2�DCt ð4Þ
where R represents the ratio of the amount of the ligated fragment
to its initial amount used for assembly, while DCt is the difference in
the threshold cycles between the target and the reference
(Ct;X � Ct;R)—in this case, the difference in Ct values between the
ligated and the initial linear fragments.

2.6. Data analysis

Pearson’s two-tailed correlation was used to investigate the
relationship between the AEs derived by the CFU- and qPCR-
based measurements. When necessary, the differences between
the AEs were analyzed by the two-tailed Student’s t-test. The rela-
tionships between the efficiency of the Gibson assembly and the
properties of the overlap sequence were modeled using boosted
trees analysis [23] in R (2.7.2) with the gbmplus (1.5-17) package.

3. Results

3.1. Efficiencies of restriction ligation generated by different
measurements

As shown by the CFU-based measurement, the seven sets of
restriction cloning had different efficiencies ranging from 5 � 102

to 1.6 � 104 CFUs�lg�1 (Fig. 2(a)). RL6 and RL7, each of which
generated a 2.1 kilobase (kb) DNA molecule, had an average
efficiency that was 11 times higher than those of the other cloning



Fig. 2. The AEs of (a) restriction ligation, (b) Golden Gate assembly, and (c) Gibson assembly represented by the correct CFU count and the qPCR-derived ratio; (d) the
correlations between these two measurements. CK indicates the level of residual linear fragments after digestion by T5 exonuclease. The qPCR-derived ratio and CFU count
results of each sample are the mean values, and the error bars represent the standard deviations (n = 3). rp: Pearson correlation coefficient.
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sets, of which the sizes of the ligation products were between 5.5
to 8.7 kb. Similar differences in the AEs were revealed by the
qPCR-based measurement, for which the qPCR-derived ratios were
between 0.021 and 0.209 (Fig. 2(a)). The difference between the
highest (RL7) and lowest (RL1) efficiencies decreased from
35-fold, as indicated by the CFU count, to 10-fold, as reflected by
the qPCR-derived ratio. The larger difference for the CFU-based
measurement might be attributed to a compromised transforma-
tion efficiency, as the size of the DNA molecule increased up to
four-fold from RL7 to RL1, which could reduce the transformant
yield. Thus, the AEs represented by the CFU count for large mole-
cules such as RL1 were likely to be lower than the actual level of
successfully ligated fragments as indicated by the qPCR-derived
ratio. Nevertheless, a positive relationship was found between
the efficiencies generated by the two measurements (Fig. 2(d)).

3.2. Efficiencies of Golden Gate assembly generated by different
measurements

Both the CFU- and qPCR-based measurements detected an
increase in the AE for groups from GG1 to GG8 (Fig. 2(b)). The
CFU count increased 6.5-fold from 4 � 103 to 2.6 � 104 CFUs�lg�1,
and the qPCR-derived ratio increased 5.5-fold from 0.013 to 0.072.
As shown by the qPCR-based measurement, the AE increased sig-
nificantly from GG3 to GG5 by an average of four-fold compared
with that of GG1 or GG2. The efficiency continued to increase shar-
ply for GG6 and remained stable for GG7 and GG8. In comparison, a
significant increase in the AE was only detected for GG7 and GG8
by the CFU-based method, while an increase in the AE for GG1 to
GG6 were not particularly obvious. The non-significant results
could be ascribed to the large deviation in the CFU-based measure-
ment, which stemmed from the transformation process, even
though the DNA molecules were of equal size and the transforma-
tion conditions were strictly controlled. Despite these discrepan-
cies, the results derived from the qPCR-based measurement
correlated positively with those generated by the CFU-based
method (Fig. 2(d)).
3.3. Efficiencies of Gibson assembly derived from different
measurements

According to the CFU-based measurement, the six sets
(GA1–GA6) of DNA fragments had different AEs ranging from 0 to
2.9 � 104 CFUs�lg�1 (Fig. 2(c)). The efficiency increased as the size
of the assembly product decreased from 9.7 kb (GA1) to 3.7 kb
(GA6). The qPCR-derived ratios for the six assemblies followed
the same order as that shown by the number of CFUs, and a positive
relationship was found between these two measurements (Fig. 2
(d)). It was notable that no colony was formed for GA1 that would
produce the largest DNA molecule among all the assembly groups,
whereas a value of 0.002, which was significantly higher than that
of the T5 digested control, was detected for GA1 by the qPCR-based
method. This result could also be attributed to the size effect of the
DNA molecule on the transformation efficiency.

This method was also applied to measure the efficiency of
multi-part DNA assembly. As expected, the efficiency determined
by qPCR dropped significantly by 48% from 0.028 to 0.015 when
the number of assembled fragments increased from two (M2) to
three (M3) (Fig. 3). It continued to decrease by 55% from 0.015 to
0.007 when four fragments (M4) were assembled. Changes in the
CFU count agreed with the qPCR-based measurement. Compared
with the assembly of two fragments, a 54% decrease in the CFU
count was detected when three fragments were assembled. The
CFU count continued to decrease by 84% from 1.6 � 104 to
3 � 103 CFUs�lg�1 when the number of fragments increased to



Fig. 3. The AEs for two to four (M2 to M4) DNA fragments determined by both the
CFU- and the qPCR-based measurements. The qPCR-derived ratio and CFU count
results of each sample are the mean values, and the error bars represent the
standard deviations (n = 3).
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four. In all, both measurements evidenced a significant decrease in
the AE when multiple DNA fragments were assembled.
3.4. Influence of secondary structures in the overlap region on Gibson
assembly

To study the effects of secondary structures in the overlap
region on Gibson assembly, 11 short sequences (20 bp) capable
of forming secondary structures were designed. The stability of
the secondary structures was quantified by the free energy differ-
ence (DG) [24,25], where a lowerDG indicates higher stability for a
duplexed structure [26]. Of the 11 sequences, the hairpin DG ran-
ged from �1.2 to �9.2 kcal�mol�1 (1 kcal = 4186 J), while the self-
dimer DG ranged from �3.3 to �11.6 kcal�mol�1. Another two
sequences containing no secondary structures (DG = 0) were also
designed. These short sequences were introduced into the ends
of a linearized pUC19 vector and a 1 kb fragment encoding the pur-
ple protein (Supplementary data, Table S2) as shown in Fig. 1(d),
generating a total of 12 fragment pairs. One pair of fragments did
not contain secondary structures in both the overlap regions
(OL1, as control), nine pairs had secondary structures embedded
in only one overlap region (OL2–OL10), and the last two pairs could
form secondary structures in both the overlap regions (OL11 and
OL12). The assembly mixture from the same reaction tube was
used for the measurement of AE by both the CFU- and the qPCR-
based methods.

As shown by both the qPCR-derived ratio and the CFU count, the
AE basically increased in the samples from OL1 to OL6, but
Fig. 4. The AEs for DNA fragments containing secondary structures in the overlap
regions determined by both the CFU- and the qPCR-based measurements. The
qPCR-derived ratio and CFU count results of each sample are the mean values, and
the error bars represent the standard deviations (n = 3).
decreased sharply in the samples from OL7 to OL12 (Fig. 4). The
CFU count increased from 4 � 103 CFUs�lg�1 in OL1 with no termi-
nal secondary structures, to the highest count of 1.1 � 104

CFUs�lg�1 in OL6 with a hairpin DG of �5.3 kcal�mol�1. A dramatic
decrease of 89% in the CFU count occurred when the hairpin DG of
the overlap region decreased to �6.9 kcal�mol�1 (OL7). The frag-
ment pair (OL10) with the lowest hairpin DG in the overlap region
had the lowest CFU count of 2 � 102 CFUs�lg�1, which was only 5%
of that of OL1. Compared with OL1, a higher AE was also discovered
in OL6 by the qPCR-based measurement. However, according to
the qPCR-derived ratio, the highest AE (0.156) was achieved by
OL3. The ratio decreased dramatically by 62% from 0.136 (OL6)
to 0.052 (OL7) as the secondary structures became more stable
for the samples from OL6 to OL7, and reached a lower level of
0.037 in OL10. Compared with OL1 (0.032), the formation of sec-
ondary structures in both overlap regions (OL11 and OL12) led to
a significant decrease in the AE, although the DG (�4.5 to
�6.4 kcal�mol�1) indicated only medium structural stabilities
among all the overlaps.

The terminal secondary structure characterized byDG is not the
only factor that affects Gibson assembly. In fact, the overall proper-
ties of the overlap sequences can have stronger effects on the AE
than the stability of the secondary structures (Fig. 5). According
to the model generated from the results of the 12 sets of Gibson
assembly, the primer melting temperature (Tm) and the guanine
and cytosine (GC) content of the overlap sequencewere the primary
determinants that accounted for a total of 56% of the differences in
the AE. The efficiency increased sharply when the overall Tm went
above 60 �C (Fig. 5(b)), and increased with an increase of GC con-
tent ranging from 50% to 70% (Fig. 5(c)). The hairpin structures that
formed within the overlap region showed stronger effects than
those of the dimer structures on the AE. To be specific, the hairpin
Tm, hairpin DG, and GC content of the hairpin structure explained
31% of the total variance in the AE, while the total relative influence
of the Tm,DG, and GC content of the dimer structurewas only 13%. It
is likely that the AE would decrease dramatically once the hairpin
DG decreased to below �4 kcal�mol�1 (Fig. 5(d)), and a negative
relationship was discovered between the AE and the hairpin Tm,
which ranged from 22 to 30 �C (Fig. 5(e)).
4. Discussion

Using a modified qPCR assay, this study developed a
transformation-independent method for rapid determination of
the DNA AE. As demonstrated by commonly used DNA assembly
techniques including restriction ligation, Golden Gate assembly,
and Gibson assembly, the qPCR-based measurement produced an
estimation of the AE that was comparable to that of the conven-
tional CFU-based method, and thus facilitated investigation of
the determinants of DNA assembly.

The qPCR-based measurement ruled out the interferences from
transformation on the AE, and thus is more reliable than the CFU-
based measurement. In this study, the mean standard deviations
of the AEs represented by the qPCR-derived ratios were 14% for
restriction ligation, 13% for Golden Gate assembly, and 17% for
Gibson assembly (Fig. 2). In comparison, even though the same
batch of competent cells were used for the measurement of the
AE and strict quality controls were established during transforma-
tion, the mean standard deviations for the AEs estimated by the
CFU count were as high as 31%–48%, which were 2.2–3.7 times
higher than the corresponding qPCR-derived ratios. The low repro-
ducibility of the CFU-basedmeasurement might hide the difference
between samples such as GG6 and GG5, for which a sharp increase
in the AEs of GG6 to that of GG5 should be detected, as shown by the
qPCR-derived ratio. Another type of deviation that could be avoided



Fig. 5. (a) The relative influences of the terminal secondary structures and the overall properties of the overlap sequence on the AE and the partial dependences of the AE on
(b) the overall Tm, (c) the overall GC content, (d) the hairpinDG, (e) the hairpin Tm, (f) the dimer GC content, (g) the hairpin GC content, (h) the dimer DG, and (i) the dimer Tm.
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by the qPCR-based assay stems from the size preference. The trans-
formation of a DNA molecule into cells becomes more difficult
when its size increases [27,28], leading to decreased transformation
efficiency and therefore an underestimated AE denoted by the CFU
count. This could explain the contradiction between the failed and
successful assembly of GA1, as indicated by the CFU- and
qPCR-based measurements, respectively (Fig. 2(c)). Since the
10 kb DNA molecule produced by GA1 might be too large for cells
to recover those rarely assembled DNA fragments via transforma-
tion, the AE could only be detected by the transformation-
independent measurement. The reduced difference between RL7
and RL1 in the AE derived from the qPCR assay compared with that
represented by the CFU count can also be partly attributed to the
size bias. Thus, the qPCR-based assay offers higher sensitivity and
reliability than the conventional CFU-based measurement.

An impartial comparison between different sets of assembly
should minimize the random deviations that stem from the mea-
surement of the AE. This could be laborious for CFU-based mea-
surement, which depends on transformation. First, the competent
cells must be of the same genotype among all measurements in
order to exclude variations in DNA propagation and stability. More
importantly, the transformation efficiency must be kept constant.
To ensure this, the competent cells should come from the same
batch, and transformation must follow identical steps—such as
the exact same time spent in thawing the competent cells—as vari-
ations in these steps can result in dramatic differences in the trans-
formation efficiency of up to 10 000-fold [29]. Even with strict
controls, the AE can still be affected by in vivo manipulation of
the assembly products, such as the recombination of the DNA
molecules containing repetitive regions [30,31]. In comparison,
the qPCR-based assay allows easy control of the measuring condi-
tions by maintaining the basic rules for qPCR. It even simplifies the
workflow by using the identical sequence for the target and the
reference. Thus, only a single pair of primers are required for quan-
tification, and the difference in the amplification efficiencies
between the target and the reference is minimized. Note that the
same amount of fragments should be used for the quantification
reference as for the assembly. In addition, the remaining linear
fragments in the assembly mix must be digested completely, and
the exonuclease should be inactivated to avoid digestion of the
qPCR primers in the subsequent quantification assay. When
following these rules, qPCR-based measurement enables rapid
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measurement of the AE. It usually takes 30 min for the digestion of
the residue fragments, 15 min to inactivate the T5 exonuclease,
and 2 h to prepare and run the qPCR. In total, this is a quick assay
of less than 3 h, which takes only a quarter of the time required for
a CFU-based measurement.

The development of qPCR-based measurement is not intended
to replace transformation, but to provide a reliable and rapid alter-
native for determining the AE. Therefore, this method is particu-
larly useful for the development of DNA assembly techniques
and for the debugging of inefficient assembly, when there is a high
demand for measurement throughput and data reliability. The
effects of various factors (e.g., the length of the overlap region,
the ratio between fragments, the amount of DNA molecules, and
the assembly time) on the AE can be tested simultaneously in a sin-
gle qPCR assay within 3 h, allowing the optimal protocol for this
particular assembly to be determined. The in vitro measurement
solely targets the AE, rather than focusing on a combined efficiency
of both transformation and assembly, which enables the dissection
of the multiple causes of low transformant yield. For example, if
the qPCR-derived ratio does not suggest a low AE as indicated by
the CFU count, then there could be something wrong with the
transformation process. If an improved transformation efficiency
does not yield more transformants, it might suggest product toxi-
cities of the inserted genes [32,33], which could be solved by
switching to a more tightly controlled vector that prohibits leaky
expressions of the toxic genes. Moreover, the fidelity of DNA
assembly can be determined by a modified quantification strategy.
Instead of targeting the sequence within the ligated fragments, the
region that spans the joint of the adjacent fragments is targeted for
quantification, which should be detectable only when all the frag-
ments are ligated in the desired order. Under this assumption, the
ratio of the amount of the joint sequence to the amount of the
ligated fragment is used to indicate the fidelity of the assembly
(Fig. S1(a)). As exemplified by five sets of Gibson assembly with
different correct rates, differences in the assembly fidelity can be
identified by this alternative qPCR assay (Supplementary data,
Fig. S1(b)).

The qPCR-based measurement uncovered the influence of ter-
minal secondary structures on the efficiency of Gibson assembly.
In general, the AE decreased significantly when stable hairpin
structures were formed within the overlap regions. However, it
should be noted that the overall properties of the entire overlap
sequence, such as the base composition and the thermal stability,
might have stronger effects than the local secondary structures
in mediating DNA assembly. To be specific, a GC-rich overlap
sequence with high Tm is likely to increase the chance of homolo-
gous ends annealing, resulting in a high AE. In this study, the Tm
values of the overlap regions ranged from 48 to 62 �C and the over-
all GC contents ranged from 40% to 70%, which covered the general
conditions used in DNA assembly [9,12,13,15]. Therefore, in order
to design an efficient Gibson assembly, more GC should be
included in the overlap sequence, as long as the GC content and
the Tm are within the normal range. The presence of weak sec-
ondary structures within the overlap sequence is tolerable, but
stable hairpin structures such as the GC-rich palindromic restric-
tion site should be avoided. These rules are relevant for assembly
techniques such as SLIC, TPA, IVA, and others that depend on
homologous annealing of the terminal sequences.
5. Conclusions

In sum, this study established an alternative method for the
determination of the DNA AE using a modified qPCR assay. The
results were comparable to the commonly used CFU count in quan-
tifying the AE. The proposed method outperformed the CFU-based
measurement by reducing the measurement bias and the random
deviations that stem from the transformation process. This rapid
workflow can facilitate the development of DNA assembly tech-
niques and the diagnosis of inefficient assemblies.
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