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Abstract

Construction of empirical fitness landscapes has transformed our understanding of genotype–phenotype relationships
across genes. However, most empirical fitness landscapes have been constrained to the local genotype neighbourhood of a
gene primarily due to our limited ability to systematically construct genotypes that differ by a large number of mutations.
Although a few methods have been proposed in the literature, these techniques are complex owing to several steps of con-
struction or contain a large number of amplification cycles that increase chances of non-specific mutations. A few other de-
scribed methods require amplification of the whole vector, thereby increasing the chances of vector backbone mutations
that can have unintended consequences for study of fitness landscapes. Thus, this has substantially constrained us from
traversing large mutational distances in the genotype network, thereby limiting our understanding of the interactions be-
tween multiple mutations and the role these interactions play in evolution of novel phenotypes. In the current work, we
present a simple but powerful approach that allows us to systematically and accurately construct gene variants at large mu-
tational distances. Our approach relies on building-up small fragments containing targeted mutations in the first step fol-
lowed by assembly of these fragments into the complete gene fragment by polymerase chain reaction (PCR). We demon-
strate the utility of our approach by constructing variants that differ by up to 11 mutations in a model gene. Our work thus
provides an accurate method for construction of multi-mutant variants of genes and therefore will transform the studies of
empirical fitness landscapes by enabling exploration of genotypes that are far away from a starting genotype.
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Introduction

Empirical fitness landscapes are the key to a better understand-
ing of the principles of genotype–phenotype mapping in biologi-
cal systems [1–7]. Empirical fitness landscapes have greatly
advanced our knowledge of the functional impact of clinically
observed mutations on antibiotic resistance genes [8–17], im-
pact of disease mutations on protein stability and aggregation

[16, 18–25] and study of splice variants of a gene [26–32]. In addi-
tion, fitness landscapes have provided great insights into mo-
lecular evolution of proteins [33–35] and RNA molecules [36–42].
However, majority of the empirical fitness landscapes have
been limited to the local genotype neighbourhood and to mostly
one, two or three mutant variants of a gene [8, 14, 33, 34, 43–51]
with the exceptions of small genes such as tRNA genes [39, 41].
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Although local neighbourhoods provide important insights into
changes in fitness, they fail to capture full evolutionary trajecto-
ries occurring over deep evolutionary times. Uncovering the
phenotypes of genotypes at large mutational distances can pro-
vide unprecedented insights into the interactions between large
number of mutations [10, 12, 41, 48, 52–54], their impact on fit-
ness [33, 43, 44, 49, 55–59] and into evolution of novel pheno-
types [7, 40, 51, 60, 61].

Construction of fitness landscapes [62] relies on our ability
to systematically construct variants of a genotype. There are
several approaches that have been employed to construct
multi-mutant variants of genes. First, site-directed mutagenesis
can be used to introduce targeted mutations in a gene using
methods, such as Overlap-extension PCR [63]. However, this
method is limited in its ability to introduce more than one or
two mutations in a gene [63]. Thus, introduction of a large num-
ber of mutations using this technique requires a stepwise intro-
duction of one mutation at a time. In fact, such an approach has
been described by Wäneskog et al. [64], where the authors intro-
duced 13 mutations in a gene. However, their method required
six PCR steps and some of these steps required many amplifica-
tion cycles. This made the whole assembly process complex,
time-consuming and at the same time increased the chances of
introduction of unintended mutations due to the large number
of amplification cycles. Similarly, another method by Hejlesen
and Füchtbauer [65] utilized prolonged overlap-extension PCR
and required 55 amplification cycles. Other studies have tried
different approaches [66, 67]; however, they required special
primer design with long overlaps between fragments or re-
quired special complex PCR steps.

Another set of methods for construction of multi-mutant
variants that have been described in the literature are either
based on or bear similarity to QuikChange site-directed muta-
genesis protocol (Agilent Technologies). These methods utilize
single-primer amplification reactions on the whole vector carry-
ing the gene of interest and generate linearized fragments
[68–73]. In the next step, the parental template DNA molecules
are digested and the linearized plasmid fragments carrying
mutations are transformed into bacteria to generate recombi-
nant clones carrying targeted mutations. One of the earliest
methods in this regard has been described by Wang and
Malcolm [68] where they introduced up to nine mutations in a
gene fragment. Several variations of this method have been pro-
posed subsequently [69–73]. Notably, Zeng et al. [73] described
one such method and introduced up to 15 mutations in a gene.
However, all these methods rely on amplifying the whole vector
and thus, risk accumulating mutations in the vector backbone.
This can profoundly influence the outcomes of selection experi-
ments that are part of studies on empirical fitness landscapes.
In this regard, one study suggested a variation of this method
that required amplification of only a part of the plasmid but the
process utilized a substantially larger number of cycles [74].

Another recent method for construction of genotype var-
iants utilizes doped oligos [10, 46, 75], which essentially uses a
random mutagenesis method [76] with specific probabilities
assigned to each type of mutation [54, 77–79]. Although this
method has been successfully applied to construct fitness land-
scapes of protein-coding [46, 75] as well as tRNA genes [39, 78,
79], this method is inherently limited in its capability to con-
struct gene variants with a large number of mutations.
Increasing the mutation rate in this method can lead to gene
variants that differ by a large number of mutations but in turn
will reduce the total number of variants sampled in the local ge-
notype neighbourhood [77]. Further, gene assembly techniques

from a large number of oligos can also be employed for con-
struction of gene variants containing a large number of muta-
tions [80–82]. Using these methods, one can combine mutated
fragments with wild-type fragments and can get a mutant li-
brary with genotypes in the local as well as far-away neighbour-
hoods. However, these methods require a large number of
amplification cycles which increase the likelihood of unwanted
mutations in the gene construct.

We hereby describe a simple yet powerful and accurate two-
step gene assembly method that enables us to systematically
construct genotypes differing by a large number of mutations.
Our method utilizes normal amplification primers and low
number of amplification cycles, thus ensuring a quick and effi-
cient gene assembly process with extremely low probability of
introduction of unintended mutations. We demonstrate the ca-
pability of our method by constructing an 11-mutant variant of
a model gene. Further, our method can also be adapted to com-
bine wild-type and mutated fragments and can allow construc-
tion of gene variants in the immediate genotype neighbourhood
as well as at far-away distances. Thus, we believe that our
method will substantially boost the capabilities of researchers
to include genotypes across large mutational distances in the
study of empirical fitness landscapes. This will facilitate devel-
oping a deeper understanding of the principles of genotype–
phenotype mapping and molecular evolution.

Materials and methods
Template DNA and primers

TEM-1 b-lactamase gene from pUC19 plasmid was chosen as
the model gene system for introducing mutations at 11 different
amino acid positions. The numbering scheme for residues of
TEM-1 gene was obtained from Bush and Jacoby [83].

First PCR amplification

Systematic mutagenesis of TEM-1 gene for 11 different amino
acid positions was performed by PCR using Q5 DNA polymerase
(New England Biolabs). The reaction was set up as shown in
Table 1.

The PCR programme was set as follows : (i) initial denatur-
ation, 30 s at 98�C; (ii) 20 cycles of denaturation for 10 s at 98�C,
annealing at 60�C for 30 s, extension at 72�C for 30 s; and (iii) fi-
nal extension at 72�C for 2 min.

The fragment sizes varied according to the amino acid posi-
tion. Our desired amino acid positions were 21, 39, 69, 104, 164,
182, 238, 240, 244, 265 and 275 of the TEM-1 protein to introduce
mutations as these mutations have been reported from clinical

Table 1: Reaction set-up for first PCR amplification

Reagent Amount/reaction (ml)

Q5 PCR buffer 10
10 mM dNTP 1
Q5 DNA polymerase 0.5
10 mM forward primer 2.5
10 mM reverse primer 2.5
Template 1
Molecular grade water 32.5

Total 50
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isolates of this gene. More specifically, the mutations L21F,
Q39K, M69L, M69I, M69V, E104K, R164S, R164C, R164H, M182T,
G238S, E240K, R244H, R244C, R244S, T265M, R275L and R275Q,
have been deemed most prevalent across TEM-1 mutants. The
PCR was performed according to the procedure briefed above
with primers as follows for amplifying individual fragments
(Table 2).

Purification and quantification of first PCR products

After the first step of PCR, the quantity and quality of PCR prod-
ucts were checked in 2% Agarose gel. PCR products were then
digested with 0.5 ml DpnI (to remove methylated DNA of plasmid
template to prevent its interference in the second PCR step) and
2 ml ExoSAP (to hydrolyze excess primers and nucleotides) at
37�C for 1 h. The enzymes were then inactivated at 80�C for
20 min. Next, the fragments were purified by QIAGEN MinElute
spin column as per manufacturer’s protocol and were eluted in
15 ml Molecular Grade water. The purified products were
checked in 2% agarose gel. The concentrations of purified PCR
products were then measured by Qubit Broad Range assay
(Invitrogen). Molar mass of each PCR fragment was determined
using Sequence Manipulation Suite which calculated the num-
ber of moles present per microlitre of solution.

Second PCR for assembly

Equal concentration of each purified fragment (0.5 or 1 pmol)
from the first PCR amplification was taken as templates for the
next round of reaction. First, a reaction was set up according to
Table 1 in a total reaction volume of 90 ml but without adding
primers. Thermal cycling conditions were set as follows: 1 cycle
at 98�C for 10 s; 10 cycles at 98�C for 10 s, at 55�C for 30 s and at
72�C at 30 s; and a final extension at 72�C for 10 min.

In the next step, the terminal primers (TEM-1_for and TEM-
1_rev) were added (5 ml each and total reaction volume of 100 ml).
The final amplification programme was done as follows: 1 cycle
at 98�C for 2 min; 15 cycles at 98�C for 10 s, at 55�C for 30 s and at
72�C for 30 s; and a final extension at 72�C for 10 min. The final
amplified products were checked on 1% agarose gel. In the ab-
sence of unspecific bands on gel, the products were purified us-
ing QIAGEN PCR purification kit following manufacturer’s
protocol. In case of unspecific bands visible on gel, band

representing assembled gene product was cut from the gel and
was purified using QIAGEN Gel extraction kit.

Cloning and Sanger sequencing

The purified or extracted gene product was cloned into the plas-
mid pUA67 [84] as cloning vector. The vector and insert were
digested using high-fidelity restriction enzymes EcoRI and
HindIII at 37�C for 16 h followed by inactivation of the enzymes
at 80�C for 20 min. The digested vector was dephosphorylated
by adding Quick CIP at 37�C for 10 min (and heat inactivating at
80�C for 10 min) to avoid self-ligation. The digested vector and
insert were analysed on 1% agarose gel and purified by
QIAquick gel extraction kit. The purified products were then li-
gated using T4 DNA ligase at 16�C for 16 h followed by heat inac-
tivation of the enzyme at 65�C for 10 min. The ligated products
were then transformed into chemically competent E. coli DH5a

cells using calcium chloride and the transformant colonies were
selected on Luria-Bertani (LB) plates supplemented with 100 mg/
ml Kanamycin. The colonies were then screened by colony PCR
to check for the presence of TEM-1 gene (Fig. 2C). The mutated
TEM-1 gene sequence was finally confirmed from the selected
colonies by Sanger sequencing.

Results and discussion

Our method consisted of two PCR amplification steps (Fig. 1).
In the first PCR step, we constructed individual fragments con-
taining targeted mutations (Fig. 1). We designed the gene frag-
ments in such a way that primers for amplifying each
fragment contained the desired mutations (Fig. 1). Thus, after
the first amplification, we obtained gene fragments of variable
lengths that contained mutations. In the second step, we as-
sembled these fragments into the whole gene in a single PCR
(Fig. 1).

We used the gene TEM-1 beta lactamase for demonstration
of the proof-of-concept. We aimed to construct TEM-1 variants
containing up to 11 mutations. For TEM-1 gene, we targeted the
following amino acid mutations as these have been observed in
clinical samples very frequently—L21F, Q39K, M69I, E104K,
R164C/S, M182T, G238S, E240K, R244C/S, T265M and R275L/Q. To
introduce these mutations, we divided the TEM-1 gene into 10
fragments and designed forward and reverse primers for

Table 2: Fragments and their sizes

Serial no. Fragments generated by primer combinations Sizes (bp)

Fragment 1 Promoter region start to amino acid residue 21 (TEM-1_forþL21F_rev) 161
Fragment 2 Residues 21–39 (L21F_forþQ39K_rev) 81
Fragment 3 Residues 39–69 (Q39K_forþM69I_rev) 116
Fragment 4 Residues 69–104 131

(M69I_forþE104K_rev)
Fragment 5 Residues 104–164 (E104K_forþR164C/S_rev) 204
Fragment 6 Residues 164–182 80

(R164C/S_forþM182T_rev)
Fragment 7 Residues 182–244 209

(M182T_forþMut238240244_rev)
Fragment 8 Residues 244–265 101

(Mut238240244_forþT265M_rev)
Fragment 9 Residues 265–275 61

(T265M_forþR275L/Q_rev)
Fragment 10 Residue 275 to end of TEM-1 gene segment (R275L/Q_forþTEM-1_rev) 61

The primer combinations used to generate the fragments are shown inside the parentheses.
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amplification of each of these fragments. The first fragment
contained the TEM-1 promoter region to the L21 amino acid res-
idue. Thus, the reverse primer contained the L21F amino acid
mutation. We also ensured that the targeted mutations in the
primers were succeeded by at least 12 nucleotides at the 30-end
of the primer to enable efficient PCR amplification (Table 3). The
second fragment contained the region starting from L21 residue
and ending at Q39 residue. The forward primer contained the
L21F mutation and the reverse primer contained Q39K muta-
tion. Similarly, we designed primers for amplifications of other
fragments (Table 3). When two mutations were too close to
each other for making a fragment by PCR, we constructed these
mutations in a single fragment using primers containing both

mutations. Further, we designed the primers in such a way that
the adjoining fragments had 12-bp overlap for efficient assem-
bly in the next step (Fig. 1 and Table 3).

We performed the first amplification for 20 cycles using a
high-fidelity DNA polymerase (see Materials and methods sec-
tion). This resulted in 10 gene fragments with sizes of 161, 81, 116,
131, 204, 80, 209, 101, 61 and 61 bp, respectively (Fig. 2A). We then
digested these PCR products with DpnI to remove template DNA
and with ExoSAP to hydrolyse excess primers and nucleotides.
We then column purified the treated DNA fragments and quanti-
fied the concentrations of the purified DNA fragments (in mol/ml)
by Qubit Broad Range Assay. Next, we mixed 0.5 and 1 pmol of
each fragment in a PCR reaction and performed thermal cycling

50 bp

200 bp 1000 bp

1000 bp

 1     2     3     4     5     6     7    8     9    10   11  12 

 1     2    3    4     5    6    7    8    9   10  11

 1     2    3  A

C

B

Figure 2: Analysis of PCR amplified fragments by agarose gel electrophoresis. (A) Lanes 1 and 12—GeneRuler ULR DNA Ladder (Thermo Scientific). Lanes 2–11—ampli-

fied products of each of the 10 fragments carrying the intended mutations after the first PCR (B) Lane1—GeneRuler 1 kb ladder (Thermo Scientific); Lanes 2 and 3—final

joined fragments after the second PCR. (C) Lane1—GeneRuler 1 kb ladder; Lanes 2–10—PCR amplified products confirming the presence of the whole construct from

transformant E. coli colonies.

Target Mutations
1st PCR

2nd PCR  (Multi-fragment assembly)

Primers

Template DNA

. . .
Fragment 1

Fragment 2

Fragment 3

Fragment 10

Figure 1: An outline of the two-step PCR method. The first PCR step yields 10 DNA fragments of various sizes each containing their respective targeted mutations. The

primers were designed to contain the mutations and had 12-bp overlap with neighbouring primers to enable fragment assembly in the second and final step of the

two-step PCR.
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for 10 cycles without addition of any primers. This enabled
annealing of overlapping regions of neighbouring fragments and
subsequently allowed gap filling. We then added the terminal pri-
mers and performed 15 cycles of PCR amplification. This resulted
in assembly of the complete gene of size�1 kb (Fig. 2B).

To confirm the accuracy of our method, we digested the
whole gene fragment with restriction enzymes, ligated with ap-
propriately digested vector and transformed into competent
E. coli cells. We confirmed transformation of the gene fragment
by colony PCR (Fig. 2C) and verified the introduced mutations in

Table 3: sequences of primers used with the mutated bases shown in bold

Primer name Primer sequence 50–30

TEM-1_for ACGGAATTCCGCGGAACCCCTATTTGTTTATTTTTC
TEM-1_rev ACGAAGCTTCCAATGCTTAATCAGTGAGGCAC
L21F_for GCGGCATTTTGCTTTCCTGTTTTTGCT
L21F_rev AGCAAAAACAGGAAAGCAAAATGCCGC
Q39K_for GATGCTGAAGATAAGTTGGGTGCACGA
Q39K_rev TCGTGCACCCAACTTATCTTCAGCATC
M69I_for CGTTTTCCAATGATCAGCACTTTTAAA
M69I_rev TTTAAAAGTGCTGATCATTGGAAAACG
E104K_for AATGACTTGGTTAAGTACTCACCAGTC
E104K_rev GACTGGTGAGTACTTAACCAAGTCATT
R164C/S_for ACTCGCCTTGATWGTTGGGAACCGGAG
R164C/S_rev CTCCGGTTCCCAACWATCAAGGCGAGT
M182T_for CGTGACACCACGACGCCTGTAGCAATG
M182T_rev CATTGCTACAGGCGTCGTGGTGTCACG
Mut238240244_for AAATCTGGAGCCAGTAAGCGTGGGTCTHGCGGTATCATTGCA
Mut238240244_rev TGCAATGATACCGCDAGACCCACGCTTACTGGCTCCAGATTT
T265M_for GTAGTTATCTACATGACGGGGAGTCAG
T265M_rev CTGACTCCCCGTCATGTAGATAACTAC
R275L/Q_for ACTATGGATGAACDAAATAGACAGATCGCT
R275L/Q_rev AGCGATCTGTCTATTTHGTTCATCCATAGT

Degenerate bases: W ¼ A or T; D ¼ A or G or T; H ¼ A or C or T, Mut238240244_for and Mut238240244_rev primers denote mutations of three amino acid residues,

namely, G238S, E240K, and R244C/S.

reference_TEM1_sequence      ATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCT 
60

ALL_MUT_Clone1               ATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCTTTCCT 
ALL_MUT_Clone2               ATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCTTTCCT 
ALL_MUT_Clone3               ATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCTTTCCT 
                             ****************************************************** *****

 

GTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCA 
120

GTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATAAGTTGGGTGCA 
GTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATAAGTTGGGTGCA 
GTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATAAGTTGGGTGCA 
************************************************ ***********

 reference_TEM1_sequence      CGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCC 
180

 
ALL_MUT_Clone1               CGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCC 
ALL_MUT_Clone2               CGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCC 
ALL_MUT_Clone3               CGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCC 
                             ************************************************************ 

GAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCC 
240

GAAGAACGTTTTCCAATGATCAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCC 
GAAGAACGTTTTCCAATGATCAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCC 
GAAGAACGTTTTCCAATGATCAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCC 
******************** ***************************************

reference_TEM1_sequence      CGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTG 
300

 
ALL_MUT_Clone1               CGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTG 
ALL_MUT_Clone2               CGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTG 
ALL_MUT_Clone3               CGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTG 
                             ************************************************************ 

GTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTA 
360

GTTAAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTA 
GTTAAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTA 
GTTAAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTA 
*** ********************************************************

reference_TEM1_sequence      TGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATC 
420

 
ALL_MUT_Clone1               TGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATC 
ALL_MUT_Clone2               TGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATC 
ALL_MUT_Clone3               TGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATC 
                             ************************************************************ 

GGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTT 
480

GGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTT 
GGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTT 
GGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTT 
************************************************************

reference_TEM1_sequence      GATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATG 
540

 
ALL_MUT_Clone1               GATAGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGACG 
ALL_MUT_Clone2               GATTGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGACG 
ALL_MUT_Clone3               GATAGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGACG 
                             *** ****************************************************** * 

CCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCT 
600

CCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCT 
CCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCT 
CCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCT 
************************************************************

reference_TEM1_sequence      TCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGC 
660

 
ALL_MUT_Clone1               TCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGC  
ALL_MUT_Clone2               TCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGC   
ALL_MUT_Clone3               TCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGC  

                              ************************************************************ 

TCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCT 
720

TCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCAGTAAGCGTGGGTCT 
TCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCAGTAAGCGTGGGTCT 
TCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCAGTAAGCGTGGGTCT 
********************************************* ** ***********

reference_TEM1_sequence      CGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTAC 
780

 
ALL_MUT_Clone1               TGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTAC 
ALL_MUT_Clone2               TGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTAC 
ALL_MUT_Clone3               AGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTAC 
                              *********************************************************** 

ACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGA 819
 

ATGACGGGGAGTCAGGCAACTATGGATGAACAAAATAGA 
ATGACGGGGAGTCAGGCAACTATGGATGAACTAAATAGA 
ATGACGGGGAGTCAGGCAACTATGGATGAACTAAATAGA 
* ***************************** *******

L21F Q39K

M69I

E104K

R164C/S M182T

G238S E240K

R244C/S T265M R275L/Q

Figure 3: Confirmation of mutagenesis by Sanger sequencing. Multiple sequence alignment of the mutated TEM-1 gene sequences from three clones show presence of

the desired mutations at the targeted sites.
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the TEM-1 gene by Sanger sequencing (Fig. 3). We observed in-
troduction of the targeted mutations at specific sites in the
TEM-1 gene (Fig. 3).

Further, we observed that two factors are critical for accurate
and reproducible reconstruction of mutant variants. The first
one is the use of clean and purified PCR product obtained from
the first PCR for the second amplification step and secondly, the
use of equimolar amounts of products generated by the first
PCR in the second assembly step.

We compared different aspects of our method with that of
available methods in literature. Our method used relatively
small number of amplification cycles and thus had one of the
lowest error rates among all methods (Table 4). Methods that
used even smaller number of amplification cycles required am-
plification of the vector along with the gene of interest [68–73]
(Table 4). This meant a risk of introducing unwanted mutations
in the plasmid backbone which could impact plasmid copy
number and antibiotic selection. Changes in plasmid copy num-
ber could have unintended critical influence on selection
experiments deployed for studies of empirical fitness land-
scapes. Furthermore, some of these methods generated nicked
plasmid as the amplification product which could not be uti-
lized as template in the subsequent amplification cycles [68–70,
85]. This led to use of increased starting template DNA and
could lead to formation of hybrid hemi-methylated DNA after
amplification that could resist enzymatic digestion [86]. This in-
creased the risk of parental DNA carry-over and contamination
with the mutants [69]. Furthermore, some of the published
methods required quite complex primer design. For example,
Zeng et al. [73] required four primers for each of the mutants
that increased the complexity and cost. Some of the other
methods required large overlaps that led to long primers again
making the process complex and costly.

Thus, our method provides a balanced approach for the con-
struction of multi-mutant variants in all aspects compared with
the published methods. Our method uses simple molecular bi-
ology tools and requires only two PCR amplification steps for
construction in contrast to many steps adopted by earlier meth-
ods [64, 66]. Our method is also robust as it can assemble genes
from DNA fragments of sizes ranging from 60 to 210 bp and do
not require any complicated primer design or long primers.
Further, our method uses a total of 35 cycles across the two

steps and hence has low chance of introduction of unintended
mutations or indels in the gene fragment. Finally, our method
does not require amplification of vector and utilize a very small
amount of starting template DNA. This also reduces the chance
of parental wild-type DNA contamination with mutants and
avoids occurrence of unintended mutations in the plasmid
backbone. However, the efficiency of our method for assembling
larger DNA fragments remains to be tested.

Taken together, our work describes a powerful tool for con-
struction of genotypes at large mutational distances (Fig. 4). Our
method can also be adapted to explore genotypes at any muta-
tional distance from the starting genotype by choosing the
number of fragments carrying mutations. In addition, one can
also mix wild-type and mutated fragments during the second
step of assembly, thus enabling construction of a library con-
taining genotypes at local and far-away neighbourhoods. This
can eventually help us to systematically reconstruct the long
evolutionary paths of proteins and RNA molecules and can
transform our understanding of the principles of molecular
evolution.
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