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Artificial cyanophages are considered to be an effective biological method to control harmful cyanobacterial
bloom. However, no synthetic cyanophage genome has been constructed and where its obstacles are unclear.
Here, we survey a stretch of 16 kb length sequence of cyanophage A-4L that is unclonable in Escherichia coli. We
test 12 predicted promoters of cyanophage A-4L which were verified all active in E. coli. Next, we screen for eight
ORFs that hindered the assembly of intermediate DNA fragments in E. coli and describe that seven ORFs in the 16
kb sequence could not be separately cloned in E. coli. All of unclonable ORFs in high-copy-number plasmid were
successfully cloned using low-copy-number vector, suggesting that these ORFs were copy-number-dependent. We
propose a clone strategy abandoned the promotor and the start codon that could be applied for unclonable ORFs.
Last, we de novo synthesized and assembled the full-length genome of cyanophage A-4L. This work deepens the

understanding of synthetic cyanophages studies.

1. Introduction

Synthetic biology has advanced to the point of synthesizing the
entire genome, including Mycoplasma genome [1], yeast chromosome
[2], Escherichia coli genome [3] and mouse mitochondrial genome [4].
Large assemblies may be unstably maintained in E. coli but can be easily
completed in yeast [5]. Viral genomes [6] have also been constructed,
including poliovirus, simian immunodeficiency virus, coxsackievirus,
adenovirus, tobacco mosaic virus, human endogenous retrovirus, coro-
navirus, as well as bacteriophage ¢X174, T7, AP205 and G4 [7]. The
cloning of many phage genomes in bacteria is stalled by possible gene
virulence [8]. Genome synthesis of viruses provides a powerful tool for
studying the function of viral genes and de novo synthesis allows
modification in naturally occurring genomes [9,10].

Cyanophages, the viruses of blue-green algae, are abundant in
aquatic ecosystem and play an important role in regulating the cyano-
bacteria biomass and community structure, which have been considered
as a potential biological method for controlling the cyanobacterial
bloom [11]. In recent years, a very limited number of freshwater
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cyanophages, compared to marine cyanophages, have been studied and
most of them are highly host-specific while water blooms are usually
caused by multiple cyanobacteria [12]. Refactoring and engineering
artificial genomes can be obtained using synthetic biology strategies.
However, no synthetic genome of cyanophage has been reported to date.
The freshwater cyanophage A-4L (GenBank accession no. KF356198)
infecting model cyanobacteria Nostoc sp. strain PCC 7120 [13] was
isolated in 1981 [14] with its complete genome sequenced and analyzed
in 2015 [15]. We suggest that the de novo synthesis of cyanophage A-4L
can be helpful to better understand the interactions of virus-host system
and thus to promote biological properties of natural cyanophages by
functional characterization and genetic modifications.

We reported here the bottom-up assembly of synthetic cyanophage
A-4L genome and surveyed possible toxic ORFs that hindered the as-
sembly of the whole genome in E. coli. Low-copy-number plasmid was
recommended for the construction of sequences that may be toxic to
host, since the difficulties of cloning observed here was shown to
correlate with copy number. We proposed a strategy to segment genome
sequences according to annotated ORFs and applied it for the synthesis
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of the 16 kb fragment of A-4L genome in E. coli. In the absence of the
promoter and start codon, ORFs can be cloned without considering the
adverse effects of toxic gene expression products. Based on the above
studies, the completion of the artificial full-length A-4L genome was
finally achieved by transformation-associated recombination (TAR)
[16] in yeast.

2. Material and methods
2.1. Strains, competent cells, plasmids, and culture conditions

All strains, competent cells and plasmids used in this study are listed
in Supplementary Table S1. E. coli strains were grown in Luria-Bertani
(LB) broth with appropriate antibiotics (Ampicillin: 100 pg/ml; Chlor-
amphenicol: 25 pg/ml) and rotated at 37 °C, 220 rpm. Saccharomyces
cerevisiae BY4741 was cultured in YPD (Yeast Extract Peptone Dextrose)
medium at 30 °C, 200 rpm. Yeast strains carrying plasmids were grown
in synthetic complete medium without histidine/leucine/uracil (SC-H/
L/U). Nostoc sp. PCC 7120 strain was grown in BG11 medium at 30 °C,
150 rpm with a light density of 2000 lux. E. coli competent cells were
purchased from Biomed, China.

2.2. Deletion strategy for possible toxic ORFs

ORFs between adjacent B-fragments were designed to be deleted to
achieve the construction of C-assemblies that could be successfully
transformed into E. coli. In a general way, a single ORF among all
possible toxic ORFs was deleted first, and then two or more ORFs were
deleted simultaneously until the recombinant plasmid can be transferred
into E. coli. Another scheme that deletion started with all ORFs deleted at
the same time was put into use.

2.3. Plasmids construction for verification of predicted promoters

The chloramphenicol acetyltransferase (cat) gene was used as the
report gene by replacing its own promoter with individual predicted
promoter sequence. To avoid the initiation of the cat gene caused by
unannotated promoters, the T7Te terminator was added. The cat gene
and T7Te terminator were obtained from plasmid pLSO by PCR ampli-
fication. Predicted promoter, with about 30 bp terminal overlaps
introduced by primers, was inserted between the cat gene and the T7Te
terminator in vitro assembly. The p-lactamase (bla) gene conferring
resistance to ampicillin in the backbone of pUC57, played a role in
transformant screening. The function of the promoter was further
determined according to phenotype of chloramphenicol resistance of the
recombinant plasmid. The negative control was plasmid containing the
cat gene with no promoter sequence. The positive control was consisted
of the original promoter together with the cat gene.

2.4. Serial dilution assays

E. coli colonies of strains for predicted promoters were grown over-
night in 5 mL of LB medium with 25 pg/ml chloramphenicol added at
37 °C and then were serially diluted in 10-fold increments in water and
plated. The initial concentration of each sample was limited to OD600 =
0.02. All LB plates were incubated at 37 °C for 12-16 h.

2.5. Syn-A-4L design and assembly

According to the reference sequence, the natural A-4L genome except
direct terminal repeats (DTRs) was divided into A1-A81 with 700-800
bp in length, which were all synthesized, verified and provided from
company (Tsingke Biological Technology, Beijing, China). Not I(5'-
GCGGCCGC-3') restriction sites were added in both sides of each DNA
cassette for the convenient release from cloning vector. 2-4 adjacent A-
fragments were joined together to generate 2 kb segments of B1-B25 in
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vitro homologous recombination and transferred to E. coli. The assem-
blies were obtained by gel separation and purification (TIANgel Purifi-
cation Kit, TIANGEN BIOTECH, Beijing, China). B11-B25 were
recombined in sets of 24 to produce C4-C8 in E. coli, whereas B1-B10
were failed to generate C1-C3. The assembly of the 16 kb fragment was
achieved via TAR in yeast. The direct terminal repeat named C9, which
overlaps with ORF1 by 379 bp, was ligated with pUC57 and cloned in
E. coli. Two different vectors containing only yeast regulatory elements
was used to achieve complete genome assembly. The URA3 selection
marker was PCR amplified using plasmid pRS426 [17] as the template.
The yeast centromere sequence and autonomously replicating sequence
(CEN/ARS) from pRS415 [18] allowed Syn-A-4L2.1 to be stably prop-
agated at a low expression dosage. 2u-based high-copy-number origin of
replication was used in Syn-A-4L2.2 to increase the concentration of
plasmids extracted from yeast cells. The full-length synthetic genome of
cyanophage A-4L was assembled in yeast from fragments described
above.

2.6. In vitro assembly

2-4 fragments with about 20 bp overlaps could be recombined in 15
min at 50 °C in vitro assembly (EASY®-Basic Seamless Cloning and As-
sembly Kit, TransGen Biotech, Beijing, China). The reaction products
were transferred to chemically competent cells. E. coli cells from single
colony were resuspended into 20 pL of ddH»0 and treated with the PCR
program in thermocycler to firstly verify the correct connection between
fragments.

2.7. Yeast assembly

S. cerevisiae BY4741 competent cells were prepared as described
[19]. DNA fragments with about 60 bp overlaps [20], linearized vector
and 50 pl competent cells were co-transformed referring to the LiAc/SS
carrier DNA/PEG method [21]. The recombined plasmids extracted
(TIANprep Mini Plasmid Kit, TIANGEN BIOTECH, Beijing, China;
HiPure BAC DNA Mini Kit, Magen Biotechnology, Guangdong, China)
from yeast were transferred into electroporation-competent cells. Yeast
colony PCR analysis (YCPCR) was performed according to a modified
method [22]. PCR primers were designed to produce amplicon across
each of the junctions.

3. Results

3.1. The promotors on the 16 kb sequence of cyanophage A-4L are active
in E. coli

23 ORFs on the left arm of A-4L genome are transcribed rightward
and encode several relatively conserved proteins, which are involved in
DNA replication and modification [15]. In previous study, clone of the
16 kb (351 bp~15,930 bp) fragment containing these ORFs was
hampered by what was speculated to be genes that toxic for E. coli [23].
C1-C3, about 5 kb segments randomly split from the 16 kb sequence,
were also found to fail transferring into E. coli. However, ten short DNA
fragments (B1-B10 of 2 kb in size) subdivided were respectively trans-
formed and all survived in E. coli, suggesting that the sequences between
adjacent B-fragments may be toxic (Fig. 1A and B).

We speculated that the cyanophage genome might contain genes
encoding proteins that are toxic to E. coli, so we tested the putative
promoter activity of the A-4L genome in E. coli. In view of the presence
of several consecutive ORFs, 12 predicted promoter sequences were
explored (Fig. 1A). The sequence about 200 bp before individual ORF
was used to replace the original promoter of the cat gene (Fig. 1C). The
cat gene and all fragments were joined together in vitro assembly.
Chloramphenicol resistance of resulting plasmid was observed in E. coli.
Although some phenotypic differences emerged (Fig. 1D), all tested
promoters were proved to be functional, which meant that ORFs of
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Fig. 1. The 16 kb sequence of A-4L genome. (A) The ~16 kb fragment contains 23 ORFs and can be divided into ~5 kb fragments C1-C3/~2 kb fragments B1-B10.
The 12 predicted promoter sequences (P1-P12) are respectively located in front of ORF1, ORF2, ORF4, ORF9, ORF10, ORF11, ORF16, ORF17, ORF19, ORF21,
ORF22 and ORF23. (B) The ~16 kb fragment and C-fragments can only be maintained in yeast but B-fragments can exist in E. coli. (C) The cat gene was used as the
report gene to verify the function of predicted promoters. (D) Phenotypic analysis of predicted promoter sequences.

123



T. Zhang et al.

between adjacent B-fragments can be expressed.

3.2. Screening for potential toxic ORFs in E. coli by ORF-deletion and
ORF-clone

To identify toxic ORFs, the strategy of ORF deleting in each C-frag-
ment was first used in order to avoid false-negative results due to
operational errors. We explored ORFs located between B-fragments
(Supplementary Table S2), which were deleted as designed (Table 1).
S. cerevisiae can stitch together multiple DNA sequences efficiently and
with high fidelity [5]. Recombinant plasmids with pRS415 as backbone
were assembled via TAR in yeast and transferred into E. coli (Fig. 2A).
There are three ORFs between adjacent B-fragments in C1. Colonies
appeared when ORF11 was deleted. Plasmids lacking a single ORF in C2
were failed introducing into E. coli. Colonies only appeared when ORF15
and ORF16 were deleted simultaneously. No colonies appeared when all
four ORFs to be investigated in C3 were deleted at the same time. We
surmised that ORF22, the fifth ORF remaining in the fragment, possibly
is toxic. The second round of screening showed that plasmid with
ORF19-23 deleted at once could be transformed into E. coli but plasmid
with only ORF22 deleted could not. Failures of electroporation were also
observed in assemblies deleted four ORFs including ORF22. Analysis of
the assembled CIAORF11, C2AORF1516 and C3AORF19-23 by diges-
tion with EcoR I was shown in Fig. 2B. The 16 kb fragment with eight
toxic ORFs deleted was constructed from C1, C2 and C3 as described
above via TAR. However, no colonies appeared when this plasmid was
electroporated into E. coli. It seemed that there were other lethal factors
in this region which make the large segment unacceptable to E. coli.

Next, we cloned 23 ORFs in the 16 kb region of A-4L genome to
further verify toxic ORFs (Fig. 2C). Each ORF containing predicted
promoter and about 100 bp downstream overlap was assembled with the
same E. coli-yeast shuttle vector used in ORF-deletion. Plasmid isolated
from yeast cells was then electroporated into E. coli. The result showed
that ORF11, ORF16, ORF19 and ORF20 among toxic ORFs could not be
cloned in E. coli as expected, while ORF15, ORF21, ORF22 and ORF23
were surprisingly clonable. In addition, ORFs except for ORF8, ORF17
and ORF18 were all transferrable into E. coli. However, ORF8 was
proved to be cloned when it was included in the C1 fragment where
ORF11 was deleted, as well as ORF17 and ORF18 were turned out to be
innocuous in C2AORF1516, as shown in ORF-deletion. We also con-
structed a recombinant plasmid containing both ORF17 and ORF18,
which was found to be cloned and maintained stably in E. coli. Plasmids
constructed in ORF-clone, which were capable of introducing into E. coli,
were verified by enzyme digestion (Supplementary Fig. S1). Combining
the screening results of ORF-deletion and ORF-clone (Fig. 2D), we
speculated that a portion of the observed lack of transfer is likely due to

Table 1
Scheme of ORF deletion.

ORFs deleted in ORFs deleted in Round 2 ORFs deleted in

Round 1 Round 3
Cl ORF4/ - -
ORF9/
ORF11/
C2 ORF12/ ORF12, ORF15/ -
ORF15/ ORF12, ORF15/
ORF16/ ORF12, ORF16/
ORF18/ ORF12, ORF18/
ORF15, ORF16/
ORF16, ORF18/
C3  ORF19, ORF20, ORF19, ORF20, ORF21, ORF19, ORF20,

ORF21, ORF23/ ORF22, ORF23/

ORF22/

ORF21, ORF22/
ORF19, ORF20,
ORF23, ORF22/
ORF19, ORF21,
ORF23, ORF22/
ORF20, ORF21,
ORF23, ORF22/
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detrimental gene expression products.
3.3. Clone strategies for the 16 kb fragment in E. coli

The de novo synthesis begins with chemically synthesized oligonu-
cleotides and stepwise large DNA fragments up to full-length genome are
assembled. The first few stages of assembly usually were done by in vitro
recombination and cloned into E. coli. However, cloning of randomly
divided DNA fragments in E. coli had met similar difficulties to that
encountered in cloning the 16 kb fragment of A-4L genome [24].
Gene-transfer barriers may be associated with toxicity of the transferred
gene to the host [25-27]. Therefore, those segments, which turned out
to be problematic, had to get cloned in some other ways.

High-copy-number plasmid often become unstable or kill the hosts
due to their high gene dosage when expressing toxic sequences [28].
Therefore, we prepared another shuttle vector from a low-copy-number
plasmid pLSO (Fig. 3A) for ORF cloning. pLSO behaves as a single copy
under the regulation of origin of replication for bacterial F plasmid and
contains several genes for plasmid partitioning and a cos site [29] for
accommodating large DNA sequence. Expectedly, eight toxic ORFs
screened out and three additional ORFs failed cloning using pRS415
could all be transformed into E. coli together with pLS0O. The fragments
used here were verified by sequencing. Successful cloning meant that
genes could be innocuous at the low level of expression. A portion of
transfer barriers described in this study likely was gene copy-number
dependent. We proposed that low-copy-number plasmids should be
preferred as cloning vectors in the synthetic assembly of genomes with
potentially toxic sequences.

Given the cloning failures of which the gene expression products
might be toxic for the host, we proposed a cloning strategy that aban-
doned the promotor and the start codon of ORFs. As shown in Fig. 3B,
DNA fragment of wild-type genome was partitioned referring to the
predicted ORFs and the resulting segments were cloned in E. coli. In this
way, the sequence of each segment started after the start codon of the
upstream ORF and contained about 100 bp overlap with the next ORF.
The 16 kb fragment of A-4L genome in this study was split into 23
segments to be cloned. DNA fragment was joined to linearized vector of
pUCS57 in vitro recombination and directly transformed into E. coli cells.
In the absence of the promoter and start codon, bacterial growth was
observed with the introduction of plasmids containing every single ORF
in the 16 kb region. ORFs can all be propagated in E. coli because no
harmful gene product was generated. The results of restriction enzyme
digestion were shown in Supplementary Fig. S2. This approach can be
applied in the bottom-up assembly with predicted ORF-information
provided, and toxic ORFs whose expression products probably are le-
thal to E. coli can be cloned as well.

3.4. Design and assembly of full-length cyanophage A-4L genome

The A-4L genome is a 41,750 bp of linear dsDNA molecule and
contains 810 bp long direct repeat at both ends [15]. The construction of
synthetic A-4L genome began with oligonucleotides. In a general way,
the genome except DTRs was divided into 81 overlapping fragments
(A1-A81) with an average length of 700-800 bp at first. In the second
step, all the A-fragments were assembled in vitro homologous recombi-
nation into 25 fragments (B1-B25) of approximately 2 kb in size. In the
third step, we found that merely B11~B25 were able to produce C4-C8
in E. coli but B1-B10 failed to generate C1-C3 because of the toxicity for
E. coli (Fig. 4A). The 16 kb fragment could be obtained using the strategy
proposed above. 23 ORFs were separately cloned without the promoter
and start codon. The directed terminal repeat sequence with 379 bp
overlap of ORF1 (C9), instead of the original two DTRs at each end of the
natural linear genome was retained. Then, two sets of neighboring ORFs
could be assembled by OE-PCR (overlap-extension PCR) to form b1~b12
(the start codon of ORF1 herein was recovered from C9 in vitro assem-
bly), and the assembled products were then co-transformed into yeast
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Fig. 2. Scheme and result of toxic ORFs screening. (A) ORF-deletion strategy: recombinant plasmids deleted ORF(s) were constructed in yeast and transferred into
E. coli. (B) CLAORF11, C2AORF1516 and C3AORF19-23 that can be propagated in E. coli were digested by EcoR I into two segments. (C) ORF-clone strategy: ORF was
cloned in yeast along with ~200 bp sequence before and ~100 bp sequence after the ORF and transformed into E. coli. (D) The results of toxic ORFs screening based

on ORF-deletion and ORF-clone.

cells to generate c1~c3 (Fig. 4A). The synthetic cyanophage A-4L was
designed to be a circular genome (Fig. 4B) referring to rolling-circle (RC)
mechanism commonly seen in replication of many bacteriophages DNA
and plasmids of bacteria [30,31].

Considering that the whole A-4L genome cannot exist in E. coli,
plasmids for complete genome assembly were designed to contain only
yeast regulatory elements and the selection marker (URA3 used in here).
To stably maintain the synthetic cyanophage genome, low-copy-number
plasmid with CEN/ARS was used to construct Syn-A-4L2.1 (42,956 bp).
High-copy-number plasmid with 2y ori instead were used in Syn-A-4L2.2
(43,678 bp) to increase the yeast plasmid concentration. Restriction-
modification (R-M) systems is an innate immunity evolved by bacteria
to prevent phage invasion, which protects hosts from exogenous DNA
[32]. Type II restriction endonucleases are part of restriction modifica-
tion systems [33]. Nostoc sp. PCC 7120 has been proved to have R-M
systems, possessing Ava I, Ava II, and Nsi I, an isoschizomer of Ava IIT
[34] (Supplementary Fig. S3). To avoid the inefficient transformation of
artificial cyanophage genome into cyanobacteria, the restriction sites on
the vectors were removed by mutation (Supplementary Fig. S4A). The
assemblies of the synthesized A-4L genome were verified by PCR
amplification of DNA fragments (Fig. 4C) and yeast colony PCR (Sup-
plementary Fig. S4B).

4. Discussion

To our knowledge, this is the first full-length synthetic cyanophage
genome has been constructed. Previously, no other than a 31-kb long
DNA sequence from the cyanophage PP genome [29] and a truncated
cyanophage A-4L genome of 35-kb in size [23] were generated. The de
novo synthesis genome of A-4L (~40 kb) in this study was obtained from
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yeast but could not be maintained in E. coli. Assembly of overlapping
cassettes in E. coli found that there might be toxic ORFs in the 16 kb
region of A-4L genome. ORF11, ORF15, ORF16 and ORF19-23 were
screened out to be detrimental to E. coli by deleting ORFs between
B-fragments. A single wrong base in an essential gene can be the reason
of inactivation, while changes in nonessential parts of the genome have
no observable effect on viability [35]. Therefore, mutations detected in
assemblies capable of transformation into E. coli (C1AORF11,
C2AO0RF15, 16, C3A0RF19, 20, 21, 22, 23), some of which were located
in ORFs encoded hypothetical proteins and others were in untranslated
regions, could also be noteworthy (Supplementary Table S3).

We cloned every single ORF in E. coli to explore whether toxic gene
products are responsible for the inability of transfer. As described in
ORF-clone, ORF8, ORF11, ORF16-20 were unclonable. The C-fragments
respectively containing ORF15 and ORF21-23 were incapable of trans-
ferring, while the four potential toxic ORFs were separately cloned.
Another interesting finding was that ORF8, ORF17 and ORF18 were
solely unclonable, whereas ORFS8 in the C1-fragment containing ORF1-
10 can be cloned in E. coli, and ORF17 together with ORF18 can
simultaneously coexist in E. coli. The predicted protein of these ORFs is
poorly understood, except that ORF17 encodes endonuclease and
ORF21 encodes recombinantion protein. The results showed that only
part of the cloning difficulties could be explained by toxic expression
products and cloning of some ORFs could be affected by other ORFs
(single ORF or multiple ORFs).

We suggested assembling DNA sequences that may be toxic to the
host with low copy-number vector. It turned out that all problematic
ORFs in this study can be cloned with pLSO. However, the 16 kb frag-
ment of A-4L genome with or without toxic ORFs still failed to be existed
in E. coli despite using pLSO0. In addition, we proposed a cloning strategy
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and applied it for the generation of cl-c3 fragments. Synthetic A-4L
genome assembled in yeast was confirmed by Sanger sequencing. The
details were shown in Supplementary Table S3, including several
missense mutations, some single-base substitutions and one synonymous
mutation. DNA cassettes (A-fragments) were synthesized by the com-
mercial corporation and confirmed to be correct. We speculated that
most of the errors occurred during PCR amplification to obtain large
fragments and the process of transformation. Conjugation appears to be
the most common means to introduce foreign DNA into cyanobacteria
[36]. As synthetic A-4L genome cannot be existed in E. coli, the resur-
rection of artificial cyanophage through conjugation is unfeasible.
Electroporation [37], protoplast fusion [38] and cell-free system [7]
were attempted but all failed in rebooting, which robbed us of verifying
the impact of mutations on the synthetic genome.

In conclusion, we reported here the first synthetic entire genome of
cyanophage A-4L. Predicted promoters in the 16 kb region of A-4L
genome were proved to be capable of recognizing by E. coli transcrip-
tional machinery and driving the expression of the report chloram-
phenicol acetyltransferase gene. In screening for toxic ORFs, ORF11,
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ORF15, ORF16 and ORF19-23 were found out in ORF-deletion and
ORF8, ORF11 and ORF16-20 were chased down in ORF-clone. Two
scenarios that the interaction of expressed genes and the toxicity of gene
products were considered to explain the lack of transfer of DNA seg-
ments into E. coli. Low-copy-number plasmids are good choices for
cloning sequences that may be detrimental to the host. The strategy of
partitioning genome sequence and cloning ORF without the promoter
and start codon can be applied for the bottom-up assembly, providing
reference to the construction of synthetic genomes.
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