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Specialized Techniques for Site-Directed Mutagenesis
in Cyanobacteria
Eugenia M. Clerico, Jayna L. Ditty, and Susan S. Golden

Summary
Synechococcus elongatus PCC 7942 is an excellent model system for studying the
molecular mechanism of the circadian clock in cyanobacteria. The “plastic” genetic
characteristics of this organism have facilitated the development of various methods for
mutagenesis of its chromosome. These methods are based on homologous recombination
between the chromosome and foreign DNA, introduced to the cyanobacteria by either
transformation or conjugation. Here we describe different approaches to mutagenize the
chromosome of S. elongatus, including insertional mutagenesis, hit-and-run allele replacement, rps12-mediated gene replacement, and regulated expression of genes from ectopic
sites, the neutral sites of the S. elongatus genome.
Key Words: Synechococcus elongatus PCC 7942; hit-and-run allele replacement;
in-frame deletion; rps12-mediated gene replacement; homologous recombination;
transformation; neutral site.

1. Introduction
Synechococcus elongatus PCC 7942 is an excellent model system for understanding the molecular mechanism of the circadian clock in cyanobacteria. S.
elongatus has a small genome size (~2.7 Mb, fully sequenced; see Note 1),
which allows for easy saturation mutagenesis, and possesses an efficient system of homologous recombination to incorporate genetic information into its
chromosomes. Also, S. elongatus is genetically transformable by two methods: natural transformation by the uptake of exogenous replicating or
nonreplicating DNA (1,2), and conjugative transformation by receiving plasmid DNA capable of mobilization from an Escherichia coli donor (3).
The malleable genetic characteristics of S. elongatus have facilitated the
development of methods and an array of cloning vectors for the production of
From: Methods in Molecular Biology, vol. 362: Circadian Rhythms: Methods and Protocols
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mutants in this organism. These approaches rely on homologous recombination between the chromosome and exogenous (not autonomously replicating)
DNA that are linked to sequences homologous to the chromosome; by incorporating a selectable marker within the region of homology, engineered sequences
can be directed to a particular locus. The simplest application is insertional inactivation of a gene, by replacing the gene of interest with an allele that has a
heterologous cassette (generally an antibiotic-resistance cassette) inserted
within its open reading frame. However, as prokaryotic organisms have polycistronic genetic operons, the insertion of a selectable marker within an open
reading frame can exert polar effects on downstream genes. Additionally, when
several genes within the same strain are to be inactivated, the use of many
different antibiotics to select for various insertions can have cumulative, detrimental effects on cell culture viability. In light of these complications, two
elegant allele replacement systems have been developed for allelic exchange,
known as “hit-and-run” allele replacement (4) and rps12-mediated gene replacement (5,6). The advantage of these strategies is that they introduce the mutations
without leaving residual genetic evidence of the mutagenic process, such as an
antibiotic-resistance marker. These methods can be used to delete a gene by
exchanging a wild-type chromosomal allele with an in-frame deletion construct
that will not exert polar effects on neighboring genes. In addition, they can be
used to introduce specific site-directed mutations within a gene (e.g., a single
nucleotide mutation), or for the incorporation of additional nucleotides to a
gene (e.g., adding sequence to encode an epitope tag).
S. elongatus genes can be expressed ectopically from alternative sites in the
genome. Two sites on the chromosome have been developed as cloning loci,
called “neutral sites,” where ectopic sequences can be homologously recombined without any apparent aberrant phenotype (see Subheading 3.2.). Any
DNA of interest (e.g., reporter genes, overexpression constructs) can be cloned
within the S. elongatus neutral site sequences and, by homologous recombination, moved into the cyanobacterial chromosome.
In this chapter, we describe the methods used in our laboratory for insertional mutagenesis, hit-and-run allele replacement, rps12-mediated gene replacement, and expression of genes from the neutral sites of the S. elongatus genome.
2. Materials
1. E. coli cloning vector, such as pUC18 or pBR322.
2. Modified BG-11 medium (BG-11M). Liquid medium (7): 1.5 g/L NaNO3, 0.039
g/L K2HPO4, 0.075 g/L MgSO4·7H2O, 0.02 g/L Na2CO3, 0.027 g/L CaCl2, 0.001
g/L EDTA, 0.012 g/L FeNH4 citrate, and 1 mL of the following microelement
solution: 2.86 g/L H3BO3, 1.81 g/L MnCl2·4H2O, 0.222 g/L ZnSO4·7H2O, 0.391 g/L
Na2MoO4, 0.079 g/L CuSO4·5H2O, and 0.0494 g/L Co(NO3)2·6H2O. Solid medium
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(1): equal volumes of twice-concentrated BG-11M liquid medium and Difco agar
solution (3% in sterile water) autoclaved separately and mixed together; add filter-sterilized Na2SO3 to 1 mM final concentration.
Antibiotics: kanamycin (Km), spectinomycin (Sp), cloramphenicol (Cm), streptomycin (Sm), and gentamicin (Gm) (see Note 2).
10 mM NaCl (sterile).
120 mM NaCl.
10 mM EDTA, pH 8.0.
25% Sucrose (w/v in water; sterile).
50 mM Tris-HCl, pH 8.0.
10 mg/mL Lysozyme in water.
20% Sarkosyl (w/v in water).
10 mg/mL Proteinase K in water.
5 M NaCl.
10% Cetyltrimethylammonium bromide in 0.7 M NaCl.
24:1 Chloroform:isoamylic alcohol.
Equilibrated phenol (8).
100% Ethanol.
70% Ethanol.
10 mg/mL RNAse A in water.
Hit-and-run vector (see Subheading 3.3.).
E. coli strain carrying conjugal vector for conjugation (see Subheading 3.1.4.).
E. coli strain carrying helper vector for conjugation (see Subheading 3.1.4.).
MF-Millipore membrane filter (mixed cellulose esters), pore size 0.025 µm, diameter 25 mm (Millipore), autoclaved.
LB culture media (8).

3. Methods
3.1. Mutagenesis by Homologous Recombination
By this method, any gene on the chromosome of S. elongatus can be replaced by
a modified homologous allele (Fig. 1A–D). When inactivating a cyanobacterial
gene, the recombinant allele of interest is constructed in an E. coli vector (which
will not replicate in the cyanobacterium) by inserting an antibiotic-resistance cassette or a transposon into the coding region of the gene, making sure that the
insertion is flanked on each side by at least 300 base pairs of homologous
genomic DNA ([2,9] see Note 3 and Fig. 1A). The recombinant mutant allele
is introduced into S. elongatus by transformation or conjugation and subsequently crosses into the cyanobacterial genome by homologous recombination.
Selection for a double crossover event and subsequent segregation of mutant
chromosomes (because S. elongatus maintains multiple copies of its chromosome [10]) is based on growth of the strain on media containing the antibiotic
to which the interrupting cassette confers resistance.
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Fig. 1. Mutagenesis of the S. elongatus chromosome by homologous recombination. In all cases, the cyanobacterial chromosome is represented by an open bar; the
wild-type gene to be replaced is named “a” and represented as a dotted box. Point mutation is symbolized as a black circle. Recombination events between the chromosome
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Fig 1. (continued) and the E. coli plasmid are denoted by an X. (A) Gene inactivation
by insertion of an antibiotic-resistance cassette. The gene “a” is cloned into an E. coli
vector, interrupted by an antibiotic-resistance gene (gray arrow), and moved into the
cyanobacterium. The homologous sequences undergo double recombination and the
inactivated copy replaces the original gene when the clones are selected on the antibiotic to which the mutated gene confers resistance. (B) Gene replacement by a mutated
allele that confers a selectable phenotype. The cyanobacterial gene “a” carrying a
mutation is cloned into an E. coli vector and moved into the cyanobacterium. As the
mutation confers to the cyanobacteria a selectable phenotype, the recombinant clones
are selected based on its phenotypic characteristics. (C) Sequence addition or change
at one end of a gene. The cyanobacterial gene “a” is cloned into an E. coli vector and
the sequence near one end is changed (or extra sequence added; black box). An antibiotic-resistance gene is cloned outside the open reading frame, as close as possible
without disturbing likely regulatory sequences. After transformation and selection for
clones resistant to the antibiotic, the presence of the mutation should be further confirmed because the recombination could occur between the selectable marker and the
desired sequence change (dashed X). (D) Plasmid integration by selection of the single
recombination event. The mutated gene “a” is cloned into an E. coli vector and moved
into the cyanobacterium. The homologous sequences undergo single recombination
and the plasmid becomes integrated into the chromosome by selection of clones on an
antibiotic to which the vector confers resistance (black arrow).

This approach can also be used for purposes other than gene inactivation.
If a cloned allele confers to the bacterium some selectable characteristic, the
replacement of its chromosomal allele can be selected based on its new phenotype (ref. 9; Fig. 1B).
This same general strategy can be used to change or add extra sequence to a
gene, such as to encode an epitope or 6-His tag. In addition to the mutation or
added sequence, an antibiotic-resistance cassette is inserted outside the coding
region for selection of transformants; the cassette is followed by additional
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cyanobacterial sequence to direct integration to the appropriate chromosomal
location (Fig. 1C).
A single crossover event between chromosome and an exogenous plasmid
can be achieved by selection for the antibiotic-resistance marker on the E. coli
cloning vector. The entire plasmid will integrate into the genome and subsequently cause a duplication of the gene at the site of the insertion: one wildtype allele and one mutated allele (Fig. 1D and Note 4).
In the following protocols cultures of cyanobacteria are always grown at
30°C and under constant light (300 µE/m2s; see Note 5), and liquid cultures are
shaken at 250 rpm unless otherwise indicated.

3.1.1. Plasmid Construction for Mutagenesis by Homologous
Recombination
1. Using standard molecular biology techniques (8), clone the cyanobacterial sequence
to be mutated into an E. coli cloning vector, such as pUC18 or pBR322.
2. Clone an antibiotic-resistance cassette within the sequence homologous to the
cyanobacterial chromosome, making sure to leave at least 300 bp of homologous
DNA flanking either side of the resistance gene for efficient recombination.

3.1.2. Synechococcus Transformation
1. Grow 100 mL of the S. elongatus strain to be mutated in liquid BG-11M to an
OD750 of 0.7.
2. Harvest 15 mL of cyanobacterial cells by centrifugation for 10 min at 6000g (see
Note 6).
3. Resuspend the cell pellet in 10 mL of 10 mM NaCl and harvest by centrifugation
for 10 min at 6000g.
4. Resuspend the cell pellet in 0.3 mL of BG-11M and transfer to a microcentrifuge
tube (see Note 6).
5. To each 0.3 mL of cells, add between 50 ng and 2 µg (typically, we use 1–2 µL
from a preparation of 100–200 ng/µL) of the recombinant plasmid that carries
the mutagenized cyanobacterial gene.
6. Wrap the tubes in aluminum foil to shield the cells from light and incubate them
overnight at 30°C with gentle agitation.
7. Plate the entire 0.3-mL cell suspension on a BG-11M plate containing the appropriate selective medium (see Note 2).
8. Incubate the plates at 30°C in constant light for approx 5 d until single colonies
appear.
9. Restreak isolated colonies that have the appropriate phenotypes, maintaining the
selection to favor complete segregation of mutant cyanobacterial chromosomes.
10. Grow mutant clones in 100 mL of BG-11M with the appropriate antibiotic to an
OD750 of 0.7. Extract the chromosomal DNA (see Subheading 3.1.3.) and verify
the presence of the mutation and its segregation on the cyanobacterial chromosome
by PCR, restriction enzyme analysis, or other technique (see Notes 4 and 7).
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3.1.3. Extraction of Chromosomal DNA From S. elongatus
This protocol, routinely used in our lab, is a modification of that described
in ref. (1).
1. Pellet approx 10 mL of a liquid culture of cyanobacteria or scrape cells from a
plate.
2. Resuspend the pellet in 500 µL of 120 mM NaCl and 10 mM EDTA, pH 8.0, and
transfer the suspension to a microcentrifuge tube.
3. Re-pellet the cells and resuspend them in 340 µL of 25% sucrose, 50 mM TrisHCl, pH 8.0, 10 mM EDTA, pH 8.0. Add lysozyme to a final concentration of
2 mg/mL. Incubate the cell suspension for 45 min at 37°C.
4. Add 2 µL of proteinase K (from a 10 mg/mL stock solution) and 20 µL of 20%
sarkosyl, and vortex for 20 s. Incubate the mix at 55°C for 30 min.
5. Add 57 µL of 5 M NaCl and 45 µL of 10% cetyltrimethylammonium bromide in
0.7 M NaCl. Mix well and incubate for 10 min at 65°C.
6. Extract the suspension with 500 µL 24:1 chloroform:isoamyl alcohol.
7. Carefully transfer the upper aqueous phase to another tube and extract with 500 µL
of equilibrated phenol. Vortex for 20 s and spin for 10 min at 16,000g. The high
NaCl concentration may cause the phases to flip, placing the aqueous phase on
the bottom after the centrifugation step; the aqueous solution can be identified by
its pink hue.
8. Transfer the aqueous phase to another tube and extract with 500 µL of 24:1
chloroform:isoamyl alcohol mix. Vortex quickly and spin for 10 min at 16,000g.
9. Take the upper aqueous phase and precipitate the DNA by adding 2 v of 100%
ethanol. Mix by inverting the tube several times.
10. Spin down the DNA for 15 min at 16,000g in a microcentrifuge. Carefully remove
all the liquid (which contains significant salt) and wash the pellet with 1 mL of
70% ethanol. Spin again for 5 min and remove the ethanol from over the pellet.
11. Dry the pellet by leaving the tube open or by applying vacuum.
12. Resuspend the DNA in 50 µL of water and add 20 ng/µL of RNAse A (optional).
From this 50-µL final solution, 0.5 to 1 µL is typically used for a standard polymerase chain reaction (PCR).

3.1.4. Transfer of Exogenous DNA From E. coli to S. elongatus
by Triparental Mating
Although S. elongatus is easily transformable, its efficiency for incorporating foreign DNA is much higher when DNA is introduced by conjugation from
E. coli. This increase in efficiency is particularly true for single recombination,
which normally occurs with a much lower frequency than double recombination (11). Also, conjugation is sometimes the only way to introduce foreign
DNA because isolates of S. elongatus can lose the ability to be successfully
transformed at a reasonably high frequency, and sometimes this occurs in a
desirable genetic background for which another isolate is not available. The
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preferred protocol for conjugation between E. coli and S. elongatus involves a
triparental mating procedure (3).
The plasmid that will be used for introducing a particular DNA sequence
into the cyanobacterium is called the “cargo plasmid.” This plasmid (which in
general should not replicate in cyanobacteria) should have the sequences necessary for replication in the E. coli strain used for conjugation, selectable markers for selection in the two hosts of interest, cloning sites, and a mobilizable
replicon (e.g., pBR322, which carries a bom [basis of mobility] site). To be
mobilized into the cyanobacterial host the cargo plasmid needs, additionally,
the presence of a “conjugal plasmid” and a “helper plasmid,” the sources of tra
genes and other trans-acting factors, respectively.
In the case of triparental mating, the conjugal and helper plasmids necessary
for the transfer are in different strains (see Note 8). Normally, the helper plasmid is present in the E. coli strain bearing the cargo plasmid. The conjugal
plasmid, in a second E. coli strain, will move naturally into the strain that carries the helper and the cargo plasmids. Then, the conjugal plasmid assists in
transferring the cargo plasmid from E. coli to the cyanobacterium.
1. By using standard molecular biology procedures (8), introduce your cargo plasmid into the E . coli strain that carries the helper plasmid (see Note 8). Select for
clones that carry both plasmids.
2. Prepare two overnight cultures in LB media: one from the E. coli strain that contains the conjugal plasmid and the other from the E. coli strain obtained in step 1.
3. Mix together 0.1 mL of each of the E. coli cultures from step 2 with 1 mL of a
fresh culture of the recipient cyanobacterial strain. Include a control that contains
the cyanobacteria, the E. coli strain with the conjugal plasmid, and the E. coli
strain with the helper plasmid but without the cargo plasmid.
4. Spin down the suspension for 1 min at 6000g. Aspirate the medium, leaving about
0.1 mL of liquid on top of the cells, and resuspend the pellet in that volume.
5. Place a sterile MF-Millipore membrane filter on the surface of a BG-11M agar
plate that has been supplemented with LB medium 5% (v/v).
6. Place the cell suspension from step 4 on the filter’s surface in a large drop.
7. Incubate the plates in dim light for 24 h at 30°C (see Note 9).
8. Resuspend the cells from the filter in 100 µL of BG-11M and plate them on a
BG-11M plate that contains the antibiotic that will select for the desired recombination event.
9. Incubate the plates in standard light and temperature until green colonies appear
(see Note 10) and restreak them on a fresh plate.

3.2. Homologous Recombination at Neutral Sites of S. elongatus
Chromosomes
S. elongatus possesses at least two sites on the chromosome, called “neutral
sites” ([NS] Neutral Site I and II; see Note 11), where ectopic sequences can be
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inserted without generating any apparent phenotype. These loci have been developed as targeting sites for cloned genes. Any DNA of interest can be inserted
into the S. elongatus NS sequences on a plasmid introduced into the
cyanobacterium and, by homologous recombination, moved into the cyanobacterial chromosome.
The basic principles underlying recombination at the NSs are the same as
those described for gene replacement (see Subheading 3.1.). In this case, the
sequence to be inserted is directed to one of these specific sites in the S.
elongatus chromosome by cloning it within NS sequences in specialized plasmids called “neutral site vectors.” (For details about the NS vectors, including
a list of those vectors made by our lab and sample maps, refer to Chapter 8.) In
brief, these vectors contain an antibiotic-resistance marker and a multiple cloning site where a gene of interest can be inserted, flanked by NS sequences from
either NS1 or NS2. After introduction of plasmids into S. elongatus, the resulting recombinant clones are isolated by selection on media containing the proper
antibiotic. Since they were developed, our laboratory has used S. elongatus
NSs to introduce numerous kinds of engineered genes. Here, we describe some
of these applications.
We have created an easily measurable reporter of circadian activity by
expressing the genes that encode either bacterial luciferase (luxAB) or firefly
luciferase (luc). Any S. elongatus promoter can be cloned upstream of the luciferase
genes and its activity assayed. The genes coding for the enzymes that produce the
substrate for the bacterial luciferase (luxCDE genes) can be cloned into a different neutral site to create autonomously bioluminescent strains. Highthroughput monitoring devices are available to record and analyze
bioluminescence in an automated manner (see Chapter 8).
When the inactivation or deletion of a single gene in cyanobacteria confers
a particular phenotype, restoring the wild-type phenotype by complementation
confirms that the observed phenotype is a consequence of only the deleted
gene. This restoration can be accomplished by cloning the wild-type gene with
its native promoter into an NS vector and targeting the construct to the
chromosome of the strain that carries the mutated gene. As described in
ref. (12), S. elongatus mutants generated by chemical mutagenesis that showed
altered circadian phenotypes were efficiently complemented by conjugation
with E. coli cells that carried a library of wild-type Synechococcus DNA. The
library was constructed in NS vectors to direct large fragments of wild-type
DNA into NSs.
In addition, a gene can be expressed from a heterologous promoter to assay
the phenotype that results from its altered expression. That heterologous promoter can be an engineered E. coli isopropyl-β- D-thiogalactopyranosideinducible promoter (see Note 12).
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3.3. Hit-and-Run Allele Replacement
A two-step selection protocol known as “hit-and-run” is used to introduce
defined mutations (deletions, insertions, or point mutations) into specific genes
on the chromosome of S. elongatus without leaving residual genetic markers
(4). To accomplish this outcome, the mutant allele is cloned into a vector that
carries both positive and negative selectable markers. The positive marker selects
for the incorporation of the recombinant plasmid into S. elongatus through a single
recombination event; this is a cassette that confers resistance to Km, Cm, or
Sm, depending on the version of the vector chosen for cloning. The negative
marker, which selects a second recombination event that excises the plasmid
from the chromosome, is the sacB gene from Bacillus subtilis. The sacB gene
encodes the enzyme levan sucrase, which, in the presence of sucrose, generates
compounds that are toxic for many Gram-negative bacteria (see Note 13).
As shown in Fig. 2, after the introduction of the plasmid into cyanobacteria,
the first step consists of selecting for integration of the entire plasmid into the
chromosome via a single crossover event, by plating the cells on the proper
antibiotic. This recombination event effectively results in the duplication of
the gene of interest, as the bacterial chromosome now carries the wild-type
copy and its mutant counterpart (both of which may be chimeric, depending on
the site of crossover; Fig. 2C). Note that as the plasmid carries the sacB gene,
those cells that successfully complete a single crossover would die on media
that contain 5% (w/v) sucrose.
In the second step, the reverse of the integration event occurs. By culturing
the cells in absence of antibiotic selection, cells are viable only when the plasmid “loops out” (removing the sacB gene) and leaves the chromosome by homologous recombination between the directly repeated sequences that flank
the inserted vector. Depending on where the recombination takes place, and
where the mutation lies in the duplicated target sequence, the mutant or the
wild-type allele remains in the chromosome. A method of DNA analysis must
be used to determine which allele has been retained in a given clone.
1. Clone the mutated gene to be inserted in the cyanobacterial chromosome into a
hit-and-run vector by standard molecular biology methods (8).
2. Introduce the plasmid into S. elongatus either by transformation (as described in
Subheading 3.1.2.) or by triparental mating (see Subheading 3.1.4.). Conjugal
introduction of the plasmid will result in a much higher frequency of single
recombinants.
3. Plate the cell suspension on BG-11M agar that contains the proper antibiotic to
select for single recombinants and incubate at 30°C in constant light. Resistant
colonies will appear in about 6 to 10 d (see Note 10).
4. Restreak the resistant colonies to a BG-11M plate with the proper antibiotic and
to another BG-11M plate that contains 5% sucrose (w/v) but no antibiotic.
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Fig. 2. Hit-and-run allele replacement. The S. elongatus chromosome is represented
as a black line and a wild-type gene as a black arrow. A white circle denotes a mutation. Antibiotic-resistance cassette and sacB genes are represented as gray arrows.
Recombination points are drawn as Xs. (A) Introduction of a hit-and-run vector carrying a mutated S. elongatus gene “a” (gray arrow) into S. elongatus. (B) Selection for
antibiotic-resistant clones. The single crossover event is selected and the plasmid
becomes integrated at that locus. The resultant clones are sensitive to sucrose because
sacB is present. (C) In the absence of selective pressure, clones survive in which the
plasmid loops out in the reverse of the integration process, yielding clones sensitive to
the antibiotic and resistant to sucrose. The resulting population is a mixture of clones
that carry the wild-type or the mutant copy of the gene, depending on where the
recombination event took place relative to the mutation.
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5. Choose the clones that are resistant to the antibiotic and sensitive to 5% sucrose
(these clones have undergone the single crossover event; see Fig. 2). It is very
important to confirm sucrose sensitivity before proceeding, as some sucroseresistant clones arise that are not the result of resolution of the plasmid.
6. To promote the double recombination event (plasmid “loop-out”), grow the antibiotic-resistant/sucrose-sensitive clones in 2 mL of BG-11M medium without
antibiotic or sucrose at 30°C in constant light until an approximate OD750 of 0.7
(about 5 d).
7. Harvest 1 mL of the culture by centrifugation for 1 min at 6000g, and resuspend
the pellet in 100 µL of fresh BG-11M.
8. Spread the entire cell suspension on BG-11M plates that contain 5% sucrose (w/
v), and incubate in constant light until isolated colonies appear (about 7 d).
9. Replica plate isolated colonies to a fresh BG-11M plate that contains 5% sucrose
(but no antibiotic) and a BG-11M plate that contains the original antibiotic used
for selection in step 3 (with or without sucrose). Incubate in constant light until
colonies are fully grown on the sucrose plate (about 5 d).
10. Retain individual clones that are resistant to 5% sucrose and sensitive to the antibiotic. Based on phenotype, these clones should have undergone the double crossover event (see Fig. 2).
11. Grow the chosen clones in liquid BG-11M until they reach an OD750 of 0.7.
12. Extract the DNA (see Subheading 3.1.3.) and verify the presence and complete
segregation of the mutation by PCR analysis, restriction pattern, Southern hybridization, or sequencing.

3.4. rps12-Mediated Gene Replacement
A very clever method for gene replacement in cyanobacteria called rps12mediated gene replacement was developed by T. Ogawa and colleagues ([5,6]
see Fig. 3). With this technique point mutations, deletions, or insertions can be
introduced into the cyanobacterial chromosome without leaving any markers
of the process.
As a starting point to introduce the desired mutations, this procedure uses a
cyanobacterial strain resistant to Sm; this resistant strain carries a mutation in
the rps12 gene (a single base change from A to G at position 128 of its open
reading frame), which encodes the S12 subunit protein of the 30S ribosome.
When the mutant and the wild-type alleles of this gene coexist in a cell, the
rps12 mutation is recessive and the strain is Sm-sensitive (5,6). The parent
strain has only the rps12 at its native locus, and is Sm-resistant.
Fig. 3. (opposite page) rps12-mediated gene replacement. The S. elongatus chromosome is represented as a black line; the wild-type rps12 gene and its mutated version are illustrated as a black and a gray arrow, respectively. A white arrow represents
the gene to be mutated and a gray circle denotes the mutation. Superscripts “S” and
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Fig 3. (continued) “R” indicate sensitivity or resistance, respectively, of that particular
cyanobacterial strain to Sm or Km. (A) An AG change is introduced in the sequence of
the rps12 gene in S. elongatus to yield a Sm-resistant strain. (B) The SmR strain is transformed with a plasmid that carries the sequence of the gene to be changed flanking a
copy of the wild-type rps12 gene from Synechocystis PCC 6803 (rps12-6803) driven
by the S. elongatus psbAI promoter and a KmR cassette. By homologous recombination, the construction will be inserted at the locus to be mutated and the strain will
become KmR (because of the presence of the cassette) and SmS (because the wild-type
allele of rps12 is dominant). (C) This strain is then transformed with the final copy of
the cyanobacterial gene, which does not need to carry a selectable marker. Upon
homologous recombination, the rps12-6803 allele driven by the S. elongatus psbAI
promoter and the KmR cassette will be eliminated from the cyanobacterial chromosome and the strain will be KmS and SmR. This strain now carries intended allele at its
native locus; the allele may be a point mutation, a tag-encoding allele, or an in-frame
deletion of the target ORF.

168

Clerico et al.

To introduce a specific mutation in the cyanobacterial chromosome, the wildtype rps12 gene, along with a Km-resistance cassette, is first inserted at the gene
to be mutated in the background of the Sm-resistant rps12 mutant strain. By
homologous recombination, this “mother” strain becomes Km-resistant and
Sm-sensitive. To minimize gene conversion between the homologous rps12
genes (wild-type and mutant), a heterologous rps12 gene from Synechocystis sp.
PCC 6803 (about 75% similar to the S. elongatus PCC 7942 nucleotide sequence)
is used as the “wild-type” gene (hereafter called rps12-6803). To get efficient
transcription and translation of the PCC 6803 rps12 gene in S. elongatus, the
strong promoter of the psbAI gene and its ribosome binding site have been
provided.
In a second transformation, the wild-type rps12 gene and the Km-resistance
cassette are removed from the cyanobacterial chromosome by recombination
with the final version of the allele to be replaced. As rps12-6803 and the Kmresistance cassette are eliminated through recombination, the strain becomes
Sm-resistant and Km-sensitive. Selection for Sm resistance occurs without
need for a marker on the allele that replaces rps12-6803.
1. Create the Sm-resistant strain that will serve as the starting point to introduce the
desired mutations. In our lab, this “mother” strain was constructed as follows:
using chromosomal DNA from the Sm-resistant strain GRPS1 (kindly provided
by Dr. M. Matsuoka [5,6]) as a template, the mutated rps12 gene was amplified
by PCR. This 850-bp fragment was cloned into a pCR™-Blunt vector (Invitrogen,
Life Technologies) and sequenced using M13 forward and reverse primers. The
plasmid generated (pAM3417) was used to transform wild-type S. elongatus (see
Note 14). The Sm-resistant cyanobacterial strain was frozen in our laboratory as
AMC1373.
2. Clone the mutated version of the DNA to be modified in the cyanobacterial chromosome in a proper vector (see Note 15) including flanking sequence around the
mutation target site for efficient recombination (see Note 3 and Subheading
3.1.1.).
3. Introduce, inside the DNA to be modified (cloned in step 2), the construction that
contains rps12-6803 driven by the promoter of the psbAI gene (from S. elongatus)
next to a Km-resistance cassette (5,6).
4. Use the plasmid constructed in step 3 to transform the Sm-resistant S. elongatus
created in step 1 (see Subheading 3.1.1.). Select for the Km-resistant clones.
5. Make a replica of the Km-resistant clones on a fresh BG-11M plate containing
10 µg/mL Sm. Retain the Km resistant and Sm-sensitive clones.
6. Grow one Km-resistant and Sm-sensitive clone in liquid BG-11M; introduce by
transformation (see Subheading 3.1.1.) the plasmid constructed in step 2 and
select for the Sm-resistant clones. By homologous recombination, this construction will replace rps12-6803 and the Km-resistance cassette by the final mutant
product.
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7. Make a replica of the Km-resistant clones in a fresh BG-11M plate containing
Km. Retain the individual clones that are resistant to Sm and sensitive to Km.
8. Grow the colonies in liquid BG-11M, extract the DNA (see Subheading 3.1.3.),
and confirm the presence of the mutation by PCR.

4. Notes
1. http://genome.jgi-psf.org/finished_microbes/synel/synel.home.html and http://
www.bio.tamu.edu/synecho/.
2. The usable ranges of antibiotics concentrations in BG-11M for which S. elongatus
cells are resistant are: 5–20 µg/mL Km, 1–2 µg/mL Gm, 7.5–10 µg/mL Cm, 5–
20 µg/mL Sp, and 2–10 µg/mL Sm. Because of the spontaneous occurrence of
Sp-resistant cells, we use Sp and Sm together, e.g., 2 µg/mL Sp + 2 µg/mL Sm.
3 The efficiency of chromosomal recombination increases with the length of the
homologous sequences flanking the desired insertion (2,9). The length of a
homologous sequence on one side can be decreased by increasing the length of
flanking sequence at the other side.
4. In S. elongatus, the single crossover event occurs at a much lower frequency than a
double-recombination event; therefore, entire plasmid integration is not observed
unless it is specifically selected. When single recombination occurs, the integration of the plasmid at the site of recombination causes duplication of the gene of
interest (see Fig. 1D). If a gene intended to be inactivated via double recombination is essential for the cell, normally the single recombination event survives the
selection, ensuring that a wild-type copy of the gene remains in the chromosome.
Alternatively, sometimes the double-crossover event survives selection, but a
mixed population of wild-type and mutant chromosomes persists in the cell. The
frequency of single-recombination events can be boosted by orders of magnitude
by introducing the plasmid via conjugation rather than transformation (11).
5. 1 Einstein = 1 mol of photons.
6. The volumes used for transformation are not critical and can be modified depending on the cell density. The number of transformants increases with the number of
cells used for transformation (1).
7. According to our experience, segregation is normally complete when inactivating a gene in S. elongatus PCC 7942. If a particular gene is not segregated, it
could mean that is essential and can not be eliminated from the cell.
8. We introduce the cargo plasmid into the E. coli strain AM179 (Cm-resistant)
which contains the helper plasmid pRL528. The conjugal plasmid (RP-4) is in
the strain AM076 (Ap-, Km-, and Tc-resistant) (3).
9. To create a dim-light environment, we wrap the plates with one layer of cheesecloth and place them in the lighted incubator.
10. Sometimes a lawn grows within 2 d after the cells have been plated on BG-11M
with the antibiotic. Normally, some very green colonies start showing up from
the lighter background after a few days. Isolate these colonies and restreak them
on a fresh plate containing the antibiotic. Also, take some colonies from the background and restreak them as well, to make sure that they die on fresh media.
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11. NS I, NS1, GenBank accession number U30252; NS II, NS2, GenBank accession
number U44761.
12. The lacI-lacO repression system is effective in S. elongatus. We typically use an
E. coli Ptrc promoter followed by one or two lacO operator sequences. The lacI
gene is engineered in cis. Isopropyl-β-d-thiogalactopyranoside induces expression proportionately to inducer concentration. However, the promoter is not completely “off” in the absence of inducer. As a consequence, a basal expression
from this promoter is always observed. Uninduced expression is typically sufficient for complementation of null mutants, and induced expression reveals dominant-negative effects of a cloned gene.
13. In our laboratory, three versions of the plasmid used for hit-and-run were obtained
from Dr. C. P. Wolk. They carry Km (pRL278, GenBank accession number
L05083), Sp (pRL277, accession number L05082), or Cm resistance (pRL271
accession number L05081) for positive selection.
14. In this case, the transformation was performed as described in Subheading 3.1.2.,
except that after the transformation process the cells were plated in BG-11M
without antibiotic and kept in the incubator overnight. The next day, the proper
dilutions of Sm to yield final concentrations of 10, 5, and 2.5 µg/mL were added
under the agar and the plates were kept in the incubator until single colonies
appear (additional information about underlaying antibiotics is described elsewhere [2]). All plates yielded Sm-resistant colonies. Two colonies from each
plate were grown in liquid BG-11M with 10 µg/mL of Sm and their DNA was
extracted as described in Subheading 3.1.3. The rps12 gene from the clones was
amplified by PCR and the product sequenced using the same reverse and forward
primers. All clones showed the expected mutation (an A-to-G change at position
128 of the open reading frame) as the only change introduced into the rps12
gene.
15. As rps12-6803 along with a Km-resistance cassette will be introduced inside the
gene to be mutagenized, is convenient that the vector chosen not have a Kmresistance marker to simplify the selection process in E. coli.
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