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SUMMARY

To facilitate the genetic engineering of diverse cyanobacterial strains, we have modified broad-host-

range RSF1010-based plasmids to improve transmissibility, increase copy number, and facilitate clon-

ing. RSF1010-based plasmids replicate in diverse bacterial strains but produce low amounts of useable

DNA for cloning. We previously engineered a mobAY25F mutation in RSF1010-based plasmids that

improved cloning but decreased conjugation efficiency. Here, we engineered RSF1010-based plas-

mids to restore conjugation efficiency, which was demonstrated in three diverse laboratory strains

of cyanobacteria. We then used an improved RSF1010-based plasmid in mating experiments with

cultured samples of wild cyanobacteria. This plasmid, which confers antibiotic resistance and carries

a yfp reporter gene, allowed selection of exconjugant cyanobacteria and facilitated the isolation of

genetically tractable strains frommixed wild cultures. Improved RSF1010 vectors can be used for bio-

prospecting genetically tractable strains and are compatible with the CYANO-VECTOR cloning sys-

tem, a versatile toolbox for constructing plasmids for cyanobacterial genetic engineering.

INTRODUCTION

Cyanobacteria have attracted interest for use as biotechnology production platforms (Ducat et al., 2011;

Heidorn et al., 2011; Hays and Ducat, 2015). They grow rapidly, efficiently convert sunlight energy to

biomass, and many strains are genetically tractable (Dismukes et al., 2008; Zhu et al., 2008; Heidorn

et al., 2011). In addition, without the need for a carbohydrate feedstock, cyanobacteria have the potential

to be more cost effective for large-scale production than traditional microorganisms typically used for het-

erologous gene expression such as Escherichia coli or Saccharomyces cerevisiae (Ducat et al., 2011). As

opposed to heterotrophic microorganisms, cyanobacteria are photoautotrophs that use sunlight for en-

ergy and CO2 as a carbon source (Quintana et al., 2011). Cyanobacteria are a diverse group of bacteria.

They can be found in practically every sunlit environment on the Earth, from marine and freshwater bodies

of water, to soil crusts, and even bare rocks (Shih et al., 2013). Cyanobacteria are the only organisms to have

evolved oxygenic photosynthesis, which appeared over 2.7 billion years ago, and all higher plants and

algae derived their chloroplasts from the cyanobacterial lineage by endosymbiosis (Martin and Kowallik,

1999; Schirrmeister et al., 2015).

In addition to their potential as production platforms, cyanobacteria have a number of advantages over

more traditional crops used for the production of biomass as a source of food or fuel. They can utilize

concentrated CO2 as a carbon source to scrub greenhouse gas emissions from factories or power plants,

and some strains can be grown on brackish and saltwater or wastewater unsuitable for consumption or crop

watering (Rawat et al., 2011; Olguı́n, 2012). It is also worth noting that cyanobacteria drove the Great

Oxygenation Event about 2.3 billion years ago, which elevated atmospheric oxygen levels and supported

the rise of all animal life (Bekker et al., 2004). Cyanobacteria belong to a widely divergent prokaryotic

phylum with a large range of morphological, physiological, and ecological characteristics. However,

most research on cyanobacterial genetics has been limited to a handful of well-studied ‘‘domesticated’’

laboratory strains. Improved genetic methods are needed for bioprospecting to identify new diverse

genetically tractable strains for the study of their biology and to develop them for biotechnological

applications.

The broad-host-range plasmid RSF1010 is a member of the IncQ group of plasmids, which stably replicate

in a wide variety of gram-negative and gram-positive bacteria, including E. coli and several strains of

cyanobacteria (Trieu-Cuot et al., 1987; Sode et al., 1992; Meyer, 2009). One of the reasons for the
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broad-host-range characteristic of RSF1010 is that it encodes replication initiation machinery that is host

independent (Scherzinger et al., 1991; Meyer, 2009). In addition, although RSF1010 is not self-transmissible,

it harbors an origin of transfer and mobilization genes and can co-opt type IV secretion machinery of other

self-transmissible plasmids such as RK2 and RP4 (Meyer, 2009). Conjugation from E. coli is a standard

method for transferring recombinant plasmids into cyanobacteria because of its efficacy in a wide range

of organisms including filamentous strains (Elhai et al., 1997). Natural transformation is used for routine

genetic experiments in only two strains of unicellular cyanobacteria, Synechococcus elongatus PCC 7942

and Synechocystis PCC 6803 (Wendt and Pakrasi, 2019), and even for these strains, conjugation is often

used when higher efficiency of DNA transfer is required, such as for the construction of genetic libraries

(Rubin et al., 2015).

Although the RSF1010 replicon appears well suited for heterologous gene expression, DNA yields are typi-

cally low using standard plasmid preparation procedures (Gormley and Davies, 1991; Taton et al., 2014).

This is partially due to its maintenance at low copy number, but it is also a side effect of its self-mobility

(Frey et al., 1992). One of the RSF1010 proteins, MobA, is a component of the relaxosome that nicks

RSF1010 DNA at the bom site (for basis of mobility, also called oriT for origin of transfer), as an initial

step in the mobilization process, and the nicked intermediate contains MobA covalently linked to the 50

end of the cleaved strand (Monzingo et al., 2007). When using standard plasmid preparation techniques

that involve heat or alkaline denaturation steps, the nicked DNA can melt to single strands. Some of the

RSF1010 DNA isolated from cells will be relaxed nicked molecules with a covalently linked MobA protein

or denatured single-stranded molecules that are not recovered in most plasmid preparation protocols and

are unsuitable for cloning experiments. To make RSF1010 more tractable for laboratory cloning proced-

ures, a mutation was made in the mobA gene (Taton et al., 2014). This mutation, mobAY25F, produces a

defective MobA protein that lacks the ability to cleave RSF1010 DNA at its bom site. Although this

RSF1010 mobAY25F variant, in the donor plasmid pCVD047, is more amenable to plasmid preparation

and cloning, the loss of MobA functionality reduces the overall conjugation efficiency by two to four orders

of magnitude when RP4 is used as the conjugal plasmid (Monzingo et al., 2007; Taton et al., 2014).

A set of modifications were previously made to the RSF1010 plasmid that facilitate its use as a device compat-

ible with the CYANO-VECTOR plasmid assembly platform (Taton et al., 2014). The CYANO-VECTOR platform

comprises numerous plasmid devices including functional and selection modules, chromosomal integration

sequences, E. coli origins of replication, as well as cyanobacterial and broad-host-range replicons such as

the ones based on RSF1010. Each donor plasmid has custom-designed GC-rich sequences that allow for

seamless assembly of multiple parts and devices into destination plasmids. Destination plasmids typically

contain three or four genetic parts or devices, for example, an E. coli ori, a selectable marker, a cyanobacterial

replicon for the target strain, and a functional device such as a reporter-gene construct.

In this study, we describe modifications to the CYANO-VECTOR-compatible plasmid pCVD047 and a

conjugation helper plasmid to provide greater quantities of usable plasmid DNA, boost conjugation effi-

ciency, and make the RSF1010 broad-host-range plasmid system more versatile and easier to use. We

tested these modifications in three diverse cyanobacterial model strains and showed that they increased

conjugation efficiency. In addition, we conjugated one of the modified RSF1010-based plasmids,

pAM5404, into mixed cultures derived from wild environmental samples and isolated exconjugant cyano-

bacterial strains through antibiotic selection and screening for reporter gene expression. These experi-

ments demonstrate a practical application of an efficient broad-host-range conjugation system that en-

ables the isolation of genetically tractable cyanobacteria from a mixed culture. When combined with the

wide variety of custom genetic parts and devices available using the CYANO-VECTOR assembly portal,

themethod described in this work can be a useful tool for bioprospecting for genetically tractable bacterial

strains from any environment.
RESULTS

Generation of pCVD047 Variants

RSF1010-based plasmids can be transferred into cyanobacterial strains by conjugation from E. coli. The

conjugal donor E. coli strain carries a conjugation plasmid such as pRL443 and an optional helper plasmid

such as pRL623. pRL443 is a kanamycin-sensitive mutant of RP4, an IncP-group plasmid with type IV conju-

gation machinery and transfer functions (tra genes) for self-mobilization (Elhai et al., 1997). The optional

helper plasmid, pRL623, carries the ColK mob gene required to mobilize pBR322-based plasmids and
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Figure 1. Construction of Improved RSF1010-Based Plasmids

(A) Diagram depicting the CYANO-VECTOR donor plasmid pCVD047, which contains the mobilization-replication region

of RSF1010 mobAY25F, with additional components to create plasmids pAM5404 (RK2-bom), pAM5405 (pUC-ori), and

pAM5406 (RK2-bom, pUC-ori).

(B) Electrophoresis of total plasmid DNA from plasmid preparations of equal amounts of E. coli cells containing both an

RSF1010 variant (upper band) and the control plasmid pACYC184 (lower band), linearized with EcoRV-HF. Outside lanes

are 1-kb ladder size markers.

(C) Densitometry of electrophoretic gel bands for RSF1010 variants normalized to the control plasmid pACYC184. Bars

represent mean relative band density from triplicate samples; error bars are mean G SE. Statistical significances were

inferred by the Tukey’s test (HSD, honestly significant difference); ***p < 0.001; ns, not significant.

(D) Diagram of pAM5404-derived shuttle plasmid pAM5409, which carries the spectinomycin/streptomycin resistance

cassette aadA and the oRBS-yfp gene with an optimized ribosome-binding site. Strains and plasmids are listed in Table S2

and oligonucleotides are listed in Table S3.
also includes three restrictionmethyltransferases to protect cargo plasmids from restriction activity byAna-

baena enzymes AvaI, AvaII, and AvaIII (Elhai et al., 1997). The cargo plasmid is introduced into this back-

ground to generate an E. coli donor strain containing all three plasmids. The cargo plasmid may be a ‘‘sui-

cide’’ plasmid designed to recombine into the host chromosome, or a shuttle plasmid that can replicate in

E. coli and the cyanobacterial recipient.

The first strategy used to restore conjugation efficiency and maintain high DNA yields for pCVD047 was to

add an RK2-bom site as a second origin of transfer, generating plasmid pAM5404 (Figure 1A). RK2 is an IncP

conjugal plasmid very similar to RP4 (Babic et al., 2008). The bom site is a short non-coding region of direct

and inverted repeats recognized by the RK2/RP4 TraJ relaxase, which nicks the double-stranded DNA

before conjugative transfer (Babic et al., 2008). We anticipated that the TraJ encoded by the RP4 conjugal
218 iScience 20, 216–228, October 25, 2019



plasmid in the standard conjugal system described above would recognize and nick the shuttle plasmid

DNA at the RK2-bom site more efficiently than at RSF1010’s native bom site, increasing its mobilization

efficiency. In addition, to increase plasmid DNA yields from E. coli cells for cloning experiments while

also retaining the RSF1010 broad-host-range oriV, a high copy number origin of replication from pUC19

was added to pCVD047 and pAM5404 to generate plasmids pAM5405 and pAM5406, respectively

(Figure 1A).

RSF1010, pCVD047 (mobAY25F), pAM5404 (RK2-bom), pAM5405 (pUC-ori), and pAM5406 (pUC-ori, RK2-

bom) were transformed into E. coliDH10B along with a control plasmid, pACYC184. We used densitometry

of stained gel images to examine the relative DNA concentrations of the different RSF1010-based plas-

mids. E. coli cells harboring both plasmids were grown in triplicate, and cultures were standardized by

OD600 measurement. Plasmid DNA was extracted from equal numbers of cells, linearized, and separated

by agarose gel electrophoresis (Figure 1B). The amounts of the RSF1010 variants and pACYC184 were

determined by analyzing relative band intensities. All RSF1010 variants with the mobAY25F substitution

produced more useable DNA than wild-type RSF1010 (Figure 1C). The variants containing the pUC origin

of replication, pAM5405 and pAM5406, generated much greater amounts of DNA compared with the con-

trol plasmid (Figure 1C).
Generation of Shuttle Plasmids and Conjugation into Cyanobacteria

Shuttle plasmids carrying a spectinomycin/streptomycin resistance cassette (aadA) and a PconII-driven yfp

gene were generated by seamless assembly (Figure 1D) using the CYANO-VECTOR toolkit. Shuttle plas-

mids were constructed with the RSF1010 mobilization-replication region from pCVD046 (wild type),

pCVD047 (mobAY25F), pAM5404 (RK2-bom), pAM5405 (pUC-ori), and pAM5406 (pUC-ori, RK2-bom).

These plasmids were named pAM5407–pAM5411, respectively (Table S2). Each shuttle plasmid was subse-

quently transformed into the conjugal donor E. coli strain AM1359, which contains the helper plasmid

pRL623 and conjugal plasmid pRL443 to generate E. coli cells capable of conjugal transfer of the cargo

plasmid. These cells were used in biparental mating experiments to transfer the modified RSF1010 plas-

mids into cyanobacterial strains.

We first performed conjugations into the filamentous nitrogen-fixing cyanobacterial strain Anabaena PCC

7120. The filaments were fragmented to short filaments by sonication to provide better determination of

conjugation efficiency, allowed to recover overnight, and mixed in triplicate with cultures of AM1359 E.

coli containing pAM5407 or one of the four variants. Serial dilutions of the cell mixtures were spotted

onto BG-11 + 5% Luria broth (LB) plates and allowed to conjugate overnight at 30�C. After 18–24 h, plates

were underlaid with antibiotic and grown in humidified chambers under medium light (70–100 mmol

photons m�2 s�1) at 30�C until colonies formed (Figure 2A). The mean conjugation efficiency for triplicate

spots was calculated from the total number of colonies formed per spot multiplied by the dilution factor

(Figure 2B). As previously noted, the Y25F mutation in the MobA protein causes the conjugation efficiency

of pAM5408 (Y25F) to drop dramatically, by about four orders of magnitude (Taton et al., 2014). However,

addition of the RK2-bom site to the plasmid leads to a substantial recovery, greater than two orders of

magnitude, of the conjugative efficiency of pAM5409 (RK2-bom) (Figure 2B). pAM5410 (pUC-ori) has about

the same conjugation efficiency as pAM5408, which demonstrates that the addition of the pUC origin of

replication has little effect on conjugation. Similarly, the pUC origin also does not interfere with the addi-

tion of the RK2-bom site, because pAM5411 (pUC-ori, RK2-bom) demonstrated a restoration of conjugative

ability similar to that of pAM5409.

These experiments were repeated in two other strains, Synechocystis PCC 6803 and Leptolyngbya BL0902

(Figures 2C and 2D). The results obtained for Anabaena PCC 7120 were largely consistent across strains;

the addition of the RK2-bom site restored conjugation efficiency by two to four orders of magnitude. How-

ever, we did notice a strain-specific effect of the addition of the pUC replication origin in pAM5410 (pUC-

ori) and pAM5411 (pUC-ori, RK2-bom). In Synechocystis PCC 6803, these plasmids displayed a reduced

conjugation efficiency relative to their control variant (Figure 2C). pAM5410 (pUC-ori) was less efficient

than pAM5408 (Y25F), and pAM5411 (pUC-ori, RK2-bom) was less efficient than pAM5409 (RK2-bom).

The negative effect of the pUC origin was much smaller than the positive effect of the RK2-bom site addi-

tion, such that pAM5411 (pUC-ori, RK2-bom) still had a substantially increased conjugation efficiency

compared with pAM5408 (Y25F). This negative effect of the pUC origin was not seen in Leptolyngbya

BL0902, which closely mirrored the conjugation efficiency results obtained for Anabaena PCC 7120.
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Figure 2. Conjugation Efficiency of RSF1010-Based Plasmids into Three Cyanobacterial Strains

(A) Images of serially diluted 5-mL mating spots of Anabaena PCC 7120 (A7120) harboring one of five RSF1010 plasmid variants.

(B–D) Dot plots of colony counts from triplicate samples of mating plates for Anabaena PCC 7120 (B), Synechocystis PCC 6803 (S6803) (C), and Leptolyngbya

BL0902 (BL0902) (D). Each strain was mated with E. coli conjugal donor strains containing plasmids pAM5407, pAM5408, pAM5409, pAM5410, or pAM5411.

Dots represent colony counts from each replicate sample; error bars show the mean G SEM.
Addition of the mobA Gene In trans

As an alternative to modifying the RSF1010 plasmid backbone itself by the addition of the pUC origin and

RK2-bom, we expressed the RSF1010 mobA gene in trans from a helper plasmid to restore conjugation

efficiency lost by the mobAY25F mutation. We cloned the mobA gene into the helper plasmid pRL623

to create plasmid pAM5505. The mobA gene, including the upstream promoters p1, p2, and p3, and a

fragment ofmobC were cloned into pRL623 at a unique SacI site. Promoters p1 and p3 drivemobA expres-

sion, whereas p2, sandwiched between them, faces the opposite direction and drives expression of the

mobC gene (Figure 1A). MobC seems to play a role in repression of RSF1010 gene expression, as well

as controlling copy number, as an RSF1010 mobC deletion mutant increased plasmid copy number (Frey

et al., 1992). To avoid potential confounding effects of expressing a partial MobC polypeptide, we inserted

a premature stop codon into the mobC gene fragment.

The pAM5505 helper plasmid allowed us to supply a fully functional MobA protein exclusively during

mating from the E. coli conjugal donor strain. pCVD047 and derivative plasmids grown in standard E.

coli cloning strains would therefore remain un-nicked in supercoiled form, allowing for more efficient

purification and better performance in subsequent cloning steps compared with unmodified RSF1010.

pAM5505 carrying the mobA gene was co-transformed with conjugal plasmid pRL443 to generate a new
220 iScience 20, 216–228, October 25, 2019



Figure 3. Conjugation Efficiency of RSF1010-Based Plasmids into Three Cyanobacterial Strains, with MobA Supplied In trans

(A) Images of serially diluted 5-mL mating spots of Anabaena PCC 7120 (A7120) harboring one of five RSF1010 variants.

(B–D) Dot plots of colony counts from triplicate samples of mating plates for Anabaena PCC 7120 (B), Synechocystis PCC 6803 (S6803) (C), and Leptolyngbya

BL0902 (BL0902) (D). Each strain wasmated with E. coli conjugal donor strains containing the helper plasmid pAM5505 producingMobA in trans (tMobA) and

cargo plasmid pAM5407, pAM5408, pAM5409, pAM5410, or pAM5411. Dots represent colony counts from each replicate sample; error bars show the

mean G SEM.
strain of conjugal E. coli, AM5501. This E. coli strain was used in conjugal matings with several cyanobac-

terial strains as described above (Figure 3A). With Anabaena PCC 7120, the addition of MobA in trans

completely restored conjugation efficiency of all RSF1010 plasmid variants to wild-type levels (Figure 3B).

Mating experiments were also performedwith Leptolyngbya BL0902 and Synechocystis PCC 6803. Interest-

ingly, for Synechocystis PCC 6803 we again saw that the addition of the pUC origin of replication resulted in

a strain-specific reduction in conjugation efficiency of one to two orders of magnitude (Figures 2C and 3C).

Again, the effect on conjugation efficiency is much smaller than the restorative effect provided by supplying

MobA in trans, such that pAM5410 (pUC-ori) and pAM5411 (pUC-ori, RK2-bom) still yield substantially

higher conjugation efficiency when MobA is expressed from the pAM5505 helper plasmid. Leptolyngbya

BL0902 conjugation efficiencies using the pAM5505 helper plasmid were similar to those of Anabaena

PCC 7120, such that each RSF1010 variant produced conjugation efficiencies close to those of the wild-

type RSF1010-based plasmid pAM5407 (Figure 3D). Altogether, we consistently observed a rescue of

conjugative ability with the pAM5505 helper plasmid. Compared with adding the RK2-bom, the expression

of MobA in trans from pAM5505 has the benefit of providing backward compatibility with previously gener-

ated pCVD047-derived plasmids. Any pCVD047-derived plasmid should benefit from conjugation with the

pAM5505 helper plasmid without needing to make any modifications to the plasmid itself.
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Conjugation of pAM5404 (RK2-bom) into Mixed Wild Cultures for Strain Isolation

One of the main objectives of this study was to increase the conjugation efficiency of the pCVD047 broad-

host-range plasmid for its transfer into mixed cultures of wild cyanobacteria for the isolation of new genet-

ically tractable strains. Successful conjugation and maintenance of the modified pAM5404 shuttle plasmid

would be demonstrated by resistance to spectinomycin (Sp) and streptomycin (Sm) antibiotics and expres-

sion of the yellow fluorescent protein (YFP) reporter protein.

To test this approach, water samples were collected from several different freshwater locations in Southern

California. Samples were inoculated into liquid BG-11 medium and grown under medium light levels at

30�C until they reached a high density to enrich for cyanobacteria. These mixed wild cultures were then pel-

leted and used for biparental mating with AM1359 E. coli carrying the pAM5404 shuttle plasmid. Then,

25 mL of the mixed cyanobacteria and E. coli donor cells were spotted onto BG-11 + 5% LB plates. After

overnight incubation, spots were scraped from the plates and resuspended in BG-11 liquid medium. Serial

dilutions were then spread onto BG-11 plates containing Sp and Sm to allow for greater distribution of cells

to obtain isolated colonies. Numerous potential exconjugant cyanobacterial colonies with a blue-green co-

lor were formed on the conjugation plates. A total of 48 colonies that had formed 7–14 days after mating

were picked for growth in liquid BG-11 medium containing Sp and Sm. The cultures were analyzed by mi-

croscopy to determine cell size and morphology and decide whether or not the selected colonies were

likely to be exconjugant cyanobacteria versus green algae or diatoms. Twelve isolates containing cyano-

bacteria were selected for further isolation via serial dilution and streaking onto BG-11 plates containing

Sp and Sm and the anti-fungal Benomyl to reduce growth of background fungal contamination.

Most of the samples resulted in the isolation of multiple colonies of one morphological type of cyanobacteria,

and a single representative of four different typeswere selected for further isolation and cultivation.Monoalgal

strains were then examined by fluorescence microscopy, and the four selected strains expressed the YFP

reporter (Figure 4). The 16S rRNA and internal transcribed spacer (ITS) region of each monoalgal strain

were amplified by PCR using a set of cyanobacteria-specific PCR primers, as described (Taton et al., 2003).

PCR products were sequenced, and the phylogenetic relationships between cyanobacterial strains capable

of RSF1010-based vector replication were used to generate a phylogenetic tree (Figure 5). Cyanobacterial

strains that have been previously reported to be genetically tractable are marked with an asterisk, and strains

identified in this work are marked with three asterisks. Branches with no reported genetically tractable strains

were removed or collapsed to condense the tree and highlight those strains capable of genetic manipulation.

A complete list of the genetically tractable strains in Figure 5 is given in Table S1.

Two filamentous strains, designated LC-1 and LC-2, were isolated from cultures sampled from Lake Ca-

chuma, CA (Figures 4A and 4B). Strain LC-1 cells appeared as nearly round single cells to barrel-shaped

cells in short- to medium-length unbranched filaments. Cells in long filaments had a shorter length than

width with an average cell length of 1.5 G 0.4 mm and average cell width of 2.3 G 0.2 mm. Filaments varied

in length, and short filaments or individual cells were easily detached from longer filaments. Cultures grew

well on BG-11 agar plates under medium light and formed small colonies, but LC-1 did not grow well in

shaking liquid BG-11 cultures. YFP expression varied between cells within each filament, which is poten-

tially due to variations in plasmid copy number. BLASTn analysis of LC-1 16S rRNA gene sequence using

the National Center for Biotechnological Information database determined its closest phylogenetic rela-

tive to be Leptolyngbya boryana PCC 6306 (Figure 5).

Strain LC-2 cells were in long filaments, with a rectangular cell morphology, and showed no constrictions

between cells. Cells were longer than wide with an average cell length of 2.3 G 0.6 mm and average cell

width of 1.0 G 0.1 mm. LC-2 cultures grew well in liquid and solid media under medium light. On BG-11

agar plates, filaments did not form discrete colonies but instead filaments radiate and spread to cover large

areas. Variability of YFP expression was noted along filaments. Based on the LC-1 16S rRNA gene

sequence, its closest relatives were identified as being in the polyphyletic genus Leptolyngbya, but in a

different cluster than the LC-1 strain (Figure 5).

The same unicellular coccoid strain was isolated frommultiple water sources in San Diego County, CA, with

identical 16S sequences and cell morphology. One strain, designated OL-1, isolated from Otay Lake, was

selected for characterization (Figure 4C). OL-1 has round or oval cell morphology, occurring as predomi-

nantly round single cells or elliptical cells in pairs. The typical cell was 1.9 G .2 mm long and 1.6 G .3 mm
222 iScience 20, 216–228, October 25, 2019



Figure 4. Micrographs of Exconjugant Cyanobacterial Strains

Four strains exhibiting expression of the aadA gene for spectinomycin/streptomycin resistance and the oRBS-yfp gene for

reporter fluorescence were isolated from wild mixed cultures after conjugation with pAM5404. For all images: left panel,

white-light differential interference contrast image; middle panel, red autofluorescence of photosynthetic pigments;

right panel; green YFP fluorescence. Strains are (A) LC-1, (B) LC-2, (C) OL-1, and (D) EL-1. Scale bars, 5 mm.
wide. Strain OL-1 grew well in liquid and solid BG-11 medium under medium light levels, and cells formed

compact colonies when plated on BG-11 agar. BLASTn analysis of the 16S rRNA gene sequence placed

OL-1 into the genus Synechocystis (Figure 5).

A strain, designated EL-1, was isolated from Eastlake, CA, and forms rod-shaped single cells (Figure 4D).

Under some growth conditions, EL-1 formed pseudofilamentous cells that occasionally have an asymmetric

division that produces a small cell at one end of the filament (not shown). Cells often form stacks of cells

that line up side by side. Strain EL-1 grew well in liquid BG-11 medium under medium light levels, and cells

formed compact colonies when plated on BG-11 agar. BLASTn analysis of the 16S rRNA gene sequence

placed EL-1 in a cluster of the polyphyletic genus Synechococcus that includes S. elongatus PCC 7942

(Figure 5).
Plasmid Stability and Loss of pAM5409

The bioprospecting for genetically tractable strains reported here involved transfer of a modified

RSF1010-based plasmid vector by conjugative mating with E. coli followed by selection for antibiotic-resis-

tant cyanobacteria. The consequence of this is that all isolated wild strains contain the pAM5409 plasmid.

To determine the stability of the pAM5409 plasmid in the wild strains as well as to obtain the original wild

strain lacking the plasmid vector, we designed experiments to monitor loss of pAM5409. Of the wild

strains, two were selected for testing plasmid stability when grown without the selective pressure of an-

tibiotics. Strains Synechocystis OL-1 and Synechococcus EL-1 harboring pAM5409 were chosen because

they formed compact colonies on plates, which facilitates genetic experiments, and showed robust

growth in liquid media.
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Figure 5. Phylogenetic Analysis of 16S rRNA Gene Sequences by Maximum Likelihood

Evolutionary distances were inferred by using the maximum likelihood method based on the Kimura two-parameter model (Kimura, 1980). The tree with the

highest log likelihood (�15732.33) is shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches. Initial

tree(s) for the heuristic search were obtained automatically by applying neighbor joining and BIONJ algorithms to a matrix of pairwise distances estimated

using the maximum composite likelihood approach and then selecting the topology with superior log likelihood value. A discrete gamma distribution was

used to model evolutionary rate differences among sites (five categories [+G, parameter = 0.7089]). The rate variation model allowed for some sites to be

evolutionarily invariable ([+I], 60.75% sites). The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. The analysis
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Figure 5. Continued

involved 78 nucleotide sequences. It was then trimmed for size and to remove some branches with no genetically tractable strains and to collapse

clades. There were a total of 1,281 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 (Kumar et al., 2016). Cyanobacterial

morphological subsections I–V are described in Bergey’s Manual of Systematic Bacteriology Vol. 1 (Pierson and Castenholz, 2001). Single asterisks mark

strains amenable to genetic manipulations (see also Table S1), and triple asterisks mark the four genetically tractable strains isolated by bioprospecting

in this work.
The OL-1 and EL-1 strains were grown continuously for 30 days with no antibiotics and subcultured into

fresh medium about every 7 days when cultures neared stationary phase to ensure that cells were contin-

ually dividing. At day 30, samples were removed, serially diluted, and spread onto BG-11 plates to allow

formation of individual colonies. Fifty-seven colonies of each strain were picked and patched onto BG-

11 plates with and without antibiotics to test for loss of antibiotic resistance. Of the 57 OL-1 colonies,

2 had lost antibiotic resistance and failed to grow under antibiotic selection, but still grew on non-selective

media. All the 57 EL-1 colonies grew under antibiotic selection, so liquid cultures of EL-1 were grown with

further subculturing, and colony selection and antibiotic testing was done at 60, 90, and 120 days. At 60 and

90 days, 114 colonies were selected, and all grew under antibiotic selection. However, after 120 days of

growth, 41 of 114 tested colonies had lost antibiotic resistance.

Cells from antibiotic-sensitive patches on plates were streaked onto fresh plates with and without

antibiotic to confirm loss of antibiotic resistance, and new liquid cultures were grown from individual

colonies. We further confirmed the lack of the pAM5409 plasmid in the antibiotic-sensitive cultures

by PCR (Figure S1). These experiments showed that the plasmid was stably maintained in the majority

of cells in a culture population even without antibiotic selection, and also that it is feasible to cure the

strains of the exogenous plasmid. These cured wild-type strains can serve as platforms for genetic

experiments using any RSF1010-derived plasmid vector. Overall, these experiments show the promise

of bioprospecting for diverse cyanobacterial strains possessing a wide range of physiological character-

istics that are genetically tractable for further experimentation and potential biotechnological

applications.

DISCUSSION

Bioprospecting harnesses the diversity of natural organisms as a source for useful strains and molecules.

Many biotechnological applications of cyanobacteria require genetic engineering; therefore, it is neces-

sary to identify strains that are amenable to genetic manipulation. In this work, we present a method for

specifically isolating genetically tractable strains from environmental samples by performing conjugal mat-

ing of broad-host-range plasmids into mixed cultures enriched for cyanobacteria. Antibiotic selection fol-

lowed by screening for YFP reporter expression was used for the isolation and identification of genetically

tractable strains. The potential applications for this bioprospecting strategy are diverse.

The ability to readily identify genetically tractable strains would facilitate the development of new strains

for basic research, investigations of natural products, metabolic engineering, and biomanufacturing. An

increasing number of strains have been shown to be amenable to genetic manipulations in recent years

(Figure 5). Cyanobacteria are a potent source of genetic diversity for the identification of novel bioactive

compounds such as antimicrobial, anti-inflammatory, and anti-cancer agents (Brito et al., 2015; Montalvão

et al., 2016). To harness this untapped potential, it is helpful to use genetic approaches to study andmodify

these organisms. Availability of efficient, easy-to-use broad-host-range plasmids such as those described

in this work will make that process much easier. Our bioprospecting approach ensures that the identified

strains can replicate a broad-host-range plasmid so that they can be genetically modified for the produc-

tion of fuels, feeds, or secondary metabolites, as well as to probe novel endogenous biosynthetic

pathways.

RSF1010-based plasmids have been used extensively for gene expression in a wide variety of bacteria,

including strains of cyanobacteria (Sode et al., 1992; Mermet-Bouvier et al., 1993; Tolonen et al., 2006;

Meyer, 2009). The innate transmissibility of RSF1010-based plasmids, although helpful for efficient conju-

gation, makes it difficult to use these plasmids with standard plasmid preparation and DNA-cloning tech-

niques. Although impairing the nicking activity of the RSF1010 MobA protein facilitates cloning manipula-

tions, it significantly reduces conjugation efficiency. We addressed this problem by editing the plasmid and

conjugation system to restore conjugation efficiency. We present two methods of restoring plasmid trans-

missibility while retaining the ease of use for DNA preparation and recombinant DNA manipulations. One
iScience 20, 216–228, October 25, 2019 225



was to circumvent the necessity of the MobA protein by adding a secondary bom/oriT site for the initiation

of transfer, allowing pAM5404 (RK2-bom) and pAM5406 (pUC-ori, RK2-bom) to take advantage of the RK2

conjugation system of the standard conjugal E. coli strains used for cyanobacterial genetics. The second

method was to move a functional MobA protein onto a helper plasmid in the conjugal donor strain. Ex-

pressed in trans, MobA was capable of restoring pCVD047 conjugation efficiency to near-original levels.

Limiting the functional mobilization machinery, by either method, to the conjugal donor strain used during

the mating process means that the RSF1010-based plasmid vectors are protected fromMobA’s nicking ac-

tivity during cloning experiments.

Addition of a second high copy number origin of replication, derived from pUC19, to the pCVD047

replicon donor fragment significantly increased the amount of plasmid DNA generated during plasmid

preparation. This will be helpful for all cloning applications. However, there were strain-specific impacts

on transmission or replication for plasmids containing this origin. Addition of the pUC19 origin does not

seem to affect the number of antibiotic-resistant exconjugant colonies for RSF1010 variants in Leptolyng-

bya BL0902 or Anabaena PCC 7120, whereas there was a substantial decrease in Synechocystis PCC 6803.

Indeed, compared with their counterpart plasmids with and without the RK2-bom site, shuttle plasmids

pAM5410 (pUC-ori) and pAM5411 (pUC-ori, RK2-bom) demonstrated significantly lower conjugation effi-

ciency. This decreased conjugation efficiency was seen both with and without MobA in trans. The imme-

diate cause of this effect is unknown; however, we have a few speculations. The addition of the pUC19

origin might interfere with the native plasmid replication process in Synechocystis PCC 6803, or Synecho-

cystis PCC 6803 may possess an innate defense mechanism against high copy number plasmids. Never-

theless, even with the decrease in conjugation efficiency, both addition of the RK2-bom site and supply-

ing mobA in trans from a helper plasmid still restored transmissibility compared with the RSF1010

mobAY25F mutant in Synechocystis PCC 6803.

Cyanobacteria have been genetically modified to express fuel and plastic precursor molecules such as

ethanol, isobutanol, isobutyraldehyde, alkanes, hydrogen, and free fatty acids (Schirmer et al., 2010; Ducat

et al., 2011; Quintana et al., 2011; Hays and Ducat, 2015; Lee et al., 2017). Cyanobacteria and other micro-

algae will be valuable platforms for the production of renewable biomass, feedstock, and fertilizer. Tradi-

tional agriculture has benefitted from millennia of crop development, genetic manipulation through

selective breeding, and more recently, direct genetic modification of agricultural staples such as corn

and wheat. These strategies can be adapted to accelerate the process of domesticating algae and cyano-

bacteria and to engineer them for optimal performance. The broad-host-range-based genetic toolkit

described in this work could be an integral part of a future where algae-based agriculture is an efficient

and renewable source of a range of materials, nutritional products, and fuel compounds.
Limitations of the Study

For cyanobacterial bioprospecting, there were a few hurdles to overcome during the mating and

strain isolation process. BG-11 medium supports the growth of eukaryotic algae, which led to high back-

ground levels of algae after conjugation. This may be overcome by treating cultures with

eukaryotic-specific antibiotics such as cycloheximide or by raising the pH of growth media to enrich

for cyanobacteria, which typically grow well at high pH. Wild cultures also tend to form microbial commu-

nities and biofilms. Many microorganisms survived antibiotic treatment, including heterotrophic bacteria,

fungi, and eukaryotes, and often formed mats or clumps. Fluorescence microscopy showed that some

bacteria in these communities survived antibiotic selection, but did not express the YFP reporter. It is

possible that these communities protect sensitive organisms from the antibiotic and that procedures or

culture conditions that break up the communities would improve the differential selection of genetically

tractable strains.
METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1. Plasmid detection by PCR in strains having lost antibiotic resistance, related to Figure 4. 
Lane 1: 100-bp DNA ladder (NEB). Lane 2: Positive control using pAM5409 template DNA. Lane 3: OL1 
clone (#30) having lost antibiotic resistance. Lane 4: OL1 clone (#52) maintaining antibiotic resistance. 
Lane 5: EL1 clone (#44) having lost antibiotic resistance. Lane 6: EL1 clone (#42) maintaining antibiotic 
resistance. Lane 7: 100-bp DNA ladder. 
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Table S1. Genetically Tractable Cyanobacterial Strains, Related to Figure 5. 

Strain Morphological 
Subsection 

Transformation 
Method 

Reference 

Chlorogloeopsis fritschii sp. 
PCC 9212 

V Conjugation (Stucken et al., 2012) 

Chlorogloeopsis fritschii sp. 
PCC 6912 

V Conjugation (Stucken et al., 2012) 

Fischerella muscicola sp. 
PCC 7414 

V Conjugation (Stucken et al., 2012) 

Anabaena variabilis ATCC 
29413 

IV Electroporation (Thiel, T.; Poo, 1989) 

Anabaena sp. PCC 7120 IV Conjugation (Wolk et al., 1984) 
Tolypothrix sp. PCC 7601 
(Fremyella diplosiphon 
Fd33) 

IV Electroporation (Tabatabai et al., 2017) 

Nostoc punctiforme sp. PCC 
73102 

IV Conjugation (Flores and Wolk, 1985) 

Chroococcidiopsis thermalis 
sp. PCC 7203 

II Electroporation, 
Conjugation 

(Billi et al., 2001) 

Arthrospira platensis sp. C1 III Liposome complex (Jeamton et al., 2017) 
Arthrospira platensis sp. 
UTEX 2340 

III Conjugation (Dehghani et al., 2018) 

Synechocystis sp. WHSyn I Conjugation (Taton et al., 2014) 
Synechocystis sp. PCC 6803 I Conjugation (Kreps et al., 1990) 
Leptolyngbya (Plectonema) 
boryanum sp. PCC 73110 

III Conjugation (Vachhani, Iyer and Tuli, 
1993) 

Microcystis aeruginosa sp. 
PCC 7806 

I Transformation (Dittmann et al., 1997) 

Synechococcus sp. PCC 7002 I Transformation (Buzby, Porter and Stevens, 
1983) 

Cyanothece sp. PCC 8801 I Electroporation (Min and Sherman, 2010) 
Synechococcus elongatus 
sp. PCC 7942 

I Transformation (Golden and Sherman, 1984) 

Synechococcus sp. UTEX 
2973 

I Transformation (Yu et al., 2015) 

Synechococcus elongatus 
sp. UTEX 3055 

I Transformation (Yang et al., 2018) 

Synechococcus sp. CC9605 I Conjugation (Dupont et al., 2012) 
Synechococcus sp. CC9311 I Conjugation (Dupont et al., 2012) 
Synechococcus sp. WH 8102 I Conjugation (Brahamsha, 1996) 
Leptolyngbya sp. BL0902 III Conjugation (Taton et al., 2012) 
Acaryochloris marina sp. 
MBIC11017 

I Conjugation (Tsuchiya et al., 2012) 

Pseudanabaena sp. PCC 
7367 

III Conjugation (Sode et al., 1992) 
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Thermosynechococcus 
elongatus sp. BP-1 

I Transformation (Onai et al., 2004) 

Gloeobacter violaceus sp. 
PCC 7421 

I Conjugation (Araki et al., 2013) 

Synechocystis sp. OL-1 I Conjugation This work 
Leptolyngbya sp. LC-1 III Conjugation This work 
Leptolyngbya sp. LC-2 III Conjugation This work 
Synechococcus sp. EL-1 I Conjugation This work 
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Table S2. Strains and plasmids, Related to Figures 1, 2, and 3. 

Strain Description Resistance Source or 
reference 

E. coli Strains    
DH10B Cloning strain  Gibco BRL 
AM1359 Conjugal donor strain Ap, Tc, Cm (Yoon and 

Golden, 
1998) 

AM5501 E. coli DH10B harboring modified helper plasmid 
pAM5505 and conjugal plasmid pRL443 

Ap, Tc, Cm This work 

Cyanobacterial Strains    
Anabaena sp. PCC 
7120 

Wild type  Laboratory 
collection 

Leptolyngbya sp. 
BL0902 

Wild type  (Taton et 
al., 2012) 

Synechocystis sp. PCC 
6803 

Wild type  Laboratory 
collection 

LC-1 Cyanobacterial strain isolated from Lake Cachuma, 
CA 

 This work 

LC-2 Cyanobacterial strain isolated from Lake Cachuma, 
CA 

 This work 

OL-1 Cyanobacterial strain isolated from Otay Lake, CA  This work 
EL-1 Cyanobacterial strain isolated from Eastlake, CA  This work 
    
Plasmids Description Resistance Source or 

reference 
pRL443 Conjugal plasmid, Km-sensitive derivative of RP4 Ap (Elhai et 

al., 1997) 
pRL623 Helper plasmid carrying Mob, ColK, and methylase 

genes M.AvaI, M.Eco47II, M.EcoT22I 
Cm (Elhai et 

al., 1997) 
pCVD002  CYANO-VECTOR plasmid containing aadA (Sp/Sm 

resistance) 
Sp/Sm (Taton et 

al., 2014) 
pCVD044  CYANO-VECTOR plasmid containing oRBS-yfp Ap (Taton et 

al., 2014) 
pCVD046 CYANO-VECTOR plasmid containing RSF1010 

mobilization-replication region from mobC to repC 
Ap (Taton et 

al., 2014) 
pCVD047 CYANO-VECTOR plasmid containing RSF1010 

region from pCVD046 with substitution mutation 
Y25F in the mobA gene, which inactivates MobA 
nicking activity 

Ap (Taton et 
al., 2014) 

pCVD062 CYANO-VECTOR plasmid containing RP4 oriT Ap (Taton et 
al., 2014) 

pAM5404 pCVD047 with addition of RK2-bom site derived 
from pCVD062 

Ap This work 

pAM5405 pCVD047 with addition of pUC19 origin of 
replication 

Ap This work 
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pAM5406 pCVD047 with addition of both RK2-bom site and 
pUC19 origin of replication 

Ap This work 

pAM5407 Seamless assembly of the RSF1010 replication 
region (pCVD046), aadA (Sp/Sm resistance, 
pCVD002) and oRBS-YFP (pCVD044). 

Sp/Sm This work 

pAM5408 Seamless assembly of pCVD047, aadA (Sp/Sm 
resistance, pCVD002), and oRBS-YFP (pCVD044). 

Sp/Sm This work 

pAM5409 Seamless assembly pAM5404, aadA (Sp/Sm 
resistance, pCVD002), and oRBS-YFP (pCVD044). 

Sp/Sm This work 

pAM5410 Seamless assembly of pAM5405, aadA (Sp/Sm 
resistance, pCVD002), and oRBS-YFP (pCVD044). 

Sp/Sm This work 

pAM5411 Seamless assembly of pAM5406, aadA (Sp/Sm 
resistance, pCVD002), and oRBS-YFP (pCVD044). 

Sp/Sm This work 

pAM5505 pRL623 helper plasmid with RSF1010 mobA gene 
inserted at unique SacI site 

Cm This work 
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Table S3. DNA oligonucleotide primers, Related to Figures 1, 2, and 3. 
Primer Name Primer Sequence Source 

RK2BOM_F accctgctgattggttcgctgaccgTAGACTGGTTGGCTTGGTTTC This work 
RK2BOM_R gacgtccgcgcgcgcgcgcgcgatgTCGCACGATATACAGGATTTTG This work 
RSF_hom_F-pUC_F accctgctgattggttcgctgaccgTAGACTGGTTGGCTTGGTTTC This work 
RSF_hom_R-pUC_R gacgtccgcgcgcgcgcgcgcgatgaaaggccaggaaccgtaaa This work 
pUC_hom_R-RK2BOM_R caaaaaggatcttcacctagatccTCGCACGATATACAGGATTTTG This work 
RK2BOM_hom_F-pUC_F CAAAATCCTGTATATCGTGCGAggatctaggtgaagatcctttttg This work 
pRL623_mobA_Gib_F ATCTCCCTACCGATGAATTCGAGCTcaggtagaccgaccctgaag This work 
pRL623_mobA_Gib_R TAAATATTGAATAGGGTACCGAGCTtcagggctgaatttcggcattgatt This work 

16S27F AGAGTTTGATCCTGGCTCAG 

(Wilmotte, 
Van der 
Auwera and 
De 
Wachter, 
1993) 

23S30R CTTCGCCTCTGTGTGCCTAGGT 
(Taton et 
al., 2003) 

16S378F GGGGAATTTTCCGCAATGGG 

(Nübel, 
Garcia-
Pichel and 
Muyzer, 
1997) 

16S784R GGACTACWGGGGTATCTAATCCC* 

(Nübel, 
Garcia-
Pichel and 
Muyzer, 
1997; Taton 
et al., 2003) 

* W indicates an A/T nucleotide degeneracy. 
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Transparent Methods 

Strains and growth conditions 

Strains and plasmids are listed in Table S2. E. coli strains were grown in Lennox broth medium 
(LB) at 37°C on agar plates or in glass tubes on a roller with appropriate antibiotics. Cyanobacterial 
culture and growth conditions were as previously described (Taton et al., 2012). Unless otherwise noted, 
cyanobacterial strains were grown in BG-11 medium at 30°C in 100-mL liquid medium shaking in 250-mL 
flasks or on BG-11 agar plates containing appropriate antibiotics. Cultures were grown at 70-100 µmol 
photons m-2 s-1. Light measurements were made with a QSL2100 PAR Scalar Irradiance sensor 
(Biospherical Instruments, San Diego, CA). 

Construction of pCVD047 Plasmid Variants 

Plasmid pCVD047 (RSF1010 mobAY25F) is a CYANO-VECTOR donor plasmid that contains the 
RSF1010 mobilization-replication region from mobC to repC with a mobAY25F mutation that improves 
plasmid yields for cloning experiments (Taton et al., 2014). DNA oligonucleotide primers used for cloning 
and sequencing are listed in Table S3. To construct pAM5404, pAM5405, and pAM5406, pCVD047 was 
digested at a unique site with restriction enzyme NheI (New England Biolabs; NEB), and the following 
DNA fragments were inserted using the GeneArt Seamless Cloning and Assembly Kit (Invitrogen). 
pAM5404 - RK2 bom site: The RK2 bom site was amplified from pCVD062 with primers RK2BOM_F and 
RK2BOM_R. pAM5405 - pUC19 origin of replication: pUC19 ori amplified from pUC19 with primers 
RSF_hom_F-pUC_F and RSF_hom_R-pUC_R. pAM5406 - RK2 bom and pUC origin of replication: The RK2 
bom site was amplified from pCVD062 with primers RK2BOM_F and pUC_hom_R-RK2BOM_R. The 
pUC19 ori was amplified with primers RK2BOM_hom_F-pUC_F and RSF_hom_R-pUC_R. High-fidelity 
polymerase Q5 (NEB) was used in all PCR reactions, and products confirmed by sequencing. 

Quantification of plasmid recovery from E. coli 

E. coli strain DH10B carrying different variants of RSF1010-based plasmids and control plasmid 
pACYC184 were grown for 16 h at 37°C in 2 mL LB medium to stationary phase. Plasmid DNA was 
purified using the Spin Miniprep Kit (Qiagen) from equal amounts of cells determined by OD600. 5 µl (10 
percent) of the recovered plasmid DNA was linearized by digestion with EcoRV-HF enzyme and then 
analyzed by electrophoresis on 0.7% agarose gels stained with SYBR-Safe using a FluorChem HD2 gel 
camera (Alpha Innotech). Band densities were calculated using ImageJ software (NIH) from triplicate 
samples. 

Construction of helper plasmid pAM5505 containing the mobA gene 

The mobA gene was amplified from pCVD046 using the primers pRL623_mobA_Gib_F and 
pRL623_mobA_Gib_R. The PCR product includes the three native RSF1010 promoters p1, p2, and p3 
upstream of mobA (Fig. 1), and part of mobC. A premature stop codon was placed into the mobC gene to 
avoid production of a partial MobC polypeptide (Katashkina et al., 2007). The PCR fragment containing 
mobA and the helper plasmid pRL623 digested at its unique SacI site were assembled via seamless 
assembly to produce pAM5505. 

Assembly of Shuttle Vectors 

Shuttle plasmids carrying the new RSF1010 replicon derivatives, a spectinomycin/streptomycin 
resistance device (aadA), and a reporter device composed the synthetic consensus promoter PconII and 
an optimized ribosome binding site upstream of the yfp gene (oRBS-YFP) were assembled using GeneArt 
Seamless Cloning following the CYANO-VECTOR platform guidelines (Taton et al., 2014).  
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Bi-parental conjugal mating 

We performed bi-parental conjugations in which an E. coli conjugal donor strain containing both 
conjugal and helper plasmids is transformed with the cargo plasmid prior to conjugation with the 
cyanobacterial recipient strains. Day 0: Electrocompetent DH10B cells carrying conjugal plasmid pRL443 
and helper plasmid pRL623 (Elhai et al., 1997) or pAM5505 were electroporated with 10 ng of cargo 
plasmid DNA and incubated in SOC medium at 37° C for 1 hour. Cells were then plated on LB (Lennox) 
plates with chloramphenicol, ampicillin, spectinomycin, and streptomycin and incubated overnight at 
37° C. 

Day 1: Single E. coli colonies were selected and grown overnight in LB with antibiotics. To 
facilitate obtaining quantitative conjugation efficiencies, filamentous cyanobacteria were fragmented to 
short filaments by probe sonication at 20% amplitude for 50 sec. (5 sec. on/off), sedimented, and 
allowed to recover overnight in fresh BG11. 

Day 2: 1.8 mL E. coli culture was collected by centrifugation and, washed twice with LB to 
remove antibiotics, and then resuspended in 200 µl LB. Five mL of an actively dividing cyanobacterial 
culture was pelleted by centrifugation, washed with BG-11, and resuspended in 1 mL BG-11. The entire 
volume of E. coli cells and cyanobacterial cells were then mixed, collected by centrifugation at 4000 g for 
5 minutes at room temperature, and resuspended in 200 µl BG-11. Serial dilutions were made, and 5 µl 
of each dilution spotted onto 40 mL BG-11+5% LB (v/v) solidified with 1.5% Bacto agar in Petri plates. 
Plates were incubated overnight at 30°C in low light (10-20 μmol photons m−2 s−1). 

Day 3: Plates were underlaid with 400 µl 100 x antibiotic solution containing Sp and Sm (200 
µg/mL each) in BG-11 and transferred to higher light (70-100 μmol photons m−2 s−1) in a humidified 
chamber. 

Day 10-14: Colonies were counted using a dissecting microscope on the least diluted spot from 
which single colonies could be identified. Colony counts ranged from 1-32 colonies/spot. Conjugation 
efficiency was calculated by multiplying the number of colonies by the dilution factor and reporting the 
mean of triplicate samples. 

Environmental samples 

Strains LC-1 and LC-2 were derived from a culture sampled from Lake Cachuma, CA. Strain EL-1 
was derived from a culture sampled from Eastlake, CA. Strain OL-1 was derived from a culture sampled 
from Otay Lake, CA. Bi-parental mating assay was performed with mixed cultures as above, with the 
following changes: 400 μl E. coli (instead of 1.8 mL) and 1 mL mixed culture was used (instead of 5). All 
environmental samples were sonicated prior to conjugal mating to break up cell aggregates. Serial 
dilutions were plated on BG-11+5% LB medium for 24 h. The entire spot was then transferred to BG-11 
plates containing spectinomycin and streptomycin but without LB, to minimize contamination by other 
bacteria. Isolated antibiotic-resistant colonies were grown in 100 mL BG-11 in 250 mL flasks and 
subjected to repeated streaking and serial dilution under antibiotic selection to isolate individual strains. 

Monoalgal cultures of each strain were grown at 30°C in 70-100 μmol photons m−2 s−1 light. 
Cultures were pelleted by centrifugation and total DNA collected via CTAB and phenol-chloroform 
extraction (Golden, Whorff and Wiest, 1991). The 16S rRNA gene and the Internal Transcribed Spacer 
(ITS) between the 16S  and 23S rRNA genes were amplified with cyanobacterial-specific primer pair 
16S27F/23S30R as described previously (Taton et al., 2003). Sequencing reactions using primers 
16S378F and 16S784R were performed by GENEWIZ (South Plainfield, NJ).  
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Curing strains of RSF1010-based vector plasmids 

Cultures of OL-1 and EL-1 were grown in BG-11 medium at 30°C without antibiotics for 30 and 
45 days, respectively, in 150 μmol photons m−2 s−1 light, and passaged regularly when cultures reached 
high density (OD750 > .7).  

At day 30, each culture was serial diluted onto BG-11 agar plates and incubated for 7 days in a 
humidified chamber under same growth conditions to isolate single cyanobacterial colonies. Single 
colonies were picked from these plates and patched onto BG-11 plates both with and without Sp/Sm 
antibiotics. Of 57 OL-1 colonies patched, 2 failed to grow on Sp/Sm. No EL-1 colonies displayed 
diminished growth on antibiotics after 30 days, so growth of the EL-1 culture was extended. At days 45, 
60, and 90, the process was repeated, with 114 colonies selected at each time point, and none showed 
diminished growth when exposed to antibiotics. At day 120, 41 of 114 colonies selected failed to grow 
on antibiotic-containing media. Plasmid loss was further confirmed by fluorescence microscopy that 
showed no detectable YFP expression in the two clonal strains and PCR with RSF1010-specific 
sequencing primers. 

Microscopy  

Delta Vision (Applied Precision, Inc.) microscope comprised of an Olympus IX71 inverted 
microscope using 40x/0.9, 60x/1.35, and 100x/1.40 objectives and CoolSNAP HQ2/ICX285 camera. A 
TRITC filter (EX555/28, EM617/73) was used to image cyanobacterial autofluorescence, and a YFP 
(EX500/20, EM535/30) filter was used to image YFP expression. Images were acquired using Resolve3D 
softWoRx-Acquire v. 4.0.0. Figures were assembled using Adobe Photoshop CC. 
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