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ABSTRACT Development of genome-editing tools in diverse microbial species is an 
important step both in understanding the roles of those microbes in different environ­
ments, and in engineering microbes for a variety of applications. Freshwater-specific 
clades of Actinobacteria are ubiquitous and abundant in surface freshwaters world­
wide. Here, we show that Rhodoluna lacicola and Aurantimicrobium photophilum, which 
represent widespread clades of freshwater Actinobacteria, are naturally transformable. 
We also show that gene inactivation via double homologous recombination and 
replacement of the target gene with antibiotic selection markers can be used in both 
strains, making them convenient and broadly accessible model organisms for freshwater 
systems. We further show that in both strains, the predicted phytoene synthase is the 
only phytoene synthase, and its inactivation prevents the synthesis of all pigments. 
The tools developed here enable targeted modification of the genomes of some of 
the most abundant microbes in freshwater communities. These genome-editing tools 
will enable hypothesis testing about the genetics and (eco)physiology of freshwater 
Actinobacteria and broaden the available model systems for engineering freshwater 
microbial communities.

IMPORTANCE To advance bioproduction or bioremediation in large, unsupervised 
environmental systems such as ponds, wastewater lagoons, or groundwater systems, 
it will be necessary to develop diverse genetically amenable microbial model organisms. 
Although we already genetically modify a few key species, tools for engineering more 
microbial taxa, with different natural phenotypes, will enable us to genetically engineer 
multispecies consortia or even complex communities. Developing genetic tools for 
modifying freshwater bacteria is particularly important, as wastewater, production ponds 
or raceways, and contaminated surface water are all freshwater systems where micro­
bial communities are already deployed to do work, and the outputs could potentially 
be enhanced by genetic modifications. Here, we demonstrate that common tools for 
genome editing can be used to inactivate specific genes in two representatives of a very 
widespread, environmentally relevant group of Actinobacteria. These Actinobacteria are 
found in almost all tested surface freshwater environments, where they co-occur with 
primary producers, and genome-editing tools in these species are thus a step on the way 
to engineering microbial consortia in freshwater environments.

KEYWORDS genome editing, transformation, selectable markers, freshwater, 
Actinobacteria, carotenoids

D iversification of genetically amenable bacterial systems is critically important for 
advancing bioproduction, bioprospecting, and biodegradation. The workhorse 

model organisms such as Escherichia coli or Saccharomyces cerevisiae are relatively easily 
modified, but starting with an organism that already has all or some of the desired 
metabolic capabilities or environmental tolerances would mean that fewer genomic 
modifications are required (1–3). To have a library of genetically tractable organisms that 
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can operate in the full range of environmental conditions, we need a broad phylogenetic 
and phenotypic range of microbes that can be genetically engineered.

In freshwater environments, freshwater-specific clades of low-GC Actinobacteria 
comprise up to 60% of the bacteria in surface waters and likely mediate much of the 
heterotrophic conversion of dissolved organic carbon to CO2 and buried biomass (4–
16). Globally, metagenomic analyses in combination with geochemical measurements 
have indicated that freshwater Microbacteriaceae play key roles in carbon, nitrogen, 
phosphorus, and sulfur cycling in lakes and ponds, from coastal lagoons in South 
America to bogs and ponds in the American Midwest, to alpine lakes in Europe and 
Asia (7, 8, 16, 17). Genome analysis of these freshwater strains indicates that they form 
coherent clades within the Microbacteriaceae family of Actinobacteria and have quite 
similar, very small, genomes (<2 Mbp) (18–24). Despite their limited genomic resources, 
they are keystone species in freshwater metabolic networks (18, 25–29), and may also be 
useful bioindicators of trophic status (30).

Because these clades are ubiquitous and abundant, understanding their genetics, 
metabolism, and ecophysiology is fundamental to understanding freshwater biogeo­
chemistry. However, no genome-editing tools yet exist for any of the freshwater-spe­
cific clades—the closest relatives in which genes can be inactivated or heterologously 
expressed are phytopathogenic Clavibacter spp. (31–33), which are high-GC species with 
larger genomes (34). Investigation into the functions of specific genes in freshwater 
Actinobacterial clades has thus relied on heterologous expression in model organisms 
such as E. coli until now (35, 36).

A broad understanding of how and why freshwater Actinobacteria dominate in 
diverse freshwater environments will require systems-level tools for genome editing 
and analysis. Therefore, our goal was to develop tools for targeted gene inactivation in 
Rhodoluna (R.) lacicola strain MWH-Ta8, representative of the Luna-1 clade of freshwa­
ter Actinobacteria (12, 19), and Aurantimicrobium (A.) photophilum strain MWH-Mo1, 
representative of the Luna2/acIII clade (20). Isolates from these clades tend to be brightly 
colored due to carotenoid pigments (17). The crtB gene, encoding the first committed 
step in carotenoid biosynthesis, was chosen for these proof-of-principle experiments 
because of the ubiquity of carotenoids in these strains (17, 35), the lack of existing 
biochemical data about pigment biosynthesis in freshwater Actinobacteria (37) and 
because we previously isolated a spontaneous mutant in the crtB gene of R. lacicola. 
Inactivation of this gene via a point mutation that introduces an early stop codon caused 
a loss of pigmentation but had no effect on growth (38). We show that R. lacicola can take 
up DNA via natural transformation with either linear and plasmid DNA or via electropo­
ration with plasmid DNA and that A. photophilum can take up linear DNA via natural 
transformation. Targeted gene inactivation is possible in both strains using antibiotic 
selection for double homologous recombination, enabling the characterization of the 
roles of specific genes and pathways in the ecophysiology of this group of keystone 
organisms in freshwater environments.

MATERIALS AND METHODS

Strains and growth conditions

Genome-editing tools were developed for two cultures: Rhodoluna lacicola MWH-Ta8 
(19) and Aurantimicrobium photophilum MWH-Mo1 (20). The R. lacicola culture is 
available at the DSMZ culture collection under strain no. 23834; its genome sequence 
is available at NCBI under accession no. GCA_000699505.1. The A. photophilum culture is 
available at the DSMZ under strain no. DSM 107758 and its genome sequence is available 
at NCBI under accession no. GCA_003194085.1. Both strains were grown aerobically 
either in NSY medium [per liter: 10 mL 100× inorganic basal medium with 1 g L−1 each 
nutrient broth, soytone, and yeast extract (12)] supplemented with vitamin B12 (1 mg 
mL−1) and sodium thiosulfate (50 mM), or in minimal media composed of, per liter, 
10 mL 100× inorganic basal medium (12) with 1 g NaCl, 0.4 g MgCl2 × 6H2O, 0.1 g 
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CaCl2 × 2H2O, 0.2 g KH2PO4, 0.5 g KCl, 1 g NH4Cl, and 50 µM thiosulfate. The pH was 
adjusted to 8.0, and after autoclaving, the medium was supplemented with (per liter) 
40 mg L-asparagine, 40 mg L-cysteine, 1 mL 1,000 × 8-vitamin mix, 1 µg L−1 vitamin B12, 
and 0.1% (vol/vol) D-fructose. The 8-vitamin mix was composed of 100 mg mL−1 each 
thiamine-HCl, D-Calcium pantothenate, folic acid, nicotinic acid, 4-aminobenzoic acid, 
pyridoxine-HCl, lipoic acid, and biotin.

Solid NSY and minimal medium had the same compositions, solidified with 15 g 
L−1 agar. For R. lacicola, the medium was supplemented with ampicillin (20 µg mL−1), 
chloramphenicol (20 µg mL−1), kanamycin (30 µg mL−1), or tetracycline (10 µg mL−1), 
as appropriate. For A. photophilum, the medium was supplemented with ampicillin (75 
µg mL−1). Cells in liquid culture were grown at 30°C with shaking (~150 rpm); cells on 
solid medium were incubated at room temperature (~26°C). When applicable, growth in 
liquid culture was quantified by measuring optical density (OD) at 600 nm using a Fisher 
Scientific BioMate 3S UV-Vis spectrophotometer.

For plasmid propagation, E. coli strain NEB 5-alpha (New England Biolabs, catalog # 
C2987H) was grown on liquid or solid LB medium supplemented with ampicillin (100 
µg mL−1), chloramphenicol (34 µg mL−1), kanamycin (30 µg mL−1), or tetracycline (15 µg 
mL−1), as appropriate.

Antibiotic sensitivity assays

R. lacicola was grown in liquid NSY medium until late exponential phase, then harvested 
by centrifugation (5,000 rpm, 20 min) and resuspended in NSY medium. Cell suspensions 
were spread on solid NSY medium and sensitivity to the antibiotics ampicillin, chloram­
phenicol, kanamycin, streptomycin, and tetracycline was assessed by agar disk diffusion 
assays. Solutions of antibiotics (20 µg mL−1 or 200 µg mL−1) were applied to 6 mm paper 
disks (BBL item no. 231039) and air-dried. The dried disks were then placed on the R. 
lacicola lawns and the plates were incubated until growth was visible. The presence of a 
zone of no growth around the plates indicated sensitivity.

A. photophilum was grown in liquid NSY medium until late exponential phase, then 
harvested by centrifugation (5,000 rpm, 20 min) and resuspended in NSY medium to 
an optical density at 600 nm (OD600 nm) of 0.05. A series of 10-fold dilutions (10−1 to 
10−4) were prepared. Then 1 µL of each dilution was placed on solid NSY medium with 
different concentrations of antibiotics and allowed to sink into the medium without 
spreading. All trials were done in triplicate. The plates were incubated at 29°C for 5 days, 
then growth was evaluated.

Gene inactivation constructs

To inactivate crtB using double homologous recombination, linear constructs 
were synthesized using double-joint PCR (39). First, ~500 bp regions upstream 
and downstream of crtB (locus tag rhola_00010860) were amplified from R. 
lacicola genomic DNA using KOD-ONE polymerase master mix (Sigma Aldrich, 
item no. KMM-101NV) and primers Ta8_crtB_US_Fp/ Ta8_crtB_US_Rp_TcR and 
Ta8_crtB_DS_Fp_TcR/Ta8_crtB_DS_Rv, respectively (Table S1); the reverse primer for the 
upstream region and the forward primer for the downstream region also included 20–24 
nucleotides homologous to the selectable marker to be used. The selectable markers 
were amplified using primers that were the reverse/complement of the upstream reverse 
and downstream forward primers from the flanking regions. A second round of PCR 
was then done using the products of the first three reactions as primers (39). Then, 
the product of the second reaction was used as the template for PCR using primers 
Ta8_crtB_US_Fp and Ta8_crtB_DS_Rv to amplify the full-length construct. The antibiotic 
resistance gene was inserted in-frame in the crtB locus because we have observed that 
crtB is expressed throughout the cell cycle, though expression levels vary (40).

The same approach was used to produce an inactivation construct to replace crtB 
(AURMO_01714) with bla (a beta-lactamase providing ampicillin resistance, amplified 
from pUC19) in A. photophilum. Primer sequences can be found in Table S2.
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For inactivation of cryB (rhola_00013030), a knockout construct was ligated into 
pUC19. 500 bp regions upstream and downstream of rhola_00013030 in the R. lacicola 
genome and the tetR gene from plasmid pEX18-Tc were PCR-amplified, and then joined 
using double-joint PCR (Table S1). This product and pUC19 were then digested with 
KpnI and SalI (New England Biolabs, catalog nos. R0142 and R0138, respectively). The 
plasmid backbone was dephosphorylated and the two fragments were ligated with T4 
DNA ligase (ThermoFisher, catalog no. EL0011) and the resulting plasmid was trans­
formed into chemically competent E. coli strain NEB 5-alpha (New England Biolabs, 
catalog #C2987H) for plasmid propagation. The resulting plasmid encoded the tetR gene 
inserted in-frame in the rhola_00013030 locus. Plasmids were extracted and purified from 
a 2 mL E. coli culture using the GeneJet plasmid miniprep kit (Thermo Fisher, catalog 
#K0502).

Transformation procedure

Natural transformation of R. lacicola

For natural transformation, R. lacicola cells (~10 mL) were grown in NSY on the benchtop 
(exposed to normal day/night light cycles) for 10 days, until the OD600 nm was ~0.1, 
diluted to an OD600 nm of ~0.01 and grown 24 h in the dark. They were then harvested 
by centrifugation for 10 min at 4,700 × g , washed two times in NSY media, then 
resuspended in 500 μL NSY. Linear constructs or plasmid DNA (~500 ng) were mixed 
with the cells and the solution was incubated without selection at room temperature 
overnight in the dark. The cells were transferred to solid selective NSY and incubated 
at 28°C until colonies were visible (~2 weeks), then individual colonies were restreaked 
on solid selective NSY once more. Putative mutants were screened after two rounds of 
colony growth on selective media.

Electroporation of R. lacicola

To test the efficacy of electroporation as a transformation method, a plasmid con­
struct for inactivation of the gene encoding a putative CryB-type cryptochrome 
(rhola_00013030) in R. lacicola was made. To prepare R. lacicola for electroporation, cells 
(~50 mL) were grown in the dark in NSY amended with vitamin B12 (1 mg mL−1) and 
thiosulfate (50 mM) for 24 h. Then glycine was added to a final concentration of 1% and 
the cells were incubated one more hour, then harvested by centrifugation for 10 min 
at 4,700 × g and 4°C. The supernatant was discarded and the cells were washed twice 
in 10% ice-cold glycerol, then resuspended in 200 µL 10% glycerol, quick-frozen in a 
dry-ice ethanol bath, and stored at −80°C until use. Cells were thawed on ice for 10 min, 
then plasmid DNA (~500 ng) was mixed with cells (50 µL). The mixtures were kept on 
ice for 5 min and then transferred to an electroporation cuvette with a 1 mm gap. Cells 
were electroporated at 1.7 kV (4.8 ms) using an Eppendorf Eporator. Cells were then 
resuspended in 950 µL room temperature NSY media and incubated without selection 
at room temperature for 3 h with shaking. The cells were then transferred to solid NSY 
amended with tetracycline and incubated at 28°C until colonies were visible. Individual 
colonies were then selected and restreaked on solid selective NSY.

Natural transformation of A. photophilum

For natural transformation, A. photophilum cells (~100 mL) were grown in the dark in NSY 
for 24 h, until the OD600 nm was ~0.08, then harvested by centrifugation for 10 min at 
4,700 × g, washed two times in NSY media, and resuspended in 500 μL NSY. Linear DNA 
(~500 ng) was mixed with the cells and the solution was incubated without selection at 
room temperature for 6 h in the dark, then 6 h in the light. The cells were transferred 
to solid selective NSY and incubated at 28°C until colonies were visible (~10 days), 
then individual colonies were restreaked on solid selective NSY. Putative mutants were 
screened after two rounds of colony growth on selective media.
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Confirmation of insertions

For initial confirmation that double homologous recombination had occurred, replacing 
crtB with different selectable markers, individual transformant colonies were picked 
and resuspended in 50 uL water. 1–2 uL of this solution was used as the template for 
colony PCR. Primers complementary to the R. lacicola genome outside the upstream 
and downstream regions in the constructs were used to amplify the region of insertion. 
Amplicons from mutant strains were compared to amplicons from wild-type R. lacicola 
to confirm that the size corresponded to the expected size if crtB had been replaced 
with the correct marker gene. PCR across the region could not be used to confirm the 
replacement of crtB with bla in A. photophilum since the crtB and bla genes are very 
similar in size. In addition to PCR-amplification of the whole crtB region, PCR with one 
primer complementary to the region upstream of crtB and one complementary to the 
inserted beta-lactamase gene (bla) was used; this primer pair should generate a product 
of 1,475 bp in the mutant strain. Additionally, the bla gene was amplified from both the 
mutant strain and the plasmid construct.

For inactivation of the predicted CryB-type cryptochrome in R. lacicola, tetracycline-
resistant colonies were obtained after one round of selection. However, the tetR cassette 
is similar in size to rhola_00013030, so PCR across the region was inconclusive. Instead, 
after a subsequent round of growth on non-selective medium, nested PCR using first 
a pair of primers complementary to the region of chromosomal DNA outside the 
construct, followed by amplification of tetR and a fragment of the wild-type gene from 
that product, was used to demonstrate both that tetR had been integrated into the 
chromosome at the appropriate place and that no wild-type copy of the gene remained 
in the cells.

Pigment analysis

Wild-type and ΔcrtB cultures (100 mL) of R. lacicola and A. photophilum were grown 
in NSY medium as described above. Cells were harvested by centrifugation at 5,000 
× g for 15 min and resuspended in 0.4 mL high-performance liquid chromatography 
(HPLC)-grade acetone: methanol (7:2 vol/vol). Cells were sonicated on ice (50% duty 
cycle, 1 s on/off pulses) using a Fisher Scientific probe sonicator (Sonic Dismembrator 
model 120, probe model CL-18). The lysate was centrifuged at 12,000 × g for 2 min 
to remove cell debris, and the supernatant was filtered through a 0.2 µm polytetrafluoro-
ethylene syringe filter (Thermo Scientific) into glass vials. Pigment extracts were then 
transferred to quartz cuvettes and absorption spectra from 350 to 600 nm were recorded 
on a Thermo Scientific BioMate 3S UV/visible spectrophotometer.

RESULTS

Antibiotic sensitivity of freshwater actinobacterial strains

The sensitivity of R. lacicola to the antibiotics ampicillin, chloramphenicol, kanamycin, 
streptomycin, and tetracycline was assessed by an agar disk diffusion assay. R. lacicola 
is not sensitive to streptomycin, but is sensitive to chloramphenicol, kanamycin, and 
tetracycline at 20 µg mL−1, as well as to ampicillin at 200 µg mL−1 (Table 1). In contrast, 
A. photophilum was resistant to chloramphenicol and kanamycin at all concentrations 
tested, and sensitive only to ampicillin (Table 2).

Transformation and homologous recombination

Inactivation of crtB via double homologous recombination

For a proof of principle experiment, the crtB gene encoding phytoene synthase, 
the first committed step in carotenoid biosynthesis, was targeted for inactivation. A 
linear construct was made in which the gene encoding tetracycline resistance (tetR 
from pEX18-Tc) was placed in-frame between the regions immediately upstream and 
downstream of the crtB gene from the R. lacicola genome (Fig. 1A). R. lacicola was 

Full-Length Text Applied and Environmental Microbiology

November 2024  Volume 90  Issue 11 10.1128/aem.00865-24 5

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/a
em

 o
n 

24
 S

ep
te

m
be

r 2
02

5 
by

 1
49

.1
19

.7
.1

32
.

https://doi.org/10.1128/aem.00865-24


transformed using natural transformation, and tetracycline-resistant transformants were 
white rather than pink in color, demonstrating that pigment biosynthesis was success­
fully abolished in those strains. PCR on white colonies subsequently confirmed the 
insertion of the selectable marker in each case (Fig. 1B). No PCR products corresponding 
to the wild-type genotype were detected, suggesting that the mutation was completely 
segregated.

The crtB gene in A. photophilum was inactivated using the same approach, with the 
bla gene inserted between the homology arms upstream and downstream of crtB (Fig. 
1C). PCR reactions using white colonies as templates again confirmed the insertion of bla 
in the correct location (Fig. 1D).

Confirmation of loss of crtB activity

Wild-type R. lacicola synthesizes pink carotenoids and wild-type A. photophilum 
synthesizes yellow carotenoids, which have not yet been characterized (19, 20, 38). The 
first committed step in carotenoid biosynthesis is the synthesis of phytoene from two 
molecules of geranylgeranyl diphosphate by CrtB, the phytoene synthase (41), so the 
loss of crtB should result in loss of pigmentation. The crtB mutants of both strains are 
colorless. The absorption spectra of the pigments extracted from wild-type cells have 
maxima between 460 and 530 nm, consistent with mixtures of C40 and C50 carotenoids 
(Fig. 2). These peaks are absent from the absorption spectra of the ΔcrtB mutants, 
indicating that phytoene synthase activity was successfully disrupted.

Other selectable markers tested in R. lacicola

In addition to tetracycline (tetR amplified from plasmid pEX18-TC (42)) for antibiotic 
selection, we tested the kanamycin resistance cassette npt-ii from plasmid pEB001 (43), 
the chloramphenicol resistance gene cat from pMCL200 (44), and the beta-lactamase bla 
encoding ampicillin resistance from pUC19 as selectable markers for double homologous 
recombination. In all four cases, recombinant strains were selected and PCR confirmed 
that the gene replacement had occurred. However, none of these strains survived either 
with or without antibiotic selection for more than two rounds of restreaking.

Electroporation of R. lacicola

To test the efficacy of electroporation as a transformation method, a plasmid construct 
was made for the inactivation of rhola_00013030, encoding a putative cryptochrome 

TABLE 1 R. lacicola is sensitive to chloramphenicol, kanamycin, and tetracyclinea

Antibiotic 20 µg mL−1 200 µg mL−1

Chloramphenicol S S
Kanamycin S S
Streptomycin R R
Tetracycline S S
aSensitivity was evaluated with disk diffusion assays on solid NSY medium. R. lacicola was scored as resistant (“R”) if 
cells grew up to the edge of the disk containing the antibiotic, or sensitive (“S”) if there was a clear ring around the 
disk.

TABLE 2 A. photophilum is sensitive to ampicillina

Ampicillin Chloramphenicol Kanamycin

Dilution 150 75 25 10 200 100 50 200 100 50

10−1 0 0 0 (+) ++ ++ ++ ++ ++ ++
10−2 0 0 0 (+) ++ ++ ++ ++ ++ ++
10−3 0 0 0 0 ++ ++ ++ ++ ++ ++
10−4 0 0 0 0 0 + + + (+) +
aSensitivity was evaluated by the growth of 1 µL culture spotted onto solid NSY medium amended with antibiotics 
at the indicated concentrations. Concentrations are in µg mL−1. “(+)” indicates very little growth; “+” indicates 
growth of a few colonies in the droplet area; “++” indicates confluence within the droplet area.
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FIG 1 Inactivation of crtB by natural transformation and double homologous recombination in R. lacicola and A. photophilum, replacing crtB with tetR and 

bla, respectively. Primer sequences can be found in Tables S1 and S2. (A) Inactivation construct for R. lacicola. Primers Ta8_crtB_FR_Fw and Ta8_crtB_FR_Rv 

were used to evaluate mutants (dashed gray line). (B) PCR confirmation of tetR insertion into the crtB locus. The molecular weight marker used was GeneRuler 

1 KB Plus (ThermoFisher, catalog no. SM1331). The size of the amplicon in the putative mutant strain is the same as the amplicon from the plasmid, indicating 

the replacement of the 894 bp crtB gene with the 1,191 bp tetR gene. (C) Inactivation construct for A. photophilum. Primers Mo1_crtB_Up_cPCR_Fw and 

Mo1_AmpR_Rp were used to evaluate mutants (dashed gray line). (D) PCR confirmation of bla insertion into the crtB locus. The size of the crtB amplicon in the 

putative mutant strain is similar in size to the amplicon from the plasmid and wild type, as expected (PCR1). However, amplification using one primer outside 

of crtB and one complementary to bla yields a product only in the mutant, indicating replacement of the crtB gene in the mutant strain. Amplification with 

bla-specific primers yields identical products from the mutant and plasmid, but no product from wild-type A. photophilum.
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potentially relevant to light capture and utilization in R. lacicola. Tetracycline-resistant 
colonies were obtained after one round of selection, and after a subsequent round of 
growth on non-selective NSY, PCR using a pair of primers complementary to a region of 
chromosomal DNA outside the construct was used to demonstrate insertion of tetR into 
the chromosome at the appropriate place (Fig. 3).

DISCUSSION

Actinobacteria are abundant, cosmopolitan, heterotrophic members of freshwater 
ecosystems, and they regulate their organic carbon metabolism in response to both 
biotic and abiotic parameters. Extensive (meta) genomic analysis of these bacteria 
has predicted a variety of genotype-phenotype relationships (18, 24, 28, 40). Here, 
we demonstrate that the freshwater Actinobacteria R. lacicola and A. photophilum are 
naturally transformable and that gene inactivation via homologous recombination is 
feasible in both strains. We hope that the availability of methods for genome editing in 
model organisms from two clades within this group will catalyze research that directly 
tests cause and effect hypotheses between genetic content and phenotype in freshwater 
ecosystems. Additionally, there is broad interest in exploiting microbes and microbial 
consortia in freshwater systems to remove contaminants, produce biofuels, or provide 
ecosystem services (1, 45–47). The tools provided here make it feasible to modify 
the genomes of some of the most abundant microbes in freshwater communities, a 
necessary step in engineering synthetic microbial communities in those environments.

Targeted gene inactivation succeeded in R. lacicola using selection with a tetR 
(encoding tetracycline resistance) cassette on complex medium amended with 
tetracycline. Electroporation can be used to transform R. lacicola. Additionally, our prior 

FIG 2 Pigment analysis of crtB mutants. Cells were grown to late stationary phase and pigments were extracted in acetone:methanol (7:2 vol/vol), then 

absorption was measured using a UV/Vis spectrophotometer. (A)  Wild-type R. lacicola makes pink carotenoid pigments (solid line), but the signal from the 

carotenoids disappears when crtB is inactivated (dashed line) since it encodes the first committed step in carotenoid biosynthesis. (B)  Wild-type A. photophilum 

makes yellow carotenoid pigments (solid lines), which disappear when crtB is inactivated (dashed line).
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work found that transcripts for a DNA uptake system encoded by comEC are more 
abundant in the dark (40), suggesting that both strains might be naturally transformable. 
Here, we confirm that if electroporation is not available, both A. photophilum and R. 
lacicola can take up DNA during a dark incubation. Both PCR products and plasmid 
DNA are stable in the cells for enough time that homologous recombination is feasible. 
Additionally, no special equipment is needed for natural transformation, making these 
convenient and accessible model organisms.

Direct selection can be used to select for double homologous recombination in both 
strains. Because this method requires that the selectable markers be expressed from 
the chromosome, this method also demonstrates that the expression of heterologous 
genes from the chromosome is feasible. These genome-editing tools can now be used 
to investigate the roles of specific genes and combinations of genes in freshwater 
Actinobacterial physiology, both by inactivating genes of interest in R. lacicola and A. 
photophilum or by expressing genes of interest from other freshwater Actinobacteria in a 
phylogenetically related, physiologically relevant host.

We also tested the replacement of crtB in R. lacicola with genes encoding resistance to 
ampicillin, chloramphenicol, and kanamycin. Although preliminary data after one round 
of selection on solid medium with antibiotics indicated successful gene replacement 
via double homologous recombination, the mutant strains did not survive more than 
two rounds of restreaking on selective medium. In the case of tetracycline resistance, 
the mutants are stable on non-selective medium after one round of selection, and the 
same may be true for the other selectable markers. This may not be a strong enough 
selection to inactivate genes whose loss would be deleterious to the cell, and might 
instead select for merodiploidy (48). It also suggests that until a stable plasmid replicon 

FIG 3 Inactivation of cryB by electroporation and double homologous recombination in R. lacicola. (A) Construct for replacement of the cryB gene, encoding a 

putative cryptochrome, with the tetracycline resistance gene from plasmid pEX18-Tc. (B) PCR across the insertion site confirms that in the mutant, the product 

is ~200 bp smaller than in the wild type (PCR1), that the tetR gene is present in the mutant but not the wild type (PCR2), and that an internal fragment of cryB is 

present in the wild type but not the mutant strain (PCR3).
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is found for these strains, genes for heterologous expression will have to be inserted 
into the chromosome. We suggest that the crtB locus may be suitable for this, since its 
inactivation has no apparent effect on growth, and replacement of crtB has a visually 
identifiable phenotype.

Carotenoid pigments appear to be universal in freshwater Actinobacteria and 
carotenoid biosynthetic pathways have been predicted in several strains based on 
genome and metagenome-assembled genome sequences (35, 37, 49, 50). However, 
these pathways have not yet been biochemically characterized, with the exception 
of two beta-carotene cleavage dioxygenases that produce retinal (35, 37). Here, we 
demonstrate that in both strains, inactivation of the predicted phytoene synthase, 
crtB, led to the loss of all pigment production. This result confirms that crtB indeed 
encodes a phytoene synthase, and indicates that all of the pigments in both R. lacicola 
and A. photophilum are carotenoid pigments. This also confirms our prior result that 
carotenoid production is not required for viability under ordinary laboratory conditions 
(38). Inactivation of any gene or combination of genes in this pathway should therefore 
be feasible, enabling follow-up genetic studies of carotenoid biosynthetic pathways in 
freshwater species.

Additional follow-up studies investigating fundamental processes, ecological 
interactions, and potential applications in freshwater Actinobacteria are now possible. 
Targeted gene inactivation and physiological comparisons to wild type can be used to 
better understand the role(s) of the actinorhodopsins and heliorhodopsins commonly 
identified in freshwater Actinobacteria (22, 36, 37, 50, 51) or the identities of the 
genes required for their unique cell shape (12). The very small genomes of freshwater 
Actinobacteria appear to change and rearrange rapidly, suggesting a role for horizontal 
gene transfer (18): now, the importance of the predicted comEC competence genes 
for DNA uptake can be tested. The freshwater Actinobacteria appear to be resistant to 
grazing (7, 52, 53), so the contributions of specific membrane components to grazing 
resistance can now be investigated, as can the roles of specific transporters in organic 
carbon uptake and processing, which may mediate metabolic interactions with other 
organisms (18).

As members of a ubiquitous and abundant keystone clade, freshwater Actinobacteria 
likely play important roles in supporting other microbes in highly diverse freshwater 
environments (54). Targeted gene inactivation or insertion of specific genes into the 
chromosome for heterologous expression can now be used to investigate the mech­
anisms of survival, adaptation, and interaction that freshwater Actinobacteria use to 
thrive in this enormous range of environments, in communities with wide varieties of 
other microbes. As we use outdoor systems for the synthesis of high-value products 
(47, 55, 56) or removal of contaminants (57, 58), engineering the microbial communities 
around the strains with traits of interest may enhance and stabilize the desired activities. 
Genome-editing tools for more of these “supporting” species could therefore enable 
better bioproduction in mixed communities.

In sum, here we establish R. lacicola and A. photophilum as convenient model 
organisms for investigating the genetics and physiology of freshwater Actinobacteria. 
Linear and plasmid DNA can be transformed into R. lacicola using either natural 
transformation or electroporation. We have developed selectable markers for each 
strain, driven by the native crtB promoters, for targeted gene inactivation via double 
homologous recombination. We anticipate that other antibiotic-based selections will 
soon be usable in this strain, and hope that these tools will be widely used. Although A. 
photophilum is sensitive to fewer antibiotics than R. lacicola, it is naturally transformable 
with linear DNA, and bla works as a selectable marker for insertional gene inactivation in 
this strain. These tools will enable genome engineering in freshwater Actinobacteria for 
fundamental genetic and ecophysiological characterization as well as for application in 
engineered freshwater microbial communities.

Full-Length Text Applied and Environmental Microbiology

November 2024  Volume 90  Issue 11 10.1128/aem.00865-2410

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/a
em

 o
n 

24
 S

ep
te

m
be

r 2
02

5 
by

 1
49

.1
19

.7
.1

32
.

https://doi.org/10.1128/aem.00865-24


ACKNOWLEDGMENTS

This work was funded by grant #2118003 from the National Science Foundation Enabling 
Discovery through GEnomics (EDGE) program.

The authors gratefully acknowledge Kristin Walz for assistance with the initial 
antibiotic sensitivity analyses, Eric Rouviere for early tests of competence in R. lacicola, 
Dr. Priscilla Hempel for bioinformatics assistance, Dr. Thomas Hanson (University of 
Delaware) for support and lab space, and Dr. Adam Guss (Oak Ridge National Laboratory) 
for helpful discussions.

AUTHOR AFFILIATIONS

1Department of Civil and Environmental Engineering, University of Delaware, Newark, 
Delaware, USA
2Department of Earth Sciences, University of Delaware, Newark, Delaware, USA
3School of Marine Science and Policy, University of Delaware, Newark, Delaware, USA

PRESENT ADDRESS

Julia A. Maresca, Department of Chemistry, SUNY College of Environmental Science and 
Forestry, Syracuse, New York, USA

AUTHOR ORCIDs

Jessica L. Keffer  http://orcid.org/0000-0002-0302-3588
Julia A. Maresca  http://orcid.org/0000-0002-3955-1585

FUNDING

Funder Grant(s) Author(s)

National Science Foundation (NSF) 2118003 Nachiketa Bairagi

Julia A. Maresca

AUTHOR CONTRIBUTIONS

Nachiketa Bairagi, Formal analysis, Investigation, Methodology, Validation, Visualization, 
Writing – review and editing | Jessica L. Keffer, Investigation, Methodology, Writing 
– review and editing | Jordan C. Heydt, Investigation, Methodology, Writing – review 
and editing | Julia A. Maresca, Conceptualization, Funding acquisition, Investigation, 
Methodology, Project administration, Resources, Supervision, Visualization, Writing – 
original draft, Writing – review and editing

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental tables (AEM00865-24-s0001.docx). Tables S1 and S2.

REFERENCES

1. Gowen CM, Fong SS. 2011. Applications of systems biology towards 
microbial fuel production. Trends Microbiol 19:516–524. https://doi.org/
10.1016/j.tim.2011.07.005

2. Riley LA, Guss AM. 2021. Approaches to genetic tool development for 
rapid domestication of non-model microorganisms. Biotechnol Biofuels 
14:30. https://doi.org/10.1186/s13068-020-01872-z

3. Liu H, Deutschbauer AM. 2018. Rapidly moving new bacteria to model-
organism status. Curr Opin Biotechnol 51:116–122. https://doi.org/10.
1016/j.copbio.2017.12.006

4. Boucher D, Jardillier L, Debroas D. 2006. Succession of bacterial 
community composition over two consecutive years in two aquatic 
systems: a natural lake and a lake-reservoir. FEMS Microbiol Ecol 55:79–
97. https://doi.org/10.1111/j.1574-6941.2005.00011.x

5. Humbert J-F, Dorigo U, Cecchi P, Le Berre B, Debroas D, Bouvy M. 2009. 
Comparison of the structure and composition of bacterial communities 
from temperate and tropical freshwater ecosystems. Environ Microbiol 
11:2339–2350. https://doi.org/10.1111/j.1462-2920.2009.01960.x

Full-Length Text Applied and Environmental Microbiology

November 2024  Volume 90  Issue 11 10.1128/aem.00865-2411

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/a
em

 o
n 

24
 S

ep
te

m
be

r 2
02

5 
by

 1
49

.1
19

.7
.1

32
.

https://doi.org/10.1128/aem.00865-24
https://doi.org/10.1016/j.tim.2011.07.005
https://doi.org/10.1186/s13068-020-01872-z
https://doi.org/10.1016/j.copbio.2017.12.006
https://doi.org/10.1111/j.1574-6941.2005.00011.x
https://doi.org/10.1111/j.1462-2920.2009.01960.x
https://doi.org/10.1128/aem.00865-24


6. Neuenschwander SM, Pernthaler J, Posch T, Salcher MM. 2015. Seasonal 
growth potential of rare lake water bacteria suggest their dispropor­
tional contribution to carbon fluxes. Environ Microbiol 17:781–795. 
https://doi.org/10.1111/1462-2920.12520

7. Eckert EM, Baumgartner M, Huber IM, Pernthaler J. 2013. Grazing 
resistant freshwater bacteria profit from chitin and cell-wall-derived 
organic carbon. Environ Microbiol 15:2019–2030. https://doi.org/10.
1111/1462-2920.12083

8. Salcher MM, Pernthaler J, Posch T. 2010. Spatiotemporal distribution and 
activity patterns of bacteria from three phylogenetic groups in an 
oligomesotrophic lake. Limnol Oceanogr 55:846–856. https://doi.org/10.
4319/lo.2010.55.2.0846

9. Debroas D, Humbert J-F, Enault F, Bronner G, Faubladier M, Cornillot E. 
2009. Metagenomic approach studying the taxonomic and functional 
diversity of the bacterial community in a mesotrophic lake (Lac du 
Bourget--France). Environ Microbiol 11:2412–2424. https://doi.org/10.
1111/j.1462-2920.2009.01969.x

10. Glöckner FO, Zaichikov E, Belkova N, Denissova L, Pernthaler J, 
Pernthaler A, Amann R. 2000. Comparative 16S rRNA analysis of lake 
bacterioplankton reveals globally distributed phylogenetic clusters 
including an abundant group of actinobacteria. Appl Environ Microbiol 
66:5053–5065. https://doi.org/10.1128/AEM.66.11.5053-5065.2000

11. Newton RJ, Jones SE, Eiler A, McMahon KD, Bertilsson S. 2011. A guide to 
the natural history of freshwater lake bacteria. Microbiol Mol Biol Rev 
75:14–49. https://doi.org/10.1128/MMBR.00028-10

12. Hahn Martin W, Lünsdorf H, Wu Q, Schauer M, Höfle MG, Boenigk J, 
Stadler P. 2003. Isolation of novel ultramicrobacteria classified as 
actinobacteria from five freshwater habitats in Europe and Asia. Appl 
Environ Microbiol 69:1442–1451. https://doi.org/10.1128/AEM.69.3.
1442-1451.2003

13. Hahn M.W, Stadler P, Wu QL, Pöckl M. 2004. The filtration-acclimatization 
method for isolation of an important fraction of the not readily 
cultivable bacteria. J Microbiol Methods 57:379–390. https://doi.org/10.
1016/j.mimet.2004.02.004

14. Berg KA, Lyra C, Sivonen K, Paulin L, Suomalainen S, Tuomi P, Rapala J. 
2009. High diversity of cultivable heterotrophic bacteria in association 
with cyanobacterial water blooms. ISME J 3:314–325. https://doi.org/10.
1038/ismej.2008.110

15. Wu X, Xi W, Ye W, Yang H. 2007. Bacterial community composition of a 
shallow hypertrophic freshwater lake in China, revealed by 16S rRNA 
gene sequences. FEMS Microbiol Ecol 61:85–96. https://doi.org/10.1111/
j.1574-6941.2007.00326.x

16. Rofner C, Sommaruga R, Pérez MT. 2016. Differential utilization patterns 
of dissolved organic phosphorus compounds by heterotrophic bacteria 
in two mountain lakes. FEMS Microbiol Ecol 92:fiw139. https://doi.org/
10.1093/femsec/fiw139

17. Sharma AK, Sommerfeld K, Bullerjahn GS, Matteson AR, Wilhelm SW, 
Jezbera J, Brandt U, Doolittle WF, Hahn MW. 2009. Actinorhodopsin 
genes discovered in diverse freshwater habitats and among cultivated 
freshwater Actinobacteria. ISME J 3:726–737. https://doi.org/10.1038/
ismej.2009.13

18. Neuenschwander SM, Ghai R, Pernthaler J, Salcher MM. 2018. 
Microdiversification in genome-streamlined ubiquitous freshwater 
Actinobacteria. ISME J 12:185–198. https://doi.org/10.1038/ismej.2017.
156

19. Hahn MW, Schmidt J, Taipale SJ, Doolittle WF, Koll U. 2014. Rhodoluna 
lacicola gen. nov., sp. nov., a planktonic freshwater bacterium with 
stream-lined genome. Int J Syst Evol Microbiol 64:3254–3263. https://
doi.org/10.1099/ijs.0.065292-0

20. Hahn MW, Pitt A, Koll U, Schmidt J, Maresca JA, Neumann-Schaal M. 
2021. Aurantimicrobium photophilum sp. nov., a non-photosynthetic 
bacterium adjusting its metabolism to the diurnal light cycle and 
reclassification of Cryobacterium mesophilum as Terrimesophilobacter 
mesophilus gen. nov., comb. nov. Int J Syst Evol Microbiol 71:004975. 
https://doi.org/10.1099/ijsem.0.004975

21. Nakai R, Fujisawa T, Nakamura Y, Nishide H, Uchiyama I, Baba T, Toyoda 
A, Fujiyama A, Naganuma T, Niki H. 2016. Complete genome sequence 
of aurantimicrobium minutum type strain KNCT, a planktonic ultrami­
crobacterium isolated from river water. Genome Announc 4:e00616-16. 
https://doi.org/10.1128/genomeA.00616-16

22. Ghai R, Mizuno CM, Picazo A, Camacho A, Rodriguez-Valera F. 2013. 
Metagenomics uncovers a new group of low GC and ultra-small marine 
Actinobacteria. Sci Rep 3:2471. https://doi.org/10.1038/srep02471

23. Kang I, Lee K, Yang S-J, Choi A, Kang D, Lee YK, Cho J-C. 2012. Genome 
sequence of “Candidatus Aquiluna” sp. strain IMCC13023, a marine 
member of the Actinobacteria isolated from an arctic fjord. J Bacteriol 
194:3550–3551. https://doi.org/10.1128/JB.00586-12

24. Ghylin TW, Garcia SL, Moya F, Oyserman BO, Schwientek P, Forest KT, 
Mutschler J, Dwulit-Smith J, Chan L-K, Martinez-Garcia M, Sczyrba A, 
Stepanauskas R, Grossart H-P, Woyke T, Warnecke F, Malmstrom R, 
Bertilsson S, McMahon KD. 2014. Comparative single-cell genomics 
reveals potential ecological niches for the freshwater acI Actinobacteria 
lineage. ISME J 8:2503–2516. https://doi.org/10.1038/ismej.2014.135

25. Linz AM, He S, Stevens SLR, Anantharaman K, Rohwer RR, Malmstrom RR, 
Bertilsson S, McMahon KD. 2018. Freshwater carbon and nutrient cycles 
revealed through reconstructed population genomes. PeerJ 6:e6075. 
https://doi.org/10.7717/peerj.6075

26. Garcia SL, Buck M, Hamilton JJ, Wurzbacher C, Grossart H-P, McMahon 
KD, Eiler A. 2018. Model communities hint at promiscuous metabolic 
linkages between ubiquitous free-living freshwater bacteria. mSphere 
3:e00202-18. https://doi.org/10.1128/mSphere.00202-18

27. Hugerth LW, Larsson J, Alneberg J, Lindh MV, Legrand C, Pinhassi J, 
Andersson AF. 2015. Metagenome-assembled genomes uncover a 
global brackish microbiome. Genome Biol 16:279. https://doi.org/10.
1186/s13059-015-0834-7

28. Ghai R, Mizuno CM, Picazo A, Camacho A, Rodriguez-Valera F. 2014. Key 
roles for freshwater Actinobacteria revealed by deep metagenomic 
sequencing. Mol Ecol 23:6073–6090. https://doi.org/10.1111/mec.12985

29. Eiler A, Heinrich F, Bertilsson S. 2012. Coherent dynamics and association 
networks among lake bacterioplankton taxa. ISME J 6:330–342. https://
doi.org/10.1038/ismej.2011.113

30. Fontaine L, Pin L, Savio D, Friberg N, Kirschner AKT, Farnleitner AH, Eiler 
A. 2023. Bacterial bioindicators enable biological status classification 
along the continental Danube river. Commun Biol 6:862. https://doi.org/
10.1038/s42003-023-05237-8

31. Chalupowicz L, Zellermann E-M, Fluegel M, Dror O, Eichenlaub R, 
Gartemann K-H, Savidor A, Sessa G, Iraki N, Barash I, Manulis-Sasson S. 
2012. Colonization and movement of GFP-labeled Clavibacter 
michiganensis subsp. michiganensis during tomato infection. Phytopa­
thol 102:23–31. https://doi.org/10.1094/PHYTO-05-11-0135

32. Kirchner O, Gartemann KH, Zellermann EM, Eichenlaub R, Burger A. 
2001. A highly efficient transposon mutagenesis system for the tomato 
pathogen Clavibacter michiganensis subsp. michiganensis. Mol Plant 
Microbe Interact 14:1312–1318. https://doi.org/10.1094/MPMI.2001.14.
11.1312

33. Laine MJ, Nakhei H, Dreier J, Lehtilä K, Meletzus D, Eichenlaub R, Metzler 
MC. 1996. Stable transformation of the gram-positive phytopathogenic 
bacterium Clavibacter michiganensis subsp. sepedonicus with several 
cloning vectors. Appl Environ Microbiol 62:1500–1506. https://doi.org/
10.1128/aem.62.5.1500-1506.1996

34. Eichenlaub R, Gartemann K-H, Burger A. 2006. Clavibacter michiganen­
sis, a group of gram-positive phytopathogenic bacteria, p 385–421. In 
Gnanamanickam SS (ed), Plant-Associated Bacteria. Springer Nether­
lands.

35. Dwulit-Smith JR, Hamilton JJ, Stevenson DM, He S, Oyserman BO, Moya-
Flores F, Garcia SL, Amador-Noguez D, McMahon KD, Forest KT. 2018. acI 
actinobacteria assemble a functional actinorhodopsin with natively 
synthesized retinal. Appl Environ Microbiol 84:e01678-18. https://doi.
org/10.1128/AEM.01678-18

36. Keffer JL, Hahn MW, Maresca JA. 2015. Characterization of an unconven­
tional rhodopsin from the freshwater actinobacterium rhodoluna 
lacicola. J Bacteriol 197:2704–2712. https://doi.org/10.1128/JB.00386-15

37. Chuon K, Kim SY, Meas S, Shim J-G, Cho S-G, Kang K-W, Kim J-H, Cho H-S, 
Jung K-H. 2021. Assembly of natively synthesized dual chromophores 
into functional actinorhodopsin. Front Microbiol 12:652328. https://doi.
org/10.3389/fmicb.2021.652328

38. Maresca JA, Keffer JL, Hempel PP, Polson SW, Shevchenko O, Bhavsar J, 
Powell D, Miller KJ, Singh A, Hahn MW. 2019. Light modulates the 
physiology of nonphototrophic Actinobacteria. J Bacteriol 
201:e00740-18. https://doi.org/10.1128/JB.00740-18

Full-Length Text Applied and Environmental Microbiology

November 2024  Volume 90  Issue 11 10.1128/aem.00865-2412

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/a
em

 o
n 

24
 S

ep
te

m
be

r 2
02

5 
by

 1
49

.1
19

.7
.1

32
.

https://doi.org/10.1111/1462-2920.12520
https://doi.org/10.1111/1462-2920.12083
https://doi.org/10.4319/lo.2010.55.2.0846
https://doi.org/10.1111/j.1462-2920.2009.01969.x
https://doi.org/10.1128/AEM.66.11.5053-5065.2000
https://doi.org/10.1128/MMBR.00028-10
https://doi.org/10.1128/AEM.69.3.1442-1451.2003
https://doi.org/10.1016/j.mimet.2004.02.004
https://doi.org/10.1038/ismej.2008.110
https://doi.org/10.1111/j.1574-6941.2007.00326.x
https://doi.org/10.1093/femsec/fiw139
https://doi.org/10.1038/ismej.2009.13
https://doi.org/10.1038/ismej.2017.156
https://doi.org/10.1099/ijs.0.065292-0
https://doi.org/10.1099/ijsem.0.004975
https://doi.org/10.1128/genomeA.00616-16
https://doi.org/10.1038/srep02471
https://doi.org/10.1128/JB.00586-12
https://doi.org/10.1038/ismej.2014.135
https://doi.org/10.7717/peerj.6075
https://doi.org/10.1128/mSphere.00202-18
https://doi.org/10.1186/s13059-015-0834-7
https://doi.org/10.1111/mec.12985
https://doi.org/10.1038/ismej.2011.113
https://doi.org/10.1038/s42003-023-05237-8
https://doi.org/10.1094/PHYTO-05-11-0135
https://doi.org/10.1094/MPMI.2001.14.11.1312
https://doi.org/10.1128/aem.62.5.1500-1506.1996
https://doi.org/10.1128/AEM.01678-18
https://doi.org/10.1128/JB.00386-15
https://doi.org/10.3389/fmicb.2021.652328
https://doi.org/10.1128/JB.00740-18
https://doi.org/10.1128/aem.00865-24


39. Yu J-H, Hamari Z, Han K-H, Seo J-A, Reyes-Domínguez Y, Scazzocchio C. 
2004. Double-joint PCR: a PCR-based molecular tool for gene manipula­
tions in filamentous fungi. Fungal Genet Biol 41:973–981. https://doi.
org/10.1016/j.fgb.2004.08.001

40. Hempel PP, Keffer JL, Maresca JA. 2021. RNA-seq reveals that light and 
darkness are different stimuli in freshwater heterotrophic Actinobacteria. 
Front Microbiol 12:739005. https://doi.org/10.3389/fmicb.2021.739005

41. Liang M-H, Zhu J, Jiang J-G. 2018. Carotenoids biosynthesis and 
cleavage related genes from bacteria to plants. Crit Rev Food Sci Nutr 
58:2314–2333. https://doi.org/10.1080/10408398.2017.1322552

42. Hoang TT, Karkhoff-Schweizer RR, Kutchma AJ, Schweizer HP. 1998. A 
broad-host-range Flp-FRT recombination system for site-specific 
excision of chromosomally-located DNA sequences: application for 
isolation of unmarked Pseudomonas aeruginosa mutants. Gene 212:77–
86. https://doi.org/10.1016/s0378-1119(98)00130-9

43. Brutinel ED, Gralnick JA. 2012. Anomalies of the anaerobic tricarboxylic 
acid cycle in Shewanella oneidensis revealed by Tn-seq. Mol Microbiol 
86:273–283. https://doi.org/10.1111/j.1365-2958.2012.08196.x

44. Nakano Y, Yoshida Y, Yamashita Y, Koga T. 1995. Construction of a series 
of pACYC-derived plasmid vectors. Gene 162:157–158. https://doi.org/
10.1016/0378-1119(95)00320-6

45. Aminian-Dehkordi J, Rahimi S, Golzar-Ahmadi M, Singh A, Lopez J, 
Ledesma-Amaro R, Mijakovic I. 2023. Synthetic biology tools for 
environmental protection. Biotechnol Adv 68:108239. https://doi.org/10.
1016/j.biotechadv.2023.108239

46. Newby DT, Mathews TJ, Pate RC, Huesemann MH, Lane TW, Wahlen BD, 
Mandal S, Engler RK, Feris KP, Shurin JB. 2016. Assessing the potential of 
polyculture to accelerate algal biofuel production. Algal Res 19:264–277. 
https://doi.org/10.1016/j.algal.2016.09.004

47. Haines M, Vadlamani A, Daniel Loty Richardson W, Strous M. 2022. Pilot-
scale outdoor trial of a cyanobacterial consortium at pH 11 in a 
photobioreactor at high latitude. Bioresour Technol 354:127173. https://
doi.org/10.1016/j.biortech.2022.127173

48. Jones CM, Parrish S, Nielsen DR. 2021. Exploiting polyploidy for 
markerless and plasmid-free genome engineering in cyanobacteria. ACS 
Synth Biol 10:2371–2382. https://doi.org/10.1021/acssynbio.1c00269

49. Pitt A, Schmidt J, Koll U, Hahn MW. 2021. Aquiluna borgnonia gen. nov., 
sp. nov., a member of a Microbacteriaceae lineage of freshwater bacteria 
with small genome sizes. Int J Syst Evol Microbiol 71:004825. https://doi.
org/10.1099/ijsem.0.004825

50. Nakajima Y, Kojima K, Kashiyama Y, Doi S, Nakai R, Sudo Y, Kogure K, 
Yoshizawa S. 2020. Bacterium lacking a known gene for retinal 

biosynthesis constructs functional rhodopsins. Microbes Environ 
35:ME20085. https://doi.org/10.1264/jsme2.ME20085

51. Chazan A, Rozenberg A, Mannen K, Nagata T, Tahan R, Yaish S, Larom S, 
Inoue K, Béjà O, Pushkarev A. 2022. Diverse heliorhodopsins detected via 
functional metagenomics in freshwater Actinobacteria, Chloroflexi and 
Archaea. Environ Microbiol 24:110–121. https://doi.org/10.1111/1462-
2920.15890

52. Tarao M, Jezbera J, Hahn MW. 2009. Involvement of cell surface 
structures in size-independent grazing resistance of freshwater 
Actinobacteria. Appl Environ Microbiol 75:4720–4726. https://doi.org/10.
1128/AEM.00251-09

53. Salcher MM. 2013. Same same but different: ecological niche partition­
ing of planktonic freshwater prokaryotes. J Limnol 73. https://doi.org/10.
4081/jlimnol.2014.813

54. Garcia SL, Buck M, McMahon KD, Grossart H-P, Eiler A, Warnecke F. 2015. 
Auxotrophy and intrapopulation complementary in the “interactome” of 
a cultivated freshwater model community. Mol Ecol 24:4449–4459. 
https://doi.org/10.1111/mec.13319

55. Fabris M, Abbriano RM, Pernice M, Sutherland DL, Commault AS, Hall CC, 
Labeeuw L, McCauley JI, Kuzhiuparambil U, Ray P, Kahlke T, Ralph PJ. 
2020. Emerging technologies in algal biotechnology: toward the 
establishment of a sustainable, algae-based bioeconomy. Front Plant Sci 
11:279. https://doi.org/10.3389/fpls.2020.00279

56. Mehariya S, Annamalai SN, Thaher MI, Quadir MA, Khan S, Rahmanpoor 
A, Kashem A, Faisal M, Sayadi S, Al Hawari A, Al-Jabri H, Das P. 2024. A 
comprehensive review on versatile microalga Tetraselmis: Potentials 
applications in wastewater remediation and bulk chemical production. J 
Environ Manage 365:121520. https://doi.org/10.1016/j.jenvman.2024.
121520

57. Osundeko O, Pittman JK. 2014. Implications of sludge liquor addition for 
wastewater-based open pond cultivation of microalgae for biofuel 
generation and pollutant remediation. Bioresour Technol 152:355–363. 
https://doi.org/10.1016/j.biortech.2013.11.035

58. Hennequin LM, Kim S, Monroe EA, Eckles TP, Beck N, Mays WD, Fennell 
PS, Hallett JP, George A, Davis RW. 2022. Reclamation of nutrients, 
carbon, and metals from compromised surface waters fated to the 
Salton Sea: Biomass production and ecosystem services using an 
attached periphytic algae flow-way. Algal Res 66:102757. https://doi.org/
10.1016/j.algal.2022.102757

Full-Length Text Applied and Environmental Microbiology

November 2024  Volume 90  Issue 11 10.1128/aem.00865-2413

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/a
em

 o
n 

24
 S

ep
te

m
be

r 2
02

5 
by

 1
49

.1
19

.7
.1

32
.

https://doi.org/10.1016/j.fgb.2004.08.001
https://doi.org/10.3389/fmicb.2021.739005
https://doi.org/10.1080/10408398.2017.1322552
https://doi.org/10.1016/s0378-1119(98)00130-9
https://doi.org/10.1111/j.1365-2958.2012.08196.x
https://doi.org/10.1016/0378-1119(95)00320-6
https://doi.org/10.1016/j.biotechadv.2023.108239
https://doi.org/10.1016/j.algal.2016.09.004
https://doi.org/10.1016/j.biortech.2022.127173
https://doi.org/10.1021/acssynbio.1c00269
https://doi.org/10.1099/ijsem.0.004825
https://doi.org/10.1264/jsme2.ME20085
https://doi.org/10.1111/1462-2920.15890
https://doi.org/10.1128/AEM.00251-09
https://doi.org/10.4081/jlimnol.2014.813
https://doi.org/10.1111/mec.13319
https://doi.org/10.3389/fpls.2020.00279
https://doi.org/10.1016/j.jenvman.2024.121520
https://doi.org/10.1016/j.biortech.2013.11.035
https://doi.org/10.1016/j.algal.2022.102757
https://doi.org/10.1128/aem.00865-24

	Genome editing in ubiquitous freshwater Actinobacteria
	MATERIALS AND METHODS
	Strains and growth conditions
	Antibiotic sensitivity assays
	Gene inactivation constructs
	Transformation procedure
	Confirmation of insertions
	Pigment analysis

	RESULTS
	Antibiotic sensitivity of freshwater actinobacterial strains
	Transformation and homologous recombination
	Confirmation of loss of crtB activity
	Other selectable markers tested in R. lacicola
	Electroporation of R. lacicola

	DISCUSSION


