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Tiivistelmä — Referat — Abstract  

Antibiotic resistance is a growing threat to global health due to overuse and misuse of antibiotics 

leading to untreatable or difficult to treat infections. Natural environments are an important 

reservoir of antibiotic resistance. The release of antibiotics into the environment promotes the 

development of antibiotic resistant bacteria and environmental occurrence of antibiotic resistance 

genes (ARGs). ARGs are common in nature and prevalent in aquatic environments such as surface 

waters and effluent. Cyanobacteria are widely found in marine, freshwater, and terrestrial 

environments. Since their ubiquitous presence in water environments cyanobacteria are exposed to 

antibiotic pollution and are in contact with resistant bacteria. The role of cyanobacteria in the 

antimicrobial resistome and dissemination of ARGs has only been studied recently.  This work 

aimed to evaluate the antibiotic susceptibilities of 51 cyanobacterial strains against different classes 

of antibiotics, using liquid batch cultures, antibiotic discs, and bioinformatics approaches. 

Cyanobacterial strains used in this work were sensitive to most of the tested antibiotics. However, 

majority of the strains also showed resistance against trimethoprim and novobiocin. Overall, there 

was little variation in the antibiotic resistances observed between strains but differences in 

sensitivity to different antibiotics was observed between species and strains with most differences 

seen with Nostoc spp. According to bioinformatic tools used (CARD database and BLASTp) FosA 

protein was found only in strains showing resistance against fosfomycin but not in any sensitive 

phenotypes and therefore fosA gene was selected as the most promising putative resistance gene 

for subsequent assays. To determine whether the fosA from cyanobacteria could confer resistance 

to fosfomycin, the fosA gene from Nostoc sp. XPORK 5A was cloned into pET28a(+) expression 

vector under the control of T7 promoter and subsequently native cyanobacterial promoter. The 

ability of Escherichia coli BL21 (DE3) carrying each plasmid constructs to grow in the presence 

of fosfomycin was determined with agar plates and growth curve assay. E. coli transformants 

containing the fosA gene and T7 promoter conferred high-level resistance to fosfomycin showing 

ability to grow at the highest concentrations tested (1mg/ml) on agar plates and (500 µg/ml) in 

growth curve assay. FosA protein expression from the native cyanobacterial promoter appeared to 

be weaker and conferred lower-level resistance to fosfomycin (≥ 10 µg/ml). The results of this 

study provide more information about the antibiotic susceptibility of cyanobacteria. In addition, 

replicating a horizontal transfer of the fosA gene from cyanobacteria to proteobacteria conferred 

resistance to fosfomycin and these results may indicate that also nonpathogenic cyanobacteria 

could act as a source of fosA antibiotic resistance genes.  
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Antibioottiresistenssi on maailmanlaajuinen terveysuhka johtuen antibioottien liika- ja väärinkäytöstä, joka 

voi johtaa vaikeasti hoidettaviin infektioihin. Myös ympäristöä pidetään tärkeänä resistenssitekijöiden 

lähteenä. Antibioottien pääsy ympäristöön lisää antibioottiresistenttien bakteerien kehittymistä sekä 

antibioottiresistenssigeenien esiintymistä ympäristössä. Antibioottiresistenssigeenit ovat yleisisä luonnossa 

sekä eri vesissä, kuten pinta -ja jätevesissä. Syanobakteereita esiintyy laajalti makeissa ja suolaisissa vesissä 

sekä myös kuivalla maalla. Vesistöissä ne altistuvat antimikrobisille saasteille ja ovat jatkuvassa yhteydessä 

resistenttien bakteerien kanssa. Syanobakteerien roolia antibioottiresistenssissä ja 

antibioottiresistenssigeenien leviämisessä on kuitenkin tutkittu vasta äskettäin. Tämän työn tavoitteena oli 

arvioida 51 syanobakteerikannan antibioottiherkkyyttä eri antibioottiluokkia vastaan nestemäisten 

viljelmien, antibioottilevyjen sekä bioinformatiikan työkalujen avulla. Tulokset osoittivat syanobakteerien 

olevan herkkiä suurimmalle osalle testatuista antibiooteista, mutta kannat osoittivat selvää vastustuskykyä 

trimetopriimia ja novobiosiina kohtaan. Kaiken kaikkiaan suurta lukumääräistä vaihtelua 

antibioottiresistenttiyden määrässä ei ollut kantojen välillä, mutta vaihtelua herkkyyksissä havaittiin eri 

antibiootteja kohtaan, Nostoc spp. sisältäen eniten vaihtelua. Bioinformatiikan määritykset (CARD 

tietokanta ja BLASTp) osoittivat FosA-proteiinin löytyvän ainoastaan testatuista syanobakteereista, jotka 

osoittautuivat herkkyysmäärityksessä resistenteiksi fosfomysiinille, jonka vuoksi fosA-geeni valittiin 

lupaavimmaksi mahdolliseksi resistenssigeeniksi jatkomäärityksiä varten. Geenin kykyä aiheuttaa 

resistenttiyttä määritettiin kloonaamalla Nostoc sp. XPORK 5A-kannan fosA-geeni pET28a(+)-

ekspressiovektoriin T7:n sekä myöhemmin alkuperäisen syanobakteerin promoottorin alaisuuteen. 

Escherichia coli BL21(DE3) solujen kyky kasvaa eri fosfomysiinipitoisuuksissa määritettiin agar-maljoilla 

ja kasvukäyrämenetelmällä. fosA-geenin sekä T7 promoottorin sisältämät E. coli BL21(DE3) solut 

osoittivat voimakasta resistenssiä fosfomysiinille osoittaen kykyä kasvaa korkeimmissa testatuissa 

pitoisuuksissa (1 mg/ml) agar-maljoilla ja (500 µg/ml) kasvukäyrämäärityksessä. Yhdessä alkuperäisen 

syanobakteerista peräisin olevan promoottorin kanssa fosA-geeni tuotti alhaisemman resistenssin (≥ 10 

µg/ml). Tämän työn tulokset tarjoavat lisää tietoa syanobakteerien antibioottiherkkyyksistä. Työn avulla 

myös mahdollisesti osoitettiin horisontaalista geeninsiirtoa jäljittelemällä fosA-geenin siirron 

syanobakteereista proteobakteereihin aiheuttavan resistenssin fosfomysiinille. Tämä voi osoittaa, että ei-

patogeeniset syanobakteerit voivat toimia fosA-antibioottiresistenssigeenin lähteenä.   
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Introduction 

Antibiotics can inhibit the growth or kill microorganisms and they are widely used for the 

treatment of bacterial infections in humans and animals but also for nonmedical purposes (Kümmerer, 

2009; WHO, 2021). The development and spread of antibiotic resistance among bacteria, especially 

multidrug resistance, are considered as a global threat to human, animal, and environmental safety, 

due to growing spread of resistance mechanisms and resistance to existing treatment (Vaz-Moreira et 

al., 2014; WHO, 2021). The massive overuse of antibiotics accelerates the evolution of antibiotic 

resistant bacteria and antibiotic resistance genes (ARGs) in the environment and thus increases the 

risk of transmission of the environmental resistome to humans (Bengtsson-Palme & Larsson, 2016; 

Felis et al., 2020; Serwecińska, 2020). 

The global consumption of antibiotics is directly reflected in their presence in different 

compartments of environment, including the aquatic environment (Felis et al., 2020). As one of the 

most important microbial habitats, water environments promote dissemination of microorganisms in 

nature, and have been recognized as a significant reservoir of antibiotic resistance (Cabello et al., 

2013; Serwecińska, 2020). Antibiotics occur naturally in the environment, but the substantial source 

of antibiotic pollution is caused by human activities. Antibiotics can be released to the aquatic 

environments by several pathways and environmental concentrations of antibiotics have shown to 

vary significantly (Bengtsson-Palme & Larsson, 2016; Felis et al., 2020). The pollution can originate 

from point sources, such as most commonly wastewater treatment plants (Bengtsson-Palme & 

Larsson, 2016; Bueno et al., 2018), hospital effluents (Le Page et al., 2019) or from non-point-point 

sources, such as runoff or drainage waters from agriculture and livestock areas (Yi et al., 2019; Felis 

et al., 2020). Antibiotics concentrations from environmental water samples range from ng/l to mg/l 

depending on the antibiotic and sampling site, such as wastewater effluent, ground water or surface 

waters (Dias et al., 2015; Välitalo et al., 2017). Water sources can be considered as the origin of 

resistance genes or as a reservoir of genes already acquired by human pathogens and released as 

pollutants in the environment and as a pool facilitating the exchange of resistant genes between 

pathogenic and nonpathogenic bacteria (Zhang et al., 2009; Allen et al., 2010; Vaz-Moreira et al., 

2014). 

However, environmental organisms are intrinsically resistant to many different antibiotics and 

bacterial antibiotic resistance mechanisms occurred long before the use of antibiotics by humans (Cox 

& Wright, 2013). Intrinsic antibiotic resistance is not related to horizontal gene transfer and 

independent of selective pressure (Martinez, 2014). The intrinsic form of resistance comprises several 

mechanisms related with structural, physiological, or biochemical properties of bacterial cells, 
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including reduced permeability, active efflux systems and metabolic functions (Cox & Wright, 2013; 

Martinez, 2014; Vaz-Moreira et al., 2014; Reygaert, 2018). Intrinsic antibiotic resistance represents 

a characteristic phenotype of an organism, resulting from multiple genes and thus is not easily 

transferred by horizontal gene transfer. This native resistance form represents an important fraction 

of the environmental antibiotic resistome, since about 3% of the genes in a bacterial genome may be 

related with intrinsic resistance processes (Zhang et al., 2009; Vaz-Moreira et al., 2014). Intrinsically 

resistant bacterial populations will have higher chances to survive in the presence of antimicrobial 

residues than non-intrinsically resistant organisms and thus, it can be hypothesized that intrinsic 

resistance at least in highly ubiquitous bacteria can act as an advantage for resistance acquisition 

(Vaz-Moreira et al., 2014).  

Besides intrinsic resistance, bacteria can evolve antibiotic resistance through several 

mechanisms, including spontaneous mutations causing alteration to the antibiotic target protein or 

changes in cell permeability and efflux systems (Tenover, 2006; Davies & Davies, 2010). In addition, 

bacteria can develop resistance thorough acquisition of new genetic material from other organisms, 

known as horizontal gene transfer (Thomas & Nielsen, 2005; Tenover, 2006). The main causes of 

new antibiotic resistance mechanisms are the selection of naturally occurring resistant variants and 

horizontal gene transfer processes (Livermore, 2003; Blázquez et al., 2012). Identical sequences of 

drug-resistance genes have been identified in the DNA of environmental and clinical bacterial strains, 

suggesting that horizontal gene transfer takes place via mobile genetic elements such as insertion 

sequences, gene cassettes/integrons, transposons and plasmids that are able to transfer between 

bacterial cells promoting the acquisition and spread of resistance genes (Vaz-Moreira et al., 2014; 

Partridge et al., 2018; Serwecińska, 2020). The mechanisms of gene exchange include conjugation or 

mobilization, mediated by plasmids and integrative conjugative elements, transduction, which is 

mediated by bacteriophages, and transformation where recipient cell uptakes extracellular DNA 

(Partridge et al., 2018). 

Even at sub-inhibitory concentrations (concentrations below the Minimum Inhibition 

Concentration (MIC)) antibiotics increase mutation rates and can cause shift in bacterial gene 

expression, biofilm formation and virulence (Laureti et al., 2013). Long-term exposure of low 

concentrations of antibiotics can induce the bacterial SOS repair system, which increases the 

frequency of genome mutations and horizontal gene transfer and mobile genetic elements, including 

those responsible for antibiotic resistance, thus accelerating the spread of drug-resistant genes even 

between phylogenetically distant bacteria (Andersson & Hughes 2014). All these changes can result 

in adaptation to new unfavorable conditions and the emergence of new bacterial phenotypes 

(Andersson & Hughes 2014; Serwecińska, 2020). 
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Cyanobacteria are a diverse group of oxygenic photosynthetic prokaryotes with gram-

negative like cell structure (Cohen & Gurevitz, 2006; Flores & Herrero, 2010). They present diverse 

metabolic capabilities which enabled them to occupy a variety of different habitats including 

terrestrial, marine, and freshwater environments (Stal, 1995; Schirrmeister et al., 2015). 

Cyanobacteria have many essential ecological roles such as primary production and nitrogen fixation 

(Stal, 1995; Percival & Williams, 2014). Since cyanobacteria are ubiquitous and represent the 

majority of phytoplankton mass in aquatic ecosystems they are exposed to antibiotics and are often 

in contact with resistant bacteria (Välitalo et al., 2017; Dias et al., 2019).  

However, the role of cyanobacteria in the antimicrobial resistome and dissemination of 

antibiotic resistance in water environments have not been studied until recent years. Cyanobacteria 

are considered being sensitive to antibiotics, but previous studies based on meta-analysis of published 

literature in addition to experimental data have pointed out that resistance to antibiotics can vary 

profoundly between cyanobacterial species and between strains of the same species and is influenced 

by the used antibiotic and antibiotics modes of action (Azevedo et al., 2019; Le Page et al, 2019). In 

addition, their low susceptibility and resistance to some antibiotics have been reported, and it is well 

known that cyanobacteria can adapt to environmental pressures (Cohen & Gurevitz, 2006, Prasanna 

et al., 2010; Dias et al., 2015; Wang et al., 2020). Moreover, the intrinsic or acquired resistance of 

them is a concern since they contain the components related to gene transmission that allows the 

exchange of resistance genes between them and other bacteria (Dias et al., 2015; Azevedo et al., 

2019). Recent studies also evaluating the occurrence and abundance of ARGs in cyanobacteria 

indicated that strains isolated from wastewater treatment plants showed lower antibiotic susceptibility 

and higher frequency of ARGs and related integrons than strains isolated from freshwater samples 

(Dias et al., 2019).  

Fosfomycin (2R,3S-3-methyloxiran-2-yl) is a natural phosphonic acid antibiotic produced by 

strains of Streptomyces spp. and Pseudomonas syringae (Ito et al., 2017). It acts as a cell wall 

synthesis inhibitor and the antibacterial activity results from inactivation of N-acetylglucosamine 

enolpyruvyl transferase (MurA) that catalyzes the first step in peptidoglycan synthesis preventing cell 

wall synthesis and leading to cell death (Ito et al., 2017; Silver, 2017; Cao et al., 2019). Fosfomycin 

is often used in the treatment of urinary tract infections and it has been shown to be biologically active 

against multiple multi-drug resistant (MDR) bacteria, resulting in its increased clinical use and 

interest (Ito et al., 2017). Bacterial resistance to fosfomycin may be due to mutations in the uptake 

and transport mechanism or the presence of fosfomycin modifying enzymes (Klontz et al., 2017). 

FosA is one of the four previously described fosfomycin-modifying metalloenzymes including also 

FosB, FosC and FosX enzymes (Beharry & Palzkill, 2005). The best-characterized enzyme FosA is 
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an Mn2+ and K+ -dependent glutathione S-transferase that catalyzes the nucleophilic addition of 

glutathione to the epoxide ring of fosfomycin thus inactivating the drug (Beharry & Palzkill, 2005; 

Ito et al., 2017).  

This work aimed to broaden the knowledge concerning the antibiotic resistance among 

cyanobacteria by initially conducting a phenotypic analysis by screening of cyanobacterial antibiotic 

resistance with 12 different antibiotics. This was followed by bioinformatic analyzes for detecting the 

genes involved in antibiotic resistance and selecting the most promising putative resistance gene. The 

work focused on fosA gene and aimed to study the relevance of this gene in conferring the resistance 

against fosfomycin by cloning and expressing the gene from fosfomycin resistant cyanobacterial 

strain Nostoc sp. XPORK 5A in E. coli BL21(DE3). fosA gene is part of a phosphonate degrading 

(phn) gene cluster (Schaedig, 2020) and the work compared the efficiency of resistance to fosfomycin 

caused by fosA gene under the control of endogenous cyanobacterial promoter from the phosphonate 

gene cluster and T7 promoter of pET28a(+) expression vector.  

 

Materials and methods 

Cyanobacterial strains and cultivation 

A total of 51 cyanobacterial strains from University of Helsinki Culture Collection (UHCC) 

were used (Table S1) and genomes were previously sequenced by the Cyanobacterial Research Group 

at the University of Helsinki. Most of the strains were isolated from brackish and freshwater 

environments including the Baltic Sea and lakes in Finland. The strains were cultivated as batch 

cultures in liquid Z8, Z8X (without nitrogen) or Z8 with added NaCl salt medium (Kotai, 1972), in 

constant light with photon flux density of ca. 5 ± 1 µM m-2 s-1 at room temperature. 

Selection of antibiotics and screening of antibiotic resistance 

Antibiotics for this study were selected based on preliminary CARD database analysis and 

they represent different classes of antibiotics with different mechanisms of action. The list of used 

antibiotics in addition to their primary targets and sites of inhibition are presented in Table 1. 
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Table 1. Antibiotics tested in the present work and their mechanisms of action (Liu et al., 2010; Kapoor et al., 

2017). 

 

One culture of each of the strains was divided in 12 or 24-well plates after homogenization 

with a pipette for even distribution of cells into wells. One antibiotic disc (Thermo Scientific) was 

added aseptically in each well. The well plates were sealed with Parafilm and left to grow in room 

temperature with continuous illumination of ca. 5 ± 1 µM m-2 s-1 for 12 days. The viability of the 

cells was observed macroscopically and microscopically on days 3, 7 and 12, and the plates were also 

photographed. Based on changes in cells viability, including changes in cell density, shape or color 

cells were divided in categories S/I/R (Susceptible, Intermediate, Resistant) for antibiotic resistance 

profiling. The viability of the cells showing resistance or categorizes as intermediate was confirmed 

by transferring small aliquots from the wells to solid agar plates where the growth was then observed 

for two to three weeks. 

In silico analysis of resistance mechanisms 

Preliminary automatic annotation of genes involved in antibiotic resistance was done for 43 

strains with previously available genomes using CARD database (Alcock et al., 2020), and BLASTp 

was subsequently used in manual curation of predicted genes (Camacho et al., 2009). For that, the 

conserved protein domain hits of CARD reference proteins and candidate proteins in cyanobacteria 

were compared. Proteins sharing the same domain hits were identified as putative proteins involved 

in resistance.  

 

 

Group Antibiotic Primary target Site of inhibition

Aminoglycosides Kanamycin (30 µg) 30S subunit

Aminoglycosides Streptomycin (300 µg) 30S subunit

Tetracyclines Tetracycline (30 µg) 30S subunit

Chloramphenicols Chloramphenicol (30 µg) 50S subunit

Macrolides Clarithromycin (15 µg) 50S subunit

Mupirocins Mupirocin (200 µg) Isoleucyl-tRNA synthetase

Phosphonic Acids Fosfomycin (50 µg)
UDP-N-acetylglucosamine enolpyruvyl transferase 

(MurA)

β-lactams Penicillin g (10 units) Penicillin binding proteins (PBPs)

Fluoroquinolones Ciprofloxacin (10 µg) DNA gyrase

Aminocoumarins Novobiocin (5 µg) DNA gyrase

Sulphonamides Trimethoprim (5 µg) Dihydrofolate reductase Folic acid metabolism

Rifamycins Rifampicin (30 µg) RNA polymerase Transcription

Protein synthesis

Cell wall synthesis

DNA replication
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Heterologous expression of fosA gene 

Genomic DNA from the strain Nostoc sp. XPORK 5A was extracted using E.Z.N.A SP Plant 

DNA Kit (Omega Bio-Tek). The concentration and purity of extracted DNA was estimated with 

Nanodrop 2000 spectrophotometer (Thermo Scientific, USA). Primers for Direct Pathway Cloning 

for both constructs were designed using the NEBuilder Assembly Tool v2.5.3 (New England Biolabs; 

http://nebuilder.neb.com/). Homology arms were composed of at least 25 nt with a calculated melting 

temperature of >50 °C. DNA assemblies were visualized using Snapgene software (Insightful 

Sciences; https://www.snapgene.com/). The bioinformatic tools OligoAnalyzer (Integrated DNA 

Technologies; https://eu.idtdna.com/calc/analyzer) and the OligoEvaluator (Sigma-Aldrich; 

http://www.oligoevaluator.com) were used to check the primer quality to avoid severe secondary 

hairpin structures and primer dimer formation.  

The fosA gene was amplified by polymerase chain reaction (PCR) and the amplification was 

performed in 50 µl PCR reaction batch containing 1X Q5 reaction buffer, 100-200 µM 

deoxynucleotide triphosphates, 500 nM of forward and reverse primer, 27 ng of template DNA, 0.01-

0.02 U/µl Q5 High-Fidelity DNA polymerase (NEB) and sterile MQ water. Cycling was conducted 

by SimpliAmpTM Thermal Cycler (Thermo Fisher Scientific). Information about the primers, product 

sizes and PCR programs used are described in Table 2. PCR products were visualized by gel 

electrophoresis with 0.7 % agarose gel in 0,5X TBE buffer and stained with 9 µl of SYBR green 

(Thermo Scientific). The fragment sizes were evaluated with GeneRuler 100 bp Plus DNA Ladder 

(Thermo Scientific).  

 

Table 2. Specific primers for fosA and native promoter genes, product sizes and PCR programs used. 

 

Name Primer sequence 5' (overlap/ANNEAL) 3'
Length 

(bp)
PCR program Colony PCR program

fosA  fwd gtggtggtgctcgagtgcggccgcaTCACTGACTTACCTCAGTAAAAAATTTC

fosA  rev ggacagcaaatgggtcgcggatccgATGATTATAGGAATTAACCATATTACTTTG

Vector fwd ATTTCGCGGGATCGAGATCTCGATCCTC

Vector rev ATGATTATAGGAATTAACCATATTACTTTGTC

Native 

promoter fwd
taatatggttaattcctataatcat AGCTTTTAGTTCGTAATTCGTAATTC

Native 

promoter rev
gatcgagatctcgatcccgcgaaat GCAAAATTGCGGAGGATAAAAATATAAATATG

Vector fwd ATTTCGCGGGATCGAGATCTCGATCCTC

Vector rev ATGATTATAGGAATTAACCATATTACTTTGTC

95  °C: 2 min, 95  °C: 

30 sec, 60  °C: 30 sec, 

72  °C: 30 sec, 72  °C: 

10 min, cycles: 35

423

5346

161

5579

98 °C: 2 min, 98 °C: 30 sec, 

60  °C: 15 sec, 72  °C: 5 sec, 

72 °C: 2 min, cycles: 30

98  °C: 2min, 98  °C: 30 sec, 

60  °C: 15 sec, 72  °C: 5 sec, 

72  °C: 2 min, cycles: 30 

98  °C: 2min, 98  °C: 30 sec, 

54  °C: 15 sec, 72  °C: 3 

min, 72  °C: 2 min, cycles: 

30 
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The vector pET28a(+) was previously digested with restriction enzymes EcoRI and HindIII 

(Promega, USA). Both linearized vector and fosA gene fragments were purified by PureLinkTM PCR 

purification Kit (Invitrogen). The concentration and purity of purified plasmids was measured with 

Nanodrop 2000 spectrophotometer (Thermo Scientific). To allow inducible expression, the fosA gene 

was placed behind a T7 promoter and lac operator. The fosA gene was inserted into pET28a(+) to 

create pET28a-pT7-fosA by using SLIC (sequence-ligation-independent cloning) method (Jeong et 

al., 2012; D’Agostino & Gulder, 2018), which was conducted by 1X buffer 2.1 (NEB) and 0.5 µl of 

T4 polymerase (NEB) in a 10 µl total reaction volume. The mixture was incubated for 2.5 minutes at 

room temperature, followed by a 10-minute incubation on ice and then transformed by heat shock at 

40 °C for 90 seconds into competent E. coli DH5α cells. Cells were plated on LB (Luria Bertani) 

plate supplemented with kanamycin (40 µg/ml) and left to grow for 16 hours at 37 °C. Positive clones 

of constructs were initially screened by colony PCR followed by Sanger sequencing. Based on 

pET28a-pT7-fosA construct, T7 promoter was replaced with native promoter from XRORK 5A and 

pET28a-pNative-fosA was generated. Both plasmids were transformed into E. coli BL21(DE3) cells 

separately, as well as empty vector pET28a(+) acting as a negative control. Cells were plated on LB 

plates supplemented with kanamycin (40 µg/ml) and 1% glucose and was left to grow for overnight 

at 37 °C. 

After incubation the colonies were streaked on new plates containing LB, 1 % glucose, 0.1 

mM IPTG and different concentrations of fosfomycin (1,5,10,25,50,100, 200, 250, 400, 500, 600 and 

1000 µg/ml). Fosfomycin stock solution (25 mg/ml) was prepared with Phosphomycin disodium salt 

(Sigma-Aldrich) according to the previously described method (Gold Biotechnology, 2015) and 

stored in -20 °C.  

Growth curve assay 

The E. coli BL21(DE3) cells containing constructs pET28a-pT7-fosA, pET28a-pNative-fosA 

and empty pET28a(+) plasmid were grown overnight in 7 ml LB-kanamycin (40 µg/ml) medium. 

The absorbance at 600 nm was measured with BioPhotometer (Eppendorf) being 0.6. The growth 

media containing LB, 0.1 mM IPTG, 1% glucose and six different concentrations of fosfomycin (10 

µg/ml, 25 µg/ml, 50 µg/ml, 100 µg/ml, 250 µg/ml, and 500 µg/ml) were prepared. 198 µl of media 

was pipetted in each well in 100-well honeycomb plate and 2 µl (1:100) of overnight bacterial culture 

was added. The plate was incubated for 18 hours at 37 °C with continuous shaking in Bioscreen C 

Microbiological Growth Analyzer (Labsystems). The optical density was automatically recorded 

every hour using a 600 nm filter. All the reactions were done in triplicates and the assay was carried 
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out twice. The data was recorded by software Easy Bioscreen Experiment (EZExperiment) and 

exported to a Microsoft Excel for further analysis of the collected data. 

Phylogenomic tree 

The phylogenomic placement of 43 genomes of cyanobacterial strains included in the present 

study was based on 120 bacterial single copy conserved marker genes annotated by GTDBTk 1.0.2 

(Parks et al., 2018). Amino acid sequences were initially identified using the default parameters of 

the “Identify” command and subsequently aligned using the default parameters of the “Align” 

command line. The resulting multi fasta file was used for the construction of a maximum likelihood 

tree with 1000 bootstrap samples in RAxML v8.2.12 (Stamatakis, 2014). For that, the amino acid 

substitution model LG+G+I was identified as the best-fitting model by the default BIC calculation in 

ProtTest 3.4.2 (Darriba et al., 2011). The genome of strain Gloeobacter violaceus PCC 7421 was used 

as outgroup since this species is known as a primitive cyanobacteria (Mareš et al., 2013). The resulting 

tree was visualized and edited using FigTree v1.4.4 (Rambaut, 2012) and figure optimization was 

performed in Inkscape 1.0 (https://inkscape.org/). 

FosA tree 

The phylogenetic analyses of the fosfomycin resistance gene fosA was generated using amino 

acid sequences from 15 cyanobacterial genomes and other pathogenic and non-pathogenic gram-

negative bacteria. Sequences from the cyanobacterial genomes were the possible homologs identified 

in the manual curation of the CARD database annotation found in Table S2 (Alcock et al., 2020). 

Amino acid sequences from the other bacterial had been identified in a previous study and were 

obtained from the NCBI GenBank public database (Clark et al., 2016; Ito et al., 2017). 

A total of 33 amino acid sequences of possible FosA homologs were concatenated with the 

default MUSCLE alignment in MEGA7 (Kumar et al., 2016). The resulting alignment was used for 

constructing a maximum likelihood tree with 1000 bootstrap samples in RAxML v8.2.12 (Stamatakis, 

2014). The amino acid substitution model LG+G was found to be the best-fitting model by the default 

BIC calculation in ProtTest 3.4.2 (Darriba et al., 2011). The fosX gene from Mesorhizobium 

japonicum was used as outgroup as this gene is considered a precursor of FosA (Travis et al., 2019). 

Visualization of the phylogenetic tree was done using FigTree v1.4.4 

(http://tree.bio.ed.ac.uk/software/figtree/) and figure optimization was performed in Inkscape 1.0 

(https://inkscape.org/). 
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Results 

Antibiotic susceptibility profile 

Fifty-one cyanobacterial strains were screened for assessing their antibiotic susceptibility to 

12 antibiotics and categorized according to their ability to grow in the presence of a given antibiotic 

disc. Majority of the strains were susceptible to tested antibiotics, but a clear pattern of resistance was 

seen to novobiocin and trimethoprim (Figure 1). Contrarily, all the strains tested against mupirocin, 

streptomycin and clarithromycin were observed as susceptible. Resistance to the remaining 

antibiotics could be detected from 45 strains. The number of tested strains per antibiotic varied since 

some of the antibiotics were obtained after the experiments began due to pandemic-related transport 

delays, and consequently, the screening was done in two separate sets.  

 

 

Figure 1. Distribution of resistance between different antibiotics. Antibiotics are shown on the X-axis and on 

the Y-axis shows the number of strains. 

 

Susceptibility as a common trait 

 

Most of the strains showed resistance against a couple of antibiotics and for the most part the 

resistance was seen against novobiocin and trimethoprim Overall, a large variation in the number of 

antibiotic resistances was not seen between strains (Figure 2) but differences in the sensitivity to 

different antibiotics was observed between species and strains (Table S1). Anabaena spp. and 
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Dolichospermum spp. showed more consistent susceptibility but more differences in susceptibility 

was observed within Nostoc spp. 
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Figure 2. Overall antibiotic resistance profile of used strains. Species and strain names are indicated on the X-axis and the number of antibiotics on the Y-axis.  
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Phylogeny 

Forty-three of the 51 cyanobacterial strains had their genomes sequenced prior to the present 

study. Here, these genomic sequences were used to construct a maximum likelihood phylogenomic 

tree representing the placement of the strains within the cyanobacterial phylum and the taxonomic 

distribution of antibiotic resistance. (Figure 3). Most strains were identified as Dolichospermum, 

Nostoc and Nodularia; and formed their own branches in the tree. Antibiotic resistance was relatively 

well distributed among the tested strains, while Nostoc sp. UHCC 0398 and 0302; and Nodularia sp. 

UHCC 0506 were found to tolerate the highest number of antibiotics (four each). 
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Figure 3. Phylogenomic tree constructed using 120 bacterial conserved marker genes from the 43 

cyanobacterial strains used in this study (bolded) and other cyanobacteria. Resistant phenotypes against 

different antibiotics are indicated with different colors. White boxes represent tested susceptibilities while grey 

color indicates that susceptibility screening was not done for those strains. 



17 
 

Detection of candidate protein 

In order to determine the most promising antibiotic resistance gene, CARD database was used 

to analyze the putative resistance genes. Hundreds of them were identified for each of tested 

antibiotics in the strains, and therefore, the manual curation was restricted to fosfomycin. This 

antibiotic presented few genes possibly involved in the resistance mechanism. By comparing 

conserved domain hits from CARD reference protein and candidate protein in cyanobacterial strains, 

FosA and FosX proteins were discovered only in strains showing resistant phenotype to fosfomycin 

but not in any susceptible strains, therefore suggesting their possible involvement in fosfomycin 

resistance (Figure 4). Initial phenotypic screening indicated 9 strains out of 51 as resistant to 

fosfomycin, three resistant strains contained FosA, four of them had FosX and one strain had both 

FosA and FosX domains. MurA (UDP-N-acetylglucosamine 1-carboxyvinyltransferase) which 

catalyzes enolpyruvyl transfer as part of the first step in the biosynthesis of peptidoglycan (Brown et 

al., 1995) was found in several sensitive phenotypes as well as resistant ones demonstrating it may 

not be responsible for the resistance. Also, one candidate Abaf, only found in sensitive phenotype 

belongs to major facilitator superfamily (MFS) (Sharma et al., 2016) and was not considered as a 

potential factor conferring the resistance. More detailed results are shown in Table S2. 

 

Figure 4. Detection of putative proteins involved in resistance. The X-axis shows conserved domain hits and 

Y-axis the number of each matching hits observed.   
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FosA confers high resistance in E. coli BL21(DE3) with T7 promoter 

To test whether fosA from cyanobacteria can confer resistance to fosfomycin, the fosA gene 

from Nostoc sp. XPORK 5A was cloned in pET28a(+) expression vector and expressed in E coli 

BL21(DE3) under the control of either T7 or native cyanobacterial promoter. The cells were streaked 

on LB plates containing several different concentrations of fosfomycin. E. coli transformants carrying 

the fosA-T7 plasmid showed high resistance to fosfomycin (1 mg/ml) whereas cells with empty 

pET28a(+) plasmid were able to grow only in ≤ 10 µg/ml fosfomycin concentration. The growth of 

cells containing the native cyanobacterial promoter and fosA gene was not fully consistent on agar 

plates but showed slight growth on plates containing up to 25 µg/ml of fosfomycin. Thus, the exact 

level of resistance could not be determined and more specific visualization of the growth of E. coli 

BL21(DE3) cells was performed by growth rate assay. 

Growth rate 

Growth curves for different plasmid constructs in E. coli BL21(DE3) with six different 

concentrations of fosfomycin were generated based on turbidity changes of each sample allowing 

comparison of conferred resistance between plasmids with different promoters. Negative control 

showed only slight growth at 10 µg/ml fosfomycin concentration after 13 hours incubation while 

plasmid carrying fosA-T7 appeared capable of growing with all concentrations and up to highest 

fosfomycin concentration (500 µg/ml) used in this assay (Figure 5). The growth of E. coli cells 

containing this construct seemed quite consistent between different concentrations ending up with 

nearly the same absorbance values after 18-hour measurement. Cells containing fosA and native 

cyanobacterial promoter reached the exponential phase of the growth ca. four hours later than fosA-

T7 constructs and showed clear growth at 10 µg/ml concentration. The growth was also observed 

with 25 and 50 µg/ml concentrations but with these concentrations the results between three parallel 

samples differed from each other resulting in rather large standard deviations.  
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Figure 5.  E. coli BL21(DE3) growth curves with plasmid constructs A) empty pET28a(+) as a negative control 

B) pET28a-pT7-fosA and C) pET28a-pNative-fosA with six different fosfomycin concentrations. X-axis 

showing the time measurement points (0-17 hours) and Y-axis the absorbance measured at 600 nm. The graphs 

are showing the mean values of three parallel samples with corresponding standard deviations shown as error 

bars. 
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Phylogeny of fosA gene 

To provide insights into the phylogeny of the fosA gene, amino acid sequences from 

cyanobacteria and other gram-negative bacteria were used to generate a maximum likelihood 

phylogenetic tree (Figure 6). Candidate FosA amino acid sequences from Nostoc sp. UHCC 0251, 

Calothrix desertica PCC 7102 and Nodularia sp. UHCC 0506 were placed within a clade containing 

most of the cyanobacterial sequences, while FosA from other bacteria formed a sister clade. Despite 

this divergence event between cyanobacterial and the other FosA, this work demonstrated that 

cyanobacterial fosA was able to confer resistance to fosfomycin in other bacteria (E. coli). 

Interestingly, the fosA gene from Chroococcales cyanobacterium IPPAS-B1203 in the phylogenetic 

tree indicated that this gene is the ancestor of all the analyzed sequences. 

 

Figure 6. Phylogenetic tree of fosA gene constructed using amino acid sequences from six cyanobacterial 

species and nine different pathogenic and non-pathogenic gram-negative species. Three cyanobacterial strains 

used in this study are bolded.  
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Discussion 

Cyanobacteria are ubiquitous in both terrestrial and aquatic environments; they play key roles 

in many bacterial communities and have a range of important ecological functions (Percival & 

Williams, 2014). Water environment is considered as an important vehicle for the emergence and 

dissemination of antibiotic resistance genes and despite of cyanobacteria are a major component in 

many phytoplankton communities, the issue of antibiotic resistance in cyanobacteria has still been 

rarely investigated (Dias et al., 2015; Le Page et al., 2019). The information of cyanobacterial 

susceptibility to antibiotics is dispersed and the available data cannot be easily compared, since the 

usage of very distinct experimental conditions and endpoints, such as optical density, photosynthetic 

yield, and chlorophyll content (Prasanna et al., 2010; Dias et al., 2015; Azevedo et al., 2019).  Many 

antibiotic susceptibility testing approaches has been standardized for majority of pathogenic bacteria, 

but this is not yet the case with cyanobacteria (Khan et al., 2019).  

  An assessment of cyanobacterial antibiotic susceptibility conducted in this study showed 

variability in the sensitivity to tested antibiotics between species. Most of the tested strains were 

considered as sensitive, yet also showing resistance particularly to trimethoprim and novobiocin 

(Figure 1). The screening for antibiotic resistance was done using liquid cultures and antibiotic discs 

to determine resistant, intermediate, and susceptible phenotypes. This was not the most optimal 

method to use since the discs should be used with solid plates. However, most of the cyanobacterial 

strains are planktonic and do not grow well in agar plates (Lopes & Vasconcelos, 2011). More 

relevant method such as double layer agar technique (Santos et al., 2009), using solid bottom layer 

with more fluid top agar containing bacterial suspension and antibiotic discs could have been 

performed. In addition, conventional broth microdilution method could have been applied but that 

would have been very time consuming when working with several cyanobacterial strains and 

antibiotics, and due to timing issues no additional methods were used. In addition, cyanobacteria 

require light for growth and light-sensitivity for antibiotics such as chloramphenicol and ciprofloxacin 

were not taken into account (BSAC, 2013). 

The screening results of antibiotic resistant phenotypes indicated clear resistance to 

trimethoprim in this study. These findings are in accordance with previous studies using different 

experimental procedures since reduced susceptibility or resistance has been reported for distinct 

cyanobacterial species. These studies strongly suggest that cyanobacteria are probably naturally 

resistant to trimethoprim (Prasanna et al., 2010; Kolar et al., 2014, Dias et al., 2015, 2019). For 

instance, two strains of cyanobacteria Nostoc sp. PCC7120 and Synechocystis sp. PCC6803 lack 



22 
 

genes encoding dihydrofolate reductase (folA) which is an essential enzyme involved in folate 

metabolisms and acting as a target for trimethoprim. These strains have an alternative pathway 

(thymidylate synthase, ThyX) to synthesize reduced folate molecules, and this might be one reason 

related to natural non-susceptibility of cyanobacteria to trimethoprim (Myllykallio et al., 2003; Dias 

et al., 2015, 2019). A limited cyanobacterial sensitivity of other sulfonamides was also observed in 

growth inhibition assays conducted by Le Page et al. (2019). This insensitivity could be related to a 

folate transporter protein (slr0642) which allows the uptake of folates from the environment and 

overcoming the effect of the targeting of this drug on the folate synthesis pathway (Klaus et al., 2005; 

Le Page et al., 2019).    

Sensitivity to penicillin seemed quite consistent within tested strains of Anabaena spp., 

Dolichospermum spp., and Nodularia spp. but varied with Nostoc spp. also showing resistant strains. 

For the β-lactams, a major difference in the interspecies sensitivity has been noted (Le Page et al., 

2019). The reason for this is still unclear, but it may be due to differences in uptake rates caused by 

the type of outer membrane porins that enable small and non-lipophilic molecules, such as the β-

lactams and fluoroquinolones, tetracycline, chloramphenicol, and aminoglycosides, to pass through 

the bilayered outer membrane (Li et al., 2015). In addition to uptake and efflux, β-lactamase enzymes 

have important roles in determining the sensitivity to these antibiotics (Rice, 2012). However, other 

studies also demonstrate the β-lactams being most effective against tested cyanobacteria genera 

exhibiting low MIC values (0,003-1,6 mg/L, and the 50 % effective concentration (EC50) 0,0037) 

(Liu et al., 2012; Dias et al., 2015). Both susceptible and resistant patterns have also been observed 

for β-lactams with Anabaena sp. and Nostoc sp. using the agar double layer method (Prasanna et al., 

2010).  

Similarly, the available information about the effects of aminoglycosides and tetracycline 

shows different degrees of susceptibility and these previous results somehow correlate with the 

findings in this study. Tested cyanobacteria showed clear sensitivity to aminoglycosides kanamycin 

and streptomycin and the most consistent susceptibility was seen to streptomycin to which all strains 

showed sensitive phenotype. However clear insensitivity to streptomycin has been demonstrated by 

Dias et al. (2019) only concentrating of strains belonging to the Planktothrix genus (0.0015-1.6 

mg/L). Susceptibility to 30 µl of kanamycin has been reported for Anabaena sp., Nostoc sp. and 

Synechochoccus sp. but the growth of Nodularia sp. have been maintained after exposure up to 150 

mg/L of kanamycin. Besides the inhibition of protein synthesis, the principal mechanism of 

aminoglycosides action, they can also cause cytotoxicity through the induction of reactive oxygen 

species (Dias et al., 2015). Anabaena sp., Nostoc sp., and Synechochoccus sp. were also reported 

susceptible to 30-50 µl/disc of tetracycline (Prasanna et al., 2010).  
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All the tested strains were susceptible to macrolide antibiotic clarithromycin.  Le Page et al. 

(2019) also reported consistent responses to the macrolides among tested cyanobacteria. The 

differences in sensitivity to macrolides are more likely reflected by differences in uptake or efflux 

than differences in the drug target since cyanobacterial ribosomes are likely evolutionarily well 

conserved (Le Page et al., 2019). Consequently, the similar levels of efficiency of this drug could be 

partly explained by the highly conserved ribosome drug target (Poehlsgaard & Douthwaite, 2002). 

Rifampicin and fosfomycin exhibited the most differences in the cyanobacterial sensitivity to 

tested antibiotics between species. There is limited or no available data about the cyanobacterial 

susceptibility to ciprofloxacin, novobiocin, rifampicin, chloramphenicol and fosfomycin. This study 

implies consistent susceptibility to ciprofloxacin, with only one strain from Nostoc sp. showing 

resistance. Previous study also evaluated the effects of ciprofloxacin by growth inhibition and 

production of chlorophyll a to Microcystis species and demonstrated them to be very sensitive to this 

antibiotic (Azevedo et al., 2019). Contrarily, all the tested strains without one exception from Nostoc 

sp. were resistant to novobiocin. This resistance could be partly explained by characteristic traits in 

gram-negative bacteria; the outer membrane with phospholipids in an inner leaflet and 

lipopolysaccharide in the outer leaflet acting as a permeability barrier (May et al., 2017). In addition, 

many toxic molecules who can cross the barrier are subsequently exported by multi-drug efflux 

pumps (Jammal et al., 2015). 

The screening of putative antibiotic resistance genes using CARD database suggested a high 

number of resistance genes involved in resistance against most of the antibiotics used in this study. 

Fosfomycin was selected for closer investigation since it gave a reasonable number of potential 

resistance genes to fosfomycin in addition to clear putative fosfomycin resistance genes described in 

literature. Fosfomycin is a natural phosphonic acid containing structurally strained epoxide ring 

making it chemically reactive and providing a good antibacterial activity to this molecule. (Cao et al., 

2019). The most clinically relevant mechanism of fosfomycin resistance in gram-negative bacteria is 

caused by expression of FosA enzyme (Klontz et al., 2017). 

Interestingly, the presence of FosA protein was not detected in any tested cyanobacteria 

showing sensitive phenotype to fosfomycin but was seen in resistant ones (Figure 4). Degradation 

products of fosfomycin were attempted to detect with LC-MS analysis to confirm that FosA was 

indeed responsible for obtained resistance in E. coli but unfortunately no inactivation products could 

have been detected due to timing issues. In E. coli fosfomycin resistance arises at high frequencies in 

vitro, because of loss of transport systems required for uptake (Silver, 2017). The drug is imported 

through the inner membrane with two transporters; glycerol-3-phosphate (G3P) GlpT and glucose-6-

phosphate (G6P) UhpT (Benzerara et al., 2017). Mutations or decreased expression 
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of glpT or uhpT genes most commonly causes lowered susceptibility, whereas modification of the 

fosfomycin target MurA have been considered as rare in clinical isolates (Benzerara et al., 2017; Seok 

et al., 2020). 

 Despite the phylogenetic divergence event between cyanobacterial and the other gram-

negative bacterial FosA, this work demonstrated that cyanobacterial fosA sequences conferred 

resistance to fosfomycin in E. coli (Figure 6). Nevertheless, the position of fosA gene from a 

cyanobacterial strain might indicate that fosA genes might have originated from cyanobacteria, fact 

that could explain the conferred resistance in E. coli.  The fosA gene is frequently present in the 

chromosomes of many gram-negative bacteria and has been suggested to be widely distributed also 

among gram-negative pathogenic species including Klebsiella pneumoniae, Pseudomonas 

aeruginosa, Enterobacter aerogenes, Proteus mirabilis and Salmonella enterica, conferring inherent 

resistance to fosfomycin (Ito et al., 2017; Klontz et al., 2017). Also, plasmid-mediated fosA genes can 

be transferred between species in the Enterobacteriaceae family. The most prevalent plasmid-borne 

fosA is fosA3 which has been confirmed to be present in 90 % of fosfomycin-resistant extended-

spectrum-β-lactamase (ESBL)-producing E. coli isolates in Eastern Asia. (Klontz et al., 2017). Since 

fosA is widely distributed in gram-negative bacteria conferring reduced susceptibility or resistance to 

fosfomycin, there is evidence that chromosomal fosA genes in gram-negative bacteria may serve as a 

reservoir of fosfomycin resistance in species that lack fosA, such as E. coli (Ito et al., 2017) This was 

also supported by phylogenetic proof of frequent lateral exchange of fosA alleles among the most 

gram-negative species in a study conducted by Ito et al. (2017).  

In this study, a plasmid construct with fosA gene and T7 promoter conferred high-level 

resistance to fosfomycin in E. coli BL21(DE3) cells enabling them to grow in the presence of 1 mg/ml 

of fosfomycin on LB plates. EUCAST (European Committee on Antimicrobial Susceptibility 

Testing) has defined clinical MIC breakpoints for fosfomycin and Enterobacteriaceae as resistant > 

32 µg/ml (EUCAST, 2013) while MIC according to the CLSI (Clinical and Laboratory Standards 

Institute) is resistant ≥ 256 µg/ml (E. coli urinary tract isolates only) (CLSI, 2019). However, FosA 

enzymes from different bacterial pathogens are highly divergent, and the extents to which they confer 

fosfomycin resistance differ (Klontz et al., 2017; Cao et al., 2019). A study conducted by Klontz et 

al. (2017) compared catalytic activity and fosfomycin resistance of plasmid encoded FosA3 from E. 

coli, chromosomally encoded FosA from K. pneumoniae and FosA from P. aeruginosa by expressing 

fosA genes from E. coli transformants. FosA3 and FosA from K. pneumoniae showed greater 

fosfomycin resistance (MIC > 1,024 µg/ml) than FosA from P. aeruginosa (MIC <16 µg/ml) which 

could be partly explained by different catalytic efficiencies of FosA (Klontz et al., 2017). 
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Growth curve assay was carried out with initial pET28a(+) vector with T7 promoter and fosA 

gene and subsequently constructed plasmid containing fosA and native cyanobacterial promoter. This 

assay as well showed clear growth and high-level resistance to fosfomycin caused by fosA-T7 plasmid 

conferring resistance to the highest fosfomycin concentration tested (up to 500 µg/ml) (Figure 5). The 

construct with cyanobacterial promoter showed ability to grow up to 50 µg/ml, but the large deviation 

between hourly sample measurements with concentrations 25 µg/ml and 50 µg/ml did not allow the 

exact determination of the highest concentration conferring the resistance. These results could still 

demonstrate to which levels the fosA gene would likely confer the resistance if transferred in nature 

from cyanobacteria into new bacteria. In the original host, intrinsic mechanisms may confer low level 

antibiotic resistance (Peterson & Kaur, 2018). In a new host the gene would unlikely end up behind 

a strong native promoter and would more likely be transferred as a fragment with expression from 

the cyanobacterial promoter. This expression would be much weaker than behind highly efficient T7 

promoter and thus not able to confer as high resistance to fosfomycin.  Generally, ARGs in gram-

negative bacteria are associated with mobile genetic elements (MGE) such as transposons, integrons 

and insertion sequences. MGE often provide the promoter responsible for the resistance gene 

expression when the strength of the MGE promoter is a major determinant of the level of antibiotic 

resistance (Kamruzzaman et al., 2015). 

Whether the primary function of fosA in cyanobacteria is fosfomycin resistance is yet to be 

solved. The growth of phytoplankton is typically limited by phosphorous availability (Granéli et al., 

1990). The fosA gene locates in phosphonate degrading (phn) gene cluster enabling transport and 

assimilation of phosphonates and as shown in previous study, the gene cluster is widely distributed 

in cyanobacterial phylum (Teikari et al., 2018). Since fosA locates in this gene cluster it could be 

hypothesized that the C-P (carbon-phosphorus) bond in fosfomycin could be broken by the C-P lyase 

complex and used as a source of phosphorus. Demonstrating the ability of cyanobacteria harboring 

the fosA gene to grow using different phosphonates, including fosfomycin, could subsequently 

provide more information of the relevance of this gene to cyanobacteria.   

 In conclusion, sensitivity to antibiotics seemed as a common trait among cyanobacteria used 

in this study. The results provided more information about antibiotic resistance in cyanobacteria and 

possibly demonstrated that replicating a horizontal transfer of the fosA gene from cyanobacteria to 

proteobacteria conferred resistance to fosfomycin. This indicates that cyanobacteria could act as a 

source of fosA resistance gene and have a role in dissemination of this gene. The results also provided 

some evidence to which extent the fosA gene from cyanobacteria could confer resistance to 

fosfomycin in new bacteria in nature. 
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Supplementary material 

Table S1. Cyanobacterial strains used in the study, their origins and antibiotic resistance profile. 
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Geographical origin
Anabaena lapponica UHCC 0966 Anab SYKE 966 R S S S S S I S S S Lake Littoistenjärvi, Finland

Anabaena sp. UHCC 0232 Anab TR 232 S S S S S S S S S S Baltic Sea

Anabaena sp. UHCC 0172 BECID 19 S S I S I S R S S S Kallahti, Gulf of Finland, Baltic Sea

Anabaena sp. UHCC 0253 XSPORK 2A R S I S S S R S S S S S Porkkala cape, Finland, Baltic Sea

Anabaena sp. UHCC 0399 SMIX1 R S S S S R R S S Baltic Sea, Finland

Anabaena sp. UHCC 0301 HIID D7.A R S S S S S R S S Hiidenvesi, Kiihtelyksenselkä, Finland

Anabaena sp. UHCC 0204 XPORK 27c R S S S S S R S S Porkkala cape, Finland, Baltic Sea

Anabaena sp. UHCC 0451 Anab HAN 21/1 R S S S S S R S S Kobben, Hanko, Baltic sea

Aphanizomenon flos-aquae PH219 Aph PH 219 S S S S S S S S S S Lake Madeso, Denmark

Calothrix desertica PCC 7102 Cal PCC 7102 R R S S S S R S S La Pertada, Chile (lake)

Calothrix sp. UHCC 0336 Cal 336/3 R R S S S S R S S Lake Enäjärvi Laukilanlahti,Vihti, Finland

Calothrix sp. UHCC 0171 BECID 18 R S S S S I R S S Kallahti, Gulf of Finland, Baltic Sea

Dolichospermum flos-aquae  UHCC 0037 Anab 37 R S S S S S R S S Lake Sääksjärvi, Iitti, Finland

Dolichospermum sp. UHCC 0260 BIR 260 R S S S S S R S S The Gulf of Finland, The Baltic Sea

Dolichospermum sp. UHCC 0406 Syke 748A R S S S S S R S S Lake Tuusulanjärvi, Finland

Dolichospermum sp. UHCC 0299 Anab 299B R S S S S S R S S Lake Vesijärvi, Finland

Dolichospermum sp. UHCC 0090 Anab 90 R S S S S S R S S Lake Vesijärvi, Lahti, Finland

Dolichospermum sp. UHCC 0315A Anab 315/6 I S S S S S I S S Seurasaari, Finland, Baltic Sea

Dolichospermum sp. UHCC 0352 1TU 35S12 R S S S S S R S S Lake Tuusulanjärvi, Finland 

Dolichospermum sp. UHCC 0259 BIR 259 S S S S I S S S S S The Gulf of Finland, The Baltic Sea

Dolichospermum planctonicum UHCC 0167 1TUSS310 R S S S S I R S S Lake Tuusulanjärvi, Finland

Microcystis aeruginosa UHCC 0880 Mic Nies 88 S I I I S S I S S S Lake Kawaguchi, Japan

Nodularia sp. UHCC 0506 Nod HAN 37/1 R R I S S R R S S Hanko casino sea shore rocks, Baltic Sea

Nodularia sphaerocarpa UHCC 0038 Nod HVKK R S S S S S R S S Stockholm Archipelago, Baltic Sea

Nodularia spumigena UHCC 0060 Nod HEM R S S S S S R S S Baltic Sea, Finland

Nodularia spumigena PCC 9350 Nod PCC 9350 I S S S S S R S S Baltic Sea, Finland

Nodularia spumigena UHCC 0143 Nod SR5I R S S S S S R S S Baltic Sea, Finland
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Geographical origin
Nodularia spumigena - NSOR-12 R R S S I I R S S Orielton Lagoon, Tasmania, Australia

Nodularia spumigena UHCC 0039 Nod AV1 R S S S S S R S I Baltic Sea, Finland

Nostoc sp. UHCC 0889 Nost FSN-E R S I S I R R S S Golestan province, Iran

Nostoc sp. UHCC 0251 XPORK 5A R R S I I I R S R Porkkala cape, Finland, Baltic Sea

Nostoc sp. UHCC 0137 BECID 37 R S S S S S R S S Mattojärvi, Jurmo, Finland, Baltic Sea

Nostoc sp. UHCC 0360 Nost UK_S6011 R S I I S S R S S Scotland, UK

Nostoc sp. UHCC 0230 XSPORK 13 A R S I I S I R S S Porkkala cape, Finland, Baltic Sea

Nostoc sp. UHCC 0302 Nost XHIID C2 R S R R S S R S S Hiidenvesi, Nummelanselkä, Finland

Nostoc sp. PCC 7120 Nostoc PCC 7120 R I R S S S Fresh water, USA

Nostoc sp. UHCC 0268 Nostoc kurssi R S S S S I Russia (lake)

Nostoc sp. UHCC 0252 XPORK 14 A R S S S S S R S S Porkkala cape, Finland, Baltic Sea

Nostoc sp. UHCC 0398 Brasil plunnan R I S R R S R I S S Brazil

Nostoc sp. UHCC 0450 Nost 107.3 I S S S S S S I S S S Finland

Oscillatoria sp. UHCC 0002 Osc 2 R R S S I S R S S Lake Markusbölefjärden, Finland

Oscillatoria sp. UHCC 0193 Osc 193 I S S S S S R S S Lake Hormajärvi, Vehmersalmi, Finland

Planktothrix agardhii UHCC 0127 Plankt 127 S I S S S S S S S S Lake Vesijärvi, Lahti, Finland

Pseudanabaena sp. UHCC 0029 JV 29A R R S S R I R S S S Lake Ahvenlammi, Finland

Pseudanabaena sp. UHCC 0262 HIID B16.A S R S S S S R S S S Hiidenvesi, Mustionselkä, Finland

Rivularia sp. UHCC 0363 XPORK 9A S R S S S S S S S S The Baltic Sea coast, Porkkala cape, Finland

Snowella litoralis UHCC 0374 Snowella 0TU 37S4 S S S S S S I S S S Tuusulanjärvi, Finland

Synechococcus sp. UHCC 0139 Synechococcus CB2 S R S S I S I S S S South Harbour Helsinki, Baltic Sea

Synechocystis sp. UHCC 0266 HIID B11.B I S S I R S S R S S Hiidenvesi, Mustionselkä, Finland

Tolypothrix sp. UHCC 0303 JV S6B S S S I I I R S S Lake Sammalisto, Finland

Trichormus sp. UHCC 0263 HIID D3 S S S S R S S I S S Hiidenvesi, Kiihtelyksenselkä, Finland
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Table S2. CARD annotation table of proteins involved in fosfomycin resistance. Same conserved domain hits found between CARD reference protein and 

candidate protein in cyanobacterial strains are shown in red indicating possible involvement in fosfomycin resistance. 

 

  

Organism
Protei
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Function
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d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Providencia  sp. 

WCHPHu000369
FosC2 fosC phosphotransferase family FosA

antibiotic 

inactivation
AXH62847.1 VOC family protein VOC family 90,15 27,35

Anabaenopsis elenkinii 

CCIBt3563
VOC family protein QOV22079.1 100,00 88,24 3E-73

Staphylococcus 

aureus  08BA02176
MurA

antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
AFR74063.1

antibiotic-resistant murA 

transferase
PRK09369 104,04 49,29

Nodularia spumigena 

CENA596

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase
KZL48745.1 100,00 98,18 0

Escherichia coli FosA5 fosfomycin thiol transferase FosA
antibiotic 

inactivation
 AGW00960.1 fosfomycin thiol transferase FosA 97,84 52,55

Nodularia spumigena 

CENA596
glutathione transferase KZL48478.1 100,00 91,18 5E-88

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Escherichia coli MS 

116-1
UhpA antibiotic-resistant UhpT

PRK1036

0

antibiotic target 

alteration
EFK14260.1

response regulator receiver 

modulated CheB 

methylesterase

PRK00742 182,14 34,29 Calothrix  sp. PCC 7507
response regulator receiver 

modulated CheB methylesterase
AFY33867.1 100,00 90,76 0

Chlamydia 

trachomatis
MurA

antibiotic-resistant murA 

transferase
MurA

antibiotic target 

alteration
AAN28945.1

antibiotic-resistant murA 

transferase
MurA 105,41 35,47

Tolypothrix 

campylonemoides 

VB511288

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase
KAB8320283.1 97,00 83,96 0

Listeria 

monocytogenes 

EGD-e

FosX fosfomycin thiol transferase FosX
antibiotic 

inactivation
2P7K_A fosfomycin thiol transferase FosX 105,26 64,12

Nostocaceae 

cyanobacterium 

CSU_2_110

FosX/FosE/FosI family fosfomycin 

resistance thiol transferase
NJS15977.1 100,00 92,86 7E-90

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Klebsiella 

pneumoniae
FosA5 fosfomycin thiol transferase FosA

antibiotic 

inactivation
ABY74375.1 fosfomycin thiol transferase FosA 102,88 54,74 Calothrix  sp. PCC 7507 VOC family protein AFY34826.1 94,00 77,04 9E-70

Bacillus anthracis FosB2 fosfomycin thiol transferase
PRK0410

1

antibiotic 

inactivation
5F6Q_B

Glyoxalase/Bleomycin 

resistance protein
Glyoxalase 110,07 27,82 Calothrix  sp. HK-06 glyoxalase OKH38525.1 99,00 99,34 4E+108

Listeria 

monocytogenes 

EGD-e

FosX fosfomycin thiol transferase FosX
antibiotic 

inactivation
2P7K_A fosfomycin thiol transferase FosX 100,00 64,12 Calothrix desertica

FosX/FosE/FosI family fosfomycin 

resistance hydrolase

WP_20180074

3.1
99,00 99,24 8E-92

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 97,15 48,86 Calothrix desertica

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase

WP_12708283

5.1
100,00 100,00 0

Providencia 

huaxiensis
FosC2 fosC phosphotransferase FosA

antibiotic 

inactivation
AXH62847.1 VOC family protein VOC 105,3 31,20 Calothrix sp. PCC 7103 VOC family protein

WP_01949720

6.1
100,00 97,84 5E-97

Providencia 

huaxiensis
FosC2 fosC phosphotransferase FosA

antibiotic 

inactivation
AXH62847.1

Glyoxalase/Bleomycin 

resistance protein
Glyoxalase 125,76 26,67 Calothrix sp. NIES-4071 VOC family protein BAZ18028.1 96,00 91,88 5E-105

Candidate protein in Calothrix  sp. UHCC 0336 (Cal 336/3) - Resistant Candidate protein BLASTP searchCARD reference protein

CARD reference protein Candidate protein in Calothrix desertica  PCC 7102 - Resistant Candidate protein BLASTP search

CARD reference protein Candidate protein in Nodularia  sp. UHCC 0506 (HAN 37/1) - Resistant Candidate protein BLASTP search
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Table S2 (continued) 

 

  

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Providencia 

huaxiensis
FosC2 fosC phosphotransferase FosA

antibiotic 

inactivation
AXH62847.1 VOC family protein Glyoxalase 109,85 27,48

Nostoc cf. edaphicum 

LEGE 07299
VOC family protein MBE9106137.1 100,00 98,62 3E-101

Escherichia coli MS 

116-1
UhpA antibiotic-resistant UhpT

PRK1036

0

antibiotic target 

alteration
EFK14260.1

chemotaxis response regulator 

protein-glutamate 

methylesterase 

PRK00742 180,1 31,09
Nostoc flagelliforme 

FACHB-838

chemotaxis response regulator 

protein-glutamate methylesterase 

MBD2533156.

1
100,00 94,90 0

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 103,33 48,33

Nostoc flagelliforme 

CCNUN1

murA, UDP-N-acetylglucosamine 1-

carboxyvinyltransferase
AUB37751.1 100,00 98,16 0

Klebsiella 

pneumoniae
FosA5 fosfomycin thiol transferase FosA

antibiotic 

inactivation
ABY74375.1 fosfomycin thiol transferase FosA 100,72 53,96 Nostoc  sp. FACHB-888

fosfomycin resistance glutathione 

transferase

MBD2242413.

1
100,00 95,71 5E-96

Bacillus anthracis FosB2 fosfomycin thiol transferase
PRK0410

1

antibiotic 

inactivation
5F6Q_B VOC family protein VOC_like 96,40 24,60 Nostoc  sp. FACHB-892 VOC family protein

MBD2729542.

1
100,00 97,76 7E-92

Cronobacter 

sakazakii
FosA3 fosfomycin thiol transferase

Glyoxalas

e

antibiotic 

inactivation
APB02160.1 bleomycin resistance protein ChaP_like 87,68 28,33 Nostoc  sp. KVJ20 bleomycin resistance protein ODH01715.1 99,00 95,00 3E-78

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Salmonella enterica FosL1 fosfomycin thiol transferase FosA
antibiotic 

inactivation
EAW2818841.1 ATP/GTP-binding protein Ras_like_GTPase 129,41 48,89 Nodularia spumigena ATP/GTP-binding protein

WP_00619750

5.1
100,00 99,34 5E-126

Salmonella enterica
FosA7

.5
fosfomycin thiol transferase FosA

antibiotic 

inactivation
EAU7449614.1

hypothetical protein 

A2T98_00700
- 126,43 28,03

Nodularia spumigena 

CENA596
hypothetical protein A2T98_00700 KZL51709.1 100,00 98,31 9E-127

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

cytochrome C oxidase subunit 

II 
CyoA 86,46 49,76

Nodularia spumigena 

CENA596
cytochrome C oxidase subunit II  KZL51184.1 100,00 99,73 0

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 109,03 47,86

Pseudanabaena sp. 

'Roaring Creek'

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase

WP_05507544

4.1
100,00 99,78 0

Providencia 

huaxiensis
FosC2 fosC phosphotransferase family FosA

antibiotic 

inactivation
AXH62847.1 lactoylglutathione lyase GlxI_Ni 96,21 29,84

Pseudanabaena  sp. 

FACHB-1050
lactoylglutathione lyase

MBD2317446.

1
100,00 97,64 2E-87

Salmonella enterica
FosA7

.5
fosfomycin thiol transferase FosA

antibiotic 

inactivation
EAU7449614.1 VOC family protein Glyoxalase 255,00 26,24

Pseudanabaena  sp. 

'Roaring Creek'
VOC family protein

WP_07214347

4.1
100 99.72 0

Listeria 

monocytogenes 

EGD-e

FosX fosfomycin thiol transferase FosX
antibiotic 

inactivation
2P7K_A fosfomycin thiol transferase Fos_X 100 62,88

Pseudanabaena  sp. 

UWO310

FosX/FosE/FosI family fosfomycin 

resistance thiol transferase
TYQ29240.1 100 98.5 5E-89

CARD reference protein Candidate protein in Nostoc  sp.  UHCC 0251 (XPORK 5A) - Resistant Candidate protein BLASTP search

CARD reference protein Candidate protein in Nodularia spumigena   (NSOR-12) - Resistant Candidate protein BLASTP search

CARD reference protein
Candidate protein in Pseudanabaena  sp. UHCC 0029  (JV 29A) - 

Resistant
Candidate protein BLASTP search
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Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Listeria 

monocytogenes 

EGD-e

FosX fosfomycin thiol transferase FosX
antibiotic 

inactivation
2P7K_A fosfomycin thiol transferase FosX 100,75 63,16

Nostoc punctiforme 

FACHB-252

FosX/FosE/FosI family fosfomycin 

resistance thiol transferase

MBD2612001.

1
100,00 100,00 1E-92

Streptomyces 

wedmorensis
FomA Fom phosphotransferase family

AAK_Fom

A-like

antibiotic 

inactivation
BAA32493.1 acetylglutamate kinase AAK_NAGK-C 122,18 27,71 Nostoc linckia  NIES-25 acetylglutamate kinase BAY76462.1 99,00 96,59 0

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 102,85 49,29 Nostoc  sp. 2RC

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase
MBC1241616.1 100,00 99,77 0

Salmonella enterica
FosA7

.5
fosfomycin thiol transferase FosA

antibiotic 

inactivation
EAU7449614.1 VOC family protein VOC_like 95,71 29,23 Nostoc  sp. 2RC VOC family protein MBC1236476.1 100,00 99,25 7E-93

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Salmonella enterica
FosA7

.5
fosfomycin thiol transferase FosA

antibiotic 

inactivation
EAU7449614.1

fosfomycin resistance 

glutathione transferase
Glyoxalase 97,86 52,9

Calothrix desertica  PCC 

7102

fosfomycin resistance glutathione 

transferase
RUS93926.1 100,00 83,21 2E-79

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase
PRK09369 91,21 51,34

Anabaena sphaerica 

FACHB-251

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase

MBD2294465.

1
100,00 92,71 0

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Escherichia coli FosA6 fosfomycin thiol transferase FosA
antibiotic 

inactivation
AMQ12811.1

fosfomycin resistance 

glutathione transferase
PRK09287 340,29 30,43

Planktothrix agardhii 

NIES-204

6-phosphogluconate 

dehydrogenase
BBD56012.1 100,00 100,00 0

Borreliella 

burgdorferi
MurA

antibiotic-resistant murA 

transferase
MurA

antibiotic target 

alteration
PRR17909.1 solanesyl diphosphate synthase preA 75,64 34,92

Planktothrix agardhii 

NIES-204
solanesyl diphosphate synthase BBD56115.1 100,00 92,71 0

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 106,18 49,76

Anabaena cylindrica 

FACHB-318

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase

MBD2171941.

1
100,00 100,00 0

Escherichia coli FosA5 fosfomycin thiol transferase FosA
antibiotic 

inactivation
 AGW00960.1

phosphonate metabolism 

protein PhnM
PhnM 389,21 53,78

Trichormus variabilis  NIES-

23

phosphonate metabolism protein 

PhnM
BAY67845.1 100,00 99,82 0

Salmonella enterica
FosA7

.5
fosfomycin thiol transferase FosA

antibiotic 

inactivation
EAU7449614.1 VOC family protein ChaP_like 86,43 32,26 Nostoc  sp. UBA8866 VOC family protein HBW28956.1 99,00 100,00 4E-83

Listeria 

monocytogenes 

EGD-e

FosX fosfomycin thiol transferase FosX
antibiotic 

inactivation
2P7K_A

Glyoxalase/bleomycin 

resistance protein/dioxygenase
Glyoxalase 125,56 23,40

Trichormus variabilis 

ATCC 29413

Glyoxalase/bleomycin resistance 

protein/dioxygenase
ABA24719.1 100,00 100,00 2E-118

CARD reference protein
Candidate protein in Anabaena lapponica  UHCC 0966 (Anab SYKE 966) 

- Resistant
Candidate protein BLASTP search

CARD reference protein Candidate protein in Oscillatoria sp.  UHCC 0002 (Osc 2) - Resistant Candidate protein BLASTP search

CARD reference protein Candidate protein in Nostoc  sp. PCC 7120 - Intermediate Candidate protein BLASTP search

Candidate protein in Nostoc  sp. UHCC 0398 (Brasil plunnan) - 

Resistant
Candidate protein BLASTP searchCARD reference protein
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Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 103,33 48,10

Nostoc edaphicum 

CCNP1411

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase
QMS91716.1 100,00 97,70 0

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Borreliella 

burgdorferi
MurA

antibiotic-resistant murA 

transferase
MurA

antibiotic target 

alteration
PRR17909.1

antibiotic-resistant murA 

transferase
MurA 104,92 32,46

Geminocystis  sp. NIES-

3708

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase

WP_14443933

3.1
95,00 92,51 0

Providencia 

huaxiensis
FosC2 fosC phosphotransferase family FosA

antibiotic 

inactivation
AXH62847.1 lactoylglutathione lyase glyox_I 101,52 24,44

Geminocystis  sp. NIES-

3708
lactoylglutathione lyase BAQ62212.1 97,00 93,13 5E-86

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Staphylococcus 

haemolyticus 

JCSC1435

FosB1 fosfomycin thiol transferase
PRK0410

1

antibiotic 

inactivation
Q4L2Y9.1 VOC family protein

VOC_Bs_YwkD_li

ke
93,53 28,57 Anabaena  sp. UHCC 0204 VOC family protein MTJ08399.1 100,00 96,92 4E-88

Salmonella enterica
FosA7

.5
fosfomycin thiol transferase FosA

antibiotic 

inactivation
EAU7449614.1 VOC family protein ChaP_like 86,43 26,61 Anabaena  sp. UHCC 0204 VOC family protein MTJ08341.1 100,00 99,17 2E-84

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 114,49 50,48 Anabaena  sp. UHCC 0187

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase
MTJ13487.1 95,00 94,99 0

Streptomyces 

wedmorensis
FomA Fom phosphotransferase family

AAK_Fom

A-like

antibiotic 

inactivation
BAA32493.1 acetylglutamate kinase AAK_NAGK-C 111,65 24,58 Anabaena  sp. UHCC 0204 acetylglutamate kinase MTJ07281.1 100,00 99,66 0

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 101,66 50

Anabaena minutissima 

FACHB-250

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase

MBD2360871.

1
100,00 99,30 0

Salmonella enterica
FosA7

.5
fosfomycin thiol transferase FosA

antibiotic 

inactivation
EAU7449614.1 VOC family protein ChaP_like 85,71 32,03

Anabaena minutissima 

FACHB-250
VOC family protein

MBD2364738.

1
100,00 93,33 5E-78

CARD reference protein
Candidate protein in Anabaena  sp. UHCC 0253 (XSPORK 2A) - 

Sensitive
Candidate protein BLASTP search

CARD reference protein Candidate protein in Anabaena  sp. UHCC 0399 (SMIX-1) - Sensitive Candidate protein BLASTP search

CARD reference protein
Candidate protein in Nostoc  sp. UHCC 0450  (Nost 107.3) - 

Intermediate
Candidate protein BLASTP search

CARD reference protein
Candidate protein in Synechocystis  sp. UHCC 0266  (HIID B11.B) - 

Intermediate
Candidate protein BLASTP search
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Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Cronobacter 

sakazakii
FosA3 fosfomycin thiol transferase -

antibiotic 

inactivation
APB02160.1 VOC family protein ChaP_like 87,68 30,83

Anabaena sphaerica 

FACHB-251
VOC family protein

MBD2292921.

1
99,00 92,50 2E-77

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 106,41 49,52 Trichormus azollae

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase

WP_04979098

3.1
100,00 90,85 0

Staphylococcus 

haemolyticus 

JCSC1435

FosB1 fosfomycin thiol transferase
PRK0410

1

antibiotic 

inactivation
Q4L2Y9.1 VOC family protein

VOC_Bs_YwkD_li

ke
97,84 27,13 Trichormus  sp. NMC-1 VOC family protein

WP_07119113

7.1
92,00 88,89 5E-78

Providencia 

huaxiensis
FosC2 fosC phosphotransferase family FosA

antibiotic 

inactivation
AXH62847.1 VOC family protein glyox_I 109,09 27,42

Anabaena cylindrica  PCC 

7122
lactoylglutathione lyase

WP_01521483

2.1
100,00 94,44 5E-95

Salmonella enterica
FosA7

.5
fosfomycin thiol transferase FosA

antibiotic 

inactivation
EAU7449614.1 VOC family protein ChaP_like 86,43 24,19

Anabaena cylindrica  PCC 

7122
VOC family protein AFZ56723.1 100,00 100,00 1E-84

Escherichia coli  str. 

K-12 substr. 

MG1655

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration

WP_00035725

9.1

antibiotic-resistant murA 

transferase
PRK09369 104,3 36,84

Flavobacterium 

pectinovorum

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase
OXB07875.1 100,00 100,00 0

Acinetobacter 

baumannii
Abaf

major facilitator superfamily 

(MFS) antibiotic efflux pump

MFS_Shi

A_like
antibiotic efflux AJB67345.1 MFS transporter - 39,16 29,17

Flavobacterium 

pectinovorum
MFS transporter OXB00009.1 100,00 99,40 2E-108

Acinetobacter 

baumannii
Abaf

major facilitator superfamily 

(MFS) antibiotic efflux pump

MFS_Shi

A_like
antibiotic efflux AJB67345.1

major facilitator superfamily 

(MFS) antibiotic efflux pump
MFS_ShiA_like 116,08 38,54

Flavobacterium 

pectinovorum
MFS transporter OXB05795.1 100,00 99,60 0

Acinetobacter 

baumannii
Abaf

major facilitator superfamily 

(MFS) antibiotic efflux pump

MFS_Shi

A_like
antibiotic efflux AJB67345.1 MFS transporter - 56,41 39,62

Flavobacterium  sp. 

MEB061
MFS transporter KIQ20964.1 95,00 100,00 5E-165

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Streptomyces 

wedmorensis
FomA Fom phosphotransferase family

AAK_Fom

A-like

antibiotic 

inactivation
BAA32493.1 acetylglutamate kinase PLN02512 112,03 23,73

Dolichospermum  sp. 

UHCC 0299
acetylglutamate kinase MTJ16732.1 100,00 100,00 0

Staphylococcus 

aureus
FosB6 fosfomycin thiol transferase

PRK0410

1

antibiotic 

inactivation
ALM24145.1 VOC family protein VOC 106,47 25,56

Dolichospermum flos-

aquae  CCAP 1403/13F
VOC family protein QJB44568.1 100,00 98,65 5E-103

Staphylococcus 

aureus  08BA02176
MurA

antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
AFR74063.1

antibiotic-resistant murA 

transferase
PRK09369 102,38 49,03 Dolichospermum  sp.

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase
MBJ7295174.1 100,00 99,54 0

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Staphylococcus 

aureus  08BA02176
MurA

antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
AFR74063.1

antibiotic-resistant murA 

transferase
PRK09369 103,33 48,1

Nostoc  sp. 'Peltigera 

membranacea 

cyanobiont' N6

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase
AVH65746.1 100,00 100,00 0

Pseudomonas 

syringae
FosC fosC phosphotransferase family -

antibiotic 

inactivation
CAA83855.1

isopentenyl phosphate kinase 

family protein
AAK_FomA-like 143,41 23,39 Nostoc  sp. FACHB-133

isopentenyl phosphate kinase 

family protein

MBD2527359.

1
100,00 97,70 0

Candidate protein in Anabaena  sp. UHCC 0301 (HIID D7.A) - Sensitive Candidate protein BLASTP search

CARD reference protein Candidate protein in Nostoc  sp. UHCC 0360 (UK_S60II) - Sensitive Candidate protein BLASTP search

CARD reference protein

CARD reference protein
Candidate protein in Dolichospermum  sp. UHCC 0352 (1TU35S12) - 

Sensitive
Candidate protein BLASTP search
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Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 98,34 50,13

Dolichospermum  sp. 

UHCC 0299

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase
MTJ16767.1 100,00 100,00 0

Staphylococcus 

aureus
FosB6 fosfomycin thiol transferase

PRK0410

1

antibiotic 

inactivation
ALM24145.1 VOC family protein VOC 106,47 26,32

Dolichospermum  sp. 

UHCC 0260
VOC family protein MTJ36647.1 100,00 100,00 3E-104

Streptomyces 

wedmorensis
FomA Fom phosphotransferase family

AAK_Fom

A-like

antibiotic 

inactivation
BAA32493.1 acetylglutamate kinase  PLN02512 112,03 23,73 Dolichospermum  sp. acetylglutamate kinase  MBJ7296453.1 100,00 100,00 0

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1 hypothetical protein - 49,41 46.79

Aphanizomenon  sp. UHCC 

0183
hypothetical protein MTJ30201.1 100,00 96,95 8E-136

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Borreliella 

burgdorferi
MurA

antibiotic-resistant murA 

transferase
MurA

antibiotic target 

alteration
PRR17909.1

antibiotic-resistant murA 

transferase
- 21,31 33,41 Calothrix  sp. PCC 6303 hypothetical protein AFZ04519.1 100,00 74,73 1E-40

Acinetobacter 

baumannii
Abaf

major facilitator superfamily 

(MFS) antibiotic efflux pump

MFS_Shi

A_like
antibiotic efflux AJB67345.1

nickel-dependent hydrogenase 

large subunit
- 43,12 22,99 Calothrix  sp. NIES-4101

nickel-dependent hydrogenase 

large subunit
BAZ40392.1 100,00 98,38 1E-132

Providencia 

huaxiensis
FosC2 fosC phosphotransferase FosA

antibiotic 

inactivation
AXH62847.1

hypothetical protein 

NIES4101_56280
- 42,42 42,42 Calothrix  sp. NIES-4101

hypothetical protein 

NIES4101_56280
BAZ39674.1 100,00 78,57 3E-22

Bacillus anthracis FosB2 fosfomycin thiol transferase
PRK0410

1

antibiotic 

inactivation
5F6Q_B hypothetical protein - 48,92 29,55 Moorea bouillonii hypothetical protein

WP_07590427

5.1
92,00 50,75 2E-11

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Cronobacter 

sakazakii
FosA3 fosfomycin thiol transferase

Glyoxalas

e

antibiotic 

inactivation
APB02160.1 bleomycin resistance protein ChaP_like 87.68 30.83

Nodularia spumigena 

CENA596
bleomycin resistance protein KZL48623.1 100,00 90,91 8E-75

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 98,34 48.87 Nodularia spumigena

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase

WP_08283016

6.1
100,00 96,62 0

CARD reference protein
Candidate protein in Nodularia sphaerocarpa UHCC 0038 (Nod HKVV ) - 

Sensitive
Candidate protein BLASTP search

Candidate protein in Anabaena  sp. UHCC 0451 (Anabaena  21/1) - 

Sensitive
Candidate protein BLASTP search

CARD reference protein Candidate protein in Calothrix  sp. UHCC 0171 (BECID 18 ) - Sensitive Candidate protein BLASTP search

CARD reference protein
Candidate protein in Dolichospermum  sp. UHCC 0090 (Anabaena  sp. 

90) - Sensitive
Candidate protein BLASTP search

CARD reference protein
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Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Providencia 

huaxiensis
FosC2 fosC phosphotransferase FosA

antibiotic 

inactivation
AXH62847.1 VOC family protein GloA 28.79 50,00

Nodularia spumigena 

CCY9414
VOC family protein AHJ27103.1 100,00 100,00 3E-19

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 98,34 48.87

Nodularia spumigena 

CCY9414

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase
AHJ26670.1 100,00 99,76 0

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Providencia 

huaxiensis
FosC2 fosC phosphotransferase FosA

antibiotic 

inactivation
AXH62847.1

gag-polyprotein putative 

aspartyl protease
gag-asp_proteas 275.76 50,00 Nodularia  sp. LEGE 06071

retroviral-like aspartic protease 

family protein
MBE9198630.1 100,00 72,33 2E-173

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

filamentous hemagglutinin N-

terminal domain-containing 

protein

Haemagg_act 49,41 49,52 Nodularia spumigena

filamentous hemagglutinin N-

terminal domain-containing 

protein

WP_15907657

4.1
93,00 90,72 2E+120

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Providencia 

huaxiensis
FosC2 fosC phosphotransferase FosA

antibiotic 

inactivation
AXH62847.1

glucosamine-6-phosphate 

deaminase
nagB 194.70 27,42

Nostoc  sp. 'Lobaria 

pulmonaria  (5183) 

cyanobiont

glucosamine-6-phosphate 

deaminase
AVH73182.1 99,00 82,03 1E-157

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1 OLD family endonuclease ABC_ATPase 209.98 49,12 Anabaena  sp. UBA12330 OLD family endonuclease HCQ22118.1 100,00 94,68 0

Escherichia coli 

B354
mdtG

major facilitator superfamily 

(MFS) antibiotic efflux pump

PRK0987

4
antibiotic efflux EFF12375.1 hypothetical protein - 38,24 24.63

Dolichospermum  sp. 

UHCC 0315A
hypothetical protein

WP_16820441

7.1
100,00 98,08 2E-103

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Salmonella enterica
FosA7

.5
fosfomycin thiol transferase FosA

antibiotic 

inactivation
EAU7449614.1 VOC family protein ChaP_like 86,43 25,81 Anabaena  sp. UHCC 0253 VOC family protein MTJ51560.1 100,00 99,17 2E-84

Staphylococcus 

haemolyticus 

JCSC1435

FosB1 fosfomycin thiol transferase
PRK0410

1

antibiotic 

inactivation
Q4L2Y9.1 VOC family protein

VOC_Bs_YwkD_li

ke
93,53 29,37 Anabaena  sp. UHCC 0253 VOC family protein MTJ51497.1 100,00 96,92 4E-88

Streptomyces 

wedmorensis
FomA Fom phosphotransferase family

AAK_Fom

A-like

antibiotic 

inactivation
BAA32493.1 acetylglutamate kinase AAK_NAGK-C 111,65 24,58 Anabaena  sp. UHCC 0253 acetylglutamate kinase MTJ55170.1 100,00 99,66 0

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 114,49 49,76 Anabaena  sp. UHCC 0187

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase
MTJ13487.1 95 95,42 0

CARD reference protein Candidate protein in Nostoc sp. UHCC 0137 (BECID 37 ) - Sensitive Candidate protein BLASTP search

CARD reference protein
Candidate protein in Nodularia spumigena UHCC 0039 ( Nod AV1 ) - 

Sensitive
Candidate protein BLASTP search

CARD reference protein
Candidate protein in Anabaena  sp. UHCC 0204 (XPORK 27C) - 

Sensitive
Candidate protein BLASTP search

Candidate protein BLASTP searchCARD reference protein
Candidate protein in Nodularia spumigena UHCC 0143 ( Nod SR5I ) - 

Sensitive
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Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 98,34 50,39 Dolichospermum  sp.

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase
MBJ7295174.1 100,00 99,76 0

Streptomyces 

wedmorensis
FomA Fom phosphotransferase family

AAK_Fom

A-like

antibiotic 

inactivation
BAA32493.1 acetylglutamate kinase PLN02512 112,03 23,73

Dolichospermum  sp. 

UHCC 0299
acetylglutamate kinase MTJ16732.1 100,00 100,00 0

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Streptomyces 

wedmorensis
FomA Fom phosphotransferase family

AAK_Fom

A-like

antibiotic 

inactivation
BAA32493.1 acetylglutamate kinase PLN02512 112,03 23,73

Dolichospermum  sp. 

UHCC 0299
acetylglutamate kinase MTJ16732.1 100,00 100,00 0

Escherichia coli FosB6 fosfomycin thiol transferase
PRK0410

1

antibiotic 

inactivation
HAP2020728.1 glyoxalase VOC 107,19 26,32 Anabaena  sp. AL09 glyoxalase OBQ01652.1 100,00 99,33 1E-104

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 102,38 49,27

Dolichospermum  sp. 

UHCC 0299

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase
MTJ16767.1 100,00 99,77 0

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Streptomyces 

wedmorensis
FomA Fom phosphotransferase family

AAK_Fom

A-like

antibiotic 

inactivation
BAA32493.1 acetylglutamate kinase PLN02512 112,03 23,73 Anabaena  sp. AL09 acetylglutamate kinase OBQ01459.1 100,00 100,00 0

Escherichia coli FosB6 fosfomycin thiol transferase
PRK0410

1

antibiotic 

inactivation
HAP2020728.1 glyoxalase VOC 106,47 26,32 Anabaena sp. AL09 glyoxalase OBQ01652.1 100,00 98,65 9E-103

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 102,38 49,51

Dolichospermum  sp. 

UHCC 0352

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase
MTJ20516.1 100,00 99,3 0

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Salmonella enterica
FosA7

.5
fosfomycin thiol transferase FosA

antibiotic 

inactivation
EAU7449614.1 VOC family protein ChaP_like 85,71 25,81

Nostoc edaphicum 

CCNP1411
VOC family protein QMS89275.1 100,00 99,17 1E-81

Staphylococcus 

aureus subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 103,33 48,10 Nostoc  sp. KVJ20

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase

WP_08422731

5.1
100,00 99,54 0

Bacillus anthracis FosB2 fosfomycin thiol transferase
PRK0410

1

antibiotic 

inactivation
5F6Q_B extradiol dioxygenase VOC_like 96,40 26,02 Nostoc  sp. KVJ20 extradiol dioxygenase ODG98103.1 100,00 100,00 9E-93

CARD reference protein Candidate protein in Nostoc sp. UHCC 0268 (Nostoc Kurssi) - Sensitive Candidate protein BLASTP search

CARD reference protein
Candidate protein in Dolichospermum sp.   UHCC 0260 (BIR 260) - 

Sensitive
Candidate protein BLASTP search

CARD reference protein
Candidate protein in Dolichospermum  sp. UHCC 0406 (Syke 748A ) - 

Sensitive
Candidate protein BLASTP search

CARD reference protein
Candidate protein in Dolichospermum  sp. UHCC 0315 (Anab 315/6 ) - 

Sensitive
Candidate protein BLASTP search
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Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Providencia 

huaxiensis
FosC2 fosC phosphotransferase family FosA

antibiotic 

inactivation
AXH62847.1 VOC family protein GloA 28,79 50,00 Nodularia spumigena VOC family protein

WP_00619417

5.1
100,00 100,00 3E-19

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 49,52 104,28 Nodularia spumigena

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase

 WP_07183926

1.1
100,00 99,77 0

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Streptomyces 

wedmorensis
FomA Fom phosphotransferase family

AAK_Fom

A-like

antibiotic 

inactivation
BAA32493.1 acetylglutamate kinase PLN02512 111,65 23,73 Anabaena  sp. CRKS33 acetylglutamate kinase OBQ35409.1 100,00 100,00 0

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 104,28 49,16

Dolichospermum 

planctonicum

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase

WP_17478284

9.1
99,00 99,77 0

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Salmonella enterica FosL1 fosfomycin thiol transferase FosA
antibiotic 

inactivation
EAW2818841.1 hypothetical protein - 88,97 26,05

Dolichospermum  sp. LEGE 

00246
hypothetical protein MBE9259411.1 64,00 100,00 3E-49

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1 hypothetical protein - 28,74 49,76

Dolichospermum  sp. LEGE 

00246
hypothetical protein MBE9259411.1 64,00 100,00 3E-49

Streptomyces 

wedmorensis
FomA Fom phosphotransferase family

AAK_Fom

A-like

antibiotic 

inactivation
BAA32493.1

Soluble lytic murein 

transglycosylase precursor
- 14,29 24,58

Nodularia spumigena 

CCY9414

Soluble lytic murein 

transglycosylase precursor
AHJ31446.1 65,00 100,00 9E-07

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Providencia 

huaxiensis
FosC2 fosC phosphotransferase family FosA

antibiotic 

inactivation
AXH62847.1 lactoylglutathione lyase glyox_I 96,97 28,23

Pseudanabaena  sp. 

lw0831
lactoylglutathione lyase

WP_20132392

5.1
100,00 98,44 6E-89

CARD reference protein
Candidate protein in Nodularia spumigena  UHCC 0060  (Nodularia 

HEM) - Sensitive
Candidate protein BLASTP search

CARD reference protein
Candidate protein in Dolichospermum planctonicum   UHCC 0167  

(1TUSS310) - Sensitive
Candidate protein BLASTP search

CARD reference protein
Candidate protein in Aphanizomenon flos-aquae  PH219 (PH219) - 

Sensitive
Candidate protein BLASTP search

CARD reference protein
Candidate protein in Pseudanabaena sp . PH219 UHCC 0262 (HIID B16 

A) - Sensitive
Candidate protein BLASTP search
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Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 111,4 50,00

Anabaena catenula 

FACHB-362

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase

MBD2691662.

1
98,00 99,57 0

Salmonella bongori FosA7 fosfomycin thiol transferase FosA
antibiotic 

inactivation
EBH8023039.1 VOC family protein ChaP_like 86,43 27,42 Anabaena  sp. PCC 7108 VOC family protein

WP_01695364

6.1
100,00 90,08 9E-77

Providencia 

huaxiensis
FosC2 fosC phosphotransferase family FosA

antibiotic 

inactivation
AXH62847.1 lactoylglutathione lyase glyox_I 109,09 28,28

Anabaena variabilis 

FACHB-164
lactoylglutathione lyase

MBD2625835.

1
100,00 97,22 1E-99

Staphylococcus 

haemolyticus
FosB1 fosfomycin thiol transferase

PRK0410

1

antibiotic 

inactivation
Q55317.1 VOC family protein PRK11478 98,56 28,80 Trichormus  sp. NMC-1 VOC family protein

WP_07119113

7.1
94,00 95,38 2E-85

Staphylococcus 

aureus
FosB5 fosfomycin thiol transferase

PRK0410

1

antibiotic 

inactivation
ALN12426.1 VOC family protein Glyoxalase 227,34 39,66 Nostoc  sp. ATCC 53789 VOC family protein QHG14798.1 100,00 87,46 0

Salmonella enterica FosL1 fosfomycin thiol transferase FosA
antibiotic 

inactivation
EAW2818841.1 VOC family protein Glyoxalase 100,00 45,19

Anabaena catenula 

FACHB-362
VOC family protein

MBD2694596.

1
100,00 90,44 2E-85

Salmonella enterica
FosA7

.5
fosfomycin thiol transferase FosA

antibiotic 

inactivation
EAU7449614.1 VOC family protein ChaP_like 86,43 24,19

Anabaena cylindrica 

FACHB-243
VOC family protein AFZ56723.1 100,00 100,00 1E-84

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Streptomyces 

wedmorensis
FomA Fom phosphotransferase family

AAK_Fom

A-like

antibiotic 

inactivation
BAA32493.1 acetylglutamate kinase PLN02512 111,28 27,06

Anabaena cylindrica 

FACHB-243
acetylglutamate kinase

MBD2416968.

1
100,00 97,64 0

Escherichia coli MS 

116-1
UhpA antibiotic-resistant UhpT

PRK1036

0

antibiotic target 

alteration
EFK14260.1 - - 29,08 34,29 - - - - - -

Salmonella bongori FosA7 fosfomycin thiol transferase FosA
antibiotic 

inactivation
EBH8023039.1 transposase RAYT 128,57 25,81

Anabaena catenula 

FACHB-362
transposase

MBD2694047.

1
100,00 95,56 4E-128

Salmonella enterica
FosA7

.5
fosfomycin thiol transferase FosA

antibiotic 

inactivation
EAU7449614.1

NAD(P) transhydrogenase 

subunit beta
PNTB 333,57 24,19

Trichormus variabilis  SAG 

1403-4b

NAD(P) transhydrogenase subunit 

beta
RUS96035.1 100,00 98,72 0

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1 hypothetical protein - 31,12 50,24 Trichormus  sp. NMC-1 hypothetical protein

WP_07119052

6.1
99,00 79,23 8E-70

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Borreliella 

burgdorferi
MurA

antibiotic-resistant murA 

transferase
MurA

antibiotic target 

alteration
PRR17909.1

antibiotic-resistant murA 

transferase
PRK09369 104,92 34,92 Planktothrix rubescens

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase

 WP_02678769

2.1
100,00 99,78 0

Escherichia coli FosA6 fosfomycin thiol transferase FosA
antibiotic 

inactivation
AMQ12811.1 VOC family protein VOC 83,45 30,43 Planktothrix agardhii  KL2 VOC family protein

MBG0745634.

1
100,00 100,00 2E-81

CARD reference protein
Candidate protein in Planktothrix agardhii UHCC 0127 (Plankt 127) - 

Sensitive
Candidate protein BLASTP search

CARD reference protein
Candidate protein in Microcystis aeruginosa  Nies 88 (Nies 88) - 

Sensitive
Candidate protein BLASTP search

CARD reference protein Candidate protein in Trichormus sp.  UHCC 0263 (HIID D3) - Sensitive Candidate protein BLASTP search
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Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Salmonella enterica FosL1 fosfomycin thiol transferase FosA
antibiotic 

inactivation
EAW2818841.1

tyrosine-type 

recombinase/integrase

INT_ICEBs1_C_lik

e
288,97 30,65 Richelia  sp. RM2_1_2

tyrosine-type 

recombinase/integrase
NJO63527.1 100,00 92,19 0

Providencia 

huaxiensis
FosC2 fosC phosphotransferase family FosA

antibiotic 

inactivation
AXH62847.1

sulfite exporter TauE/SafE 

family protein
TauE 212,12 31,20

Nodosilinea  sp. LEGE 

07088

sulfite exporter TauE/SafE family 

protein
MBE9136428.1 98,00 87,00 3E-143

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

pantetheine-phosphate 

adenylyltransferase
coaD 42,99 48,36

Plectonema cf. radiosum 

LEGE 06105

pantetheine-phosphate 

adenylyltransferase
MBE9217060.1 96,00 94,86 3E-119

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Providencia 

huaxiensis
FosC2 fosC phosphotransferase family FosA

antibiotic 

inactivation
AXH62847.1

translocation/assembly module 

TamB domain-containing 

protein

- 1100 28,23
Synechococcus  sp. BO 

8801

translocation/assembly module 

TamB domain-containing protein

WP_09458508

5.1
98,00 95,66 0

Salmonella enterica 

subsp. enterica
FosA4 fosfomycin thiol transferase

Glyoxalas

e

antibiotic 

inactivation
EAA5971631.1 magnesium chelatase subunit H PRK12493 971,01 30,89

Synechococcus  sp. FACHB-

909
magnesium chelatase subunit H

MBD2717823.

1
99,00 98,73 0

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

DUF368 domain-containing 

protein
DUF368 76,96 49,29

Microcystis elabens 

FACHB-917

DUF368 domain-containing 

protein

MBD2550658.

1
100,00 94,14 0

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Cronobacter 

sakazakii
FosA3 fosfomycin thiol transferase

Glyoxalas

e

antibiotic 

inactivation
APB02160.1 VOC family protein ChaP_like 87,68 28,33 Nostoc  sp. B(2019) VOC family protein NDJ24568.1 100,00 87,60 3E-74

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 104,28 48,81 Nostoc sp. NMS7

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase

MBN3949254.

1
98,00 93,98 0

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 98,34 50,39

Aphanizomenon flos-

aquae  FACHB-1040

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase

MBD2281531.

1
100,00 99,76 0

Streptomyces 

wedmorensis
FomA Fom phosphotransferase family

AAK_Fom

A-like

antibiotic 

inactivation
BAA32493.1 acetylglutamate kinase AAK_NAGK-C 112,03 24,58

Dolichospermum  sp. LEGE 

00246
acetylglutamate kinase MBE9260628.1 100,00 99,66 0

CARD reference protein Candidate protein in Rivularia sp.  UHCC 0363 (XPORK 9A) - Sensitive Candidate protein BLASTP search

CARD reference protein Candidate protein in Synechococcus sp.  UHCC 0139 (CB2) - Sensitive Candidate protein BLASTP search

CARD reference protein Candidate protein in Nostoc sp.  UHCC 0302 (XHIID C2) - Sensitive Candidate protein BLASTP search

CARD reference protein
Candidate protein in Dolichospermum flos-aquae UHCC 0037 (Anab 

37) - Sensitive
Candidate protein BLASTP search
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Table S2 (continued) 

 

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Streptomyces 

wedmorensis
FomA Fom phosphotransferase family

AAK_Fom

A-like

antibiotic 

inactivation
BAA32493.1 acetylglutamate kinase PLN02512 112,03 23,73 Dolichospermum  sp acetylglutamate kinase

WP_01508359

7.1
100,00 99,66 0

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1

antibiotic-resistant murA 

transferase
PRK09369 102,38 49,27

Dolichospermum sp. 

JUN01

UDP-N-acetylglucosamine 1-

carboxyvinyltransferase

MBO1055152.

1
100,00 99,54 0

Escherichia coli FosB6 fosfomycin thiol transferase
PRK0410

1

antibiotic 

inactivation
HAP2020728.1 VOC family protein VOC 107,19 26,32

unclassified 

Dolichospermum
VOC family protein

WP_16865268

6.1
100,00 100,00 2E-105

Organism
Protei

n
Function

Conserve

d domain 

hit

Resistance 

Mechanism

Accession 

number
Proposed function

Conserved 

domain hit

Lengh 

(%)

Identity 

(%)
Organism Function

Accession 

number

Cover 

(%)

Identity 

(%)
e-value

Staphylococcus 

aureus  subsp. 

aureus  MRSA252

MurA
antibiotic-resistant murA 

transferase

PRK0936

9

antibiotic target 

alteration
Q6GEX5.1 hypothetical protein - 17,34 48,33 Nostoc flagelliforme hypothetical protein

WP_10089691

0.1
97,00 100,00 9E-45

Salmonella enterica
FosA7

.5
fosfomycin thiol transferase FosA

antibiotic 

inactivation
EAU7449614.1 hypothetical protein - 50,00 29,03 Nostoc  sp. FACHB-133 hypothetical protein

MBD2526560.

1
100,00 98,57 1E-42

CARD reference protein Candidate protein in Nostoc sp.  UHCC 0252 (XPORK 14A) - Sensitive Candidate protein BLASTP search

CARD reference protein
Candidate protein in Dolichospermum sp.  UHCC 0299 (Anab 299) - 

Sensitive
Candidate protein BLASTP search


