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ARTICLE INFO ABSTRACT

Antibiotics in the environment represent a significant pollutant with a great impact on the biota. With the increasing use of these
substances, the resistance against them notably grows. The phototrophs, as the key part of microbial communities, often have different
responses to antibiotics. Some species could be inhibited; on the other hand, some species show the ability to use antibiotics as a source
of necessary nutrients. In our study, we investigated the impact of streptomycin, gentamicin, and sulfacetamide on six strains of
cyanobacteria commonly present in water sources. The growth inhibitory effect of the studied antibiotics was measured in sterile 96-well
microtiter plates, which contained different concentrations of antibiotics (1024 — 0.5 pg/mL) during 7 days at 23 °C and with 24h
illumination (light intensity 48,6 umol. foton m? s™*). Then the results were statistically evaluated, and growth curves were designed for
each studied strain. The minimum inhibitory concentration (MIC) of the investigated antibiotics was evaluated using probit analysis. The
potential effect of antibiotics on tested strains morphology was also studied. The results show that the antibiotics have an inhibitory effect
at higher concentrations (891.76 pg/mL to 1495.10 pg/mL). The highest values of MIC were estimated for Synechocystis sp. (PCC 6803)
and Cephalotrix sp. (KL 18). The stimulation of growth was observed in the strains Synechocystis (PCC 6803) and Cephalothrix (KL 18).
The most sensitive strains to selected antibiotics were Chlorogleopsis fritschii (CCALA 1005), Lynghya martensiana (CCALA 930), and
Geitlerinema acuminatum (CCALA 141). Strain Cyanobium sp. (LH14) was sensitive to streptomycin sulphate and gentamicin sulphate,
but sulfacetamide stimulated its growth. The visible morphological changes were caused by streptomycin in Chlorogloeopsis fritschii
(CCALA 1005). After five days of cultivation the bleached cells were present in the cultures of this strain.
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INTRODUCTION

Different antibiotics represent the most common substances present in aquatic
ecosystems. These compounds can have a significant impact on water microbiota.
Nowadays, for human or animal health treatment, around 250 different antibiotics
are registered (Kiimmerer and Henninger, 2003). The use of antibiotics and their
increasing presence in aquatic ecosystems cause concern regarding their
potentially detrimental effects on microbial communities and the whole ecosystem
(Bengtsson-Palme et al., 2018). Antibiotics and their residues represent a
relatively low environmental risk. The exceptions are the cephalosporin cefalexin,
the fluoroquinolone ciprofloxacin, and the macrolide azithromycin. These should
be considered possible moderate environmental risks in water bodies, especially in
Portugal, Spain, Cyprus, and Germany (Rodriguez-Mozaz et al., 2020). The
concentration of antibiotics in most aquatic environments reached ng/L to pg/L
(Homem and Santos, 2011). These concentrations have a significant impact on
the biomes in different environments. Cyanobacteria represent an essential part of
most environments in the presence of light. These simple phototrophic
microorganisms are primary producers of oxygen (Gonzalez-Pleiter et al., 2013).
They can fix carbon dioxide from water and terrestrial environments, and some can
fix atmospheric nitrogen (Berman-Frank et al., 2003). Cyanobacteria are
extremely sensitive to environmental contaminants and are often used as indicators
of the contamination of the environment (Lopez-Rodas et al., 2006). The most
studied species in ecotoxicological studies where antibiotic toxicity was tested are
Microcystis aeruginosa, Anabaena flos-aquae, and Anabaena sp. (Vilitalo et al.,
2017). Some antibiotics include oxytetracycline, chlortetracycline, tetracycline,
tiamulin (Halling-Serensen, 2000), ampicillin, amoxicillin, ciprofloxacin, and
clarithromycin (Vilitalo et al., 2017), can have a highly toxic impact on
cyanobacteria. Only trimethoprim is non-toxic to cyanobacteria (Vilitalo et al.,
2017). Antibiotics usually inhibit photosystem 11 (PSII) in cyanobacteria (Berden-
Zrimec et al., 2007), can inhibit their growth (Kviderova and Henley, 2005),
inhibit protein syntheses (Halling-Serensen, 2000), and have an impact on toxin
production (Du et al. 2018). Ceftazidime and amoxicillin in Microcystis
aeruginosa affect the content of soluble proteins and the reaction to oxidative
stress. At the same time, norfloxacin affects cell size and growth capacity (Du et

al., 2018), and ofloxacin (Deng et al., 2022) and streptomycin (Kang et al., 2022)
have an inhibitory effect on the growth of this species. Antibiotics impact not only
free-living cyanobacteria but also biofilms containing cyanobacteria. Low levels
of kanamycin could affect biofilms with the dominance of Synechoccoccus
elongatus, where the capacity of photosynthesis-mediated calcification and biofilm
formation is impacted. This directly influences biofilms' function and formation
and ecological functions (increased concentrations of atmospheric carbon dioxide
due to the promoted precipitation of carbonate) (Viilitalo et al. 2017). Some
species, such as Phormidium valerian, can use antibiotics (ampicillin) as a nitrogen
source. P. valerian seems resistant to ampicillin up to a concentration of 2 mg/mL
(Dias et al., 2015). Gloeocapsa sp. and Chroococcidipsis sp. are also resistant to
ampicillin, carbenicillin, and penicillin at 10 mg/L concentrations (Urbach et al.,
2008). Cyanobacteria represent an essential part of microbial communities. The
studies of the impact of these contaminants on cyanobacteria can be used in the
future prediction of biomass and biofilm production, as well as help suggest better
treatments for water environments. Cyanobacteria can also serve as bioindicators,
for which an understanding of their morphology and changes in their growth is
essential.

Thus, this study aimed to evaluate the effect of selected antibiotics on the growth
and potential morphology changes of different species of cyanobacteria. Firstly,
the minimum inhibitory concentration of tested antibiotics was determined. The
percentage growth of cyanobacterial strains treated by antibiotics was studied, and
finally the effect of tested antibiotics on cyanobacterial morphology was evaluated.

MATERIAL AND METHODS
Cyanobacterial strains origin and growth condition

This study used selected species of cyanobacteria: Geitlerinema acuminatum
(CCALA 141), Lyngbya martensiana (CCALA 930), Chlorogloeopsis fritschii
(CCALA 1005), Cyanobium sp. (LH 14), Cephalothrix sp. (KL18) and
Synechocystis sp. (PCC 6803). The strains marked as CCALA were obtained from
Culture Collections of Autotrophic Organisms (CCALA) (Tiebon, Czech
Republic). Strain PCC 6803 and Cyanobium sp. (LH 14) were obtained from The
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Pasteur Culture Collection of Cyanobacteria and strain KL 18 was isolated from
water samples from Alaska. Strains were cultivated in BG 11 medium (Stanier et
al., 1971) with pH 7.5. Triplicate cultures of each strain were started by adding 10
mL of sterile BG11 medium to 1 mL of cyanobacteria inoculum to sterile tubes.
Then they were incubated for 1-2 weeks at 23 °C and with 24h illumination (light
intensity 48,6 umol. foton m?2s?).

Inoculum preparation

Before the inoculum preparation, the studied strains were cultivated as described
above. Due to the optimal setting of the experiment, it was necessary to find out
when the tested cyanobacteria strains reached their maximum biomas production.
Cell numbers of the cultured strains were counted daily by Biirker chamber under
a microscope Olympus CX23, and growth curves (cell density over time) were
plotted to find the logarithmic phase (Figure 1).
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Figure 1 The growth curves of tested cyanobacterial strains

According to our results, all tested strains reached maximum biomass production
on the 4™ day of cultivation, and therefore the inoculum was prepared on the 4"
day of cultivation. The inoculum was prepared by addingl mL of medium BG11
containing the strain to 4 mL of fresh medium BG11 to a final concentration 2x10°
cell/mL according to Diaz et al. (2015).

Growth inhibitory test and determination of the minimum inhibitory
concentration

The growth inhibitory effect of antibiotics was performed in sterile 96-well
microtiter plates. For the test, the following antibiotics were used: streptomycin
sulphate (SS) (CAS-no.3810-74-0), gentamicin sulphate (GS) (CAS-no. 1405-41-
0), sulfacetamide (S) (CAS-no. 144-80-9) (Sigma-Aldrich, Germany). Into each
well, a 100 pL of BG11 medium (lines from A to F and line H) was added except
line G with medium purity control, which contains 200 pL of BG11 medium. All
used antibiotics (n=3) were tested on each plate (in lines A-B tested SC, in lines
C-D tested GS, and in lines E-F tested S). The used antibiotics were diluted at an
initial concentration of 2048 pg/mL in the BG 11 medium and were added to the
first column as follows. Next, the two-fold dilution of each antibiotic at the
concentration range from 1024 — 0.5 pg/mL was prepared. Then the 100 pL of
inoculum with one selected strain (n=7) was added to each well, except the line G
(medium purity control). The final volume of each well was 200 uL. Following the
inoculation, plates were closed and pact in parafilm. All operations were
undertaken in a sterilized chamber. After then, the plates were incubated for seven
days under the same conditions as the cultures. Before and after the incubation
period, the microplates were measured at 630 nm in the Opsys MRTM Microplate
Reader.

Morphological study of tested strains treated by antibiotics

To monitor potential morphological changes in cyanobacteria, the tested strains
cultivated with the same concentration range of selected antibiotics (1024 — 0.5
pg/mL) were cultivated simultaneously with the previous experiment. The test was
performed in sterile 2 mL microtubes. The microtubes contain 250 uL BG11
medium and 500 pL of antibiotic diluted in BG11 medium to the required
concentration. Then, the prepared inoculum of each tested cyanobacteria was
added to the microtubes. The prepared microtubes were cultivated in the same way
as described in the previous method. During the cultivation period (7 days), the
density of cells was manually counted in the Biirker chamber in an optical
microscope Olympus CX23. Also, the potential morphology changes were studied
on the 7th day of cultivation.

Statistical analyses

In this study, all experiments were performed in independent triplicate. The results
obtained from counting in the Biirker chamber (morphology study) and the growth
inhibition of cyanobacteria were evaluated in Microsoft Office Excel computer
software. The data were displayed as the growth curves for each tested strain. The
results of MICs, (MIC at which 50% of microorganisms are inhibited) and MICg
(MIC at which 90% of microorganisms are inhibited) were evaluated using probit
analysis (p<0.0001) in Statgraphics Centurion XVI program (version 16.1.11).

RESULTS AND DISCUSSION
Impact of the antibiotics on cyanobacterial growth

Antibiotics are commonly used to treat bacterial infections in humans and animals.
Still, their overuse and improper disposal can lead to pollution of the environment,
including water bodies where cyanobacteria live (Bashir et al., 2020). This
pollution can negatively affect cyanobacteria by disrupting their natural balance
with other microorganisms and causing changes in their growth and reproduction
patterns. In addition, antibiotic exposure can lead to antibiotic resistance in
cyanobacteria, threatening public health (Gunathilaka et al., 2023).
Cyanobacteria are crucial in the environment as primary producers, supplying food
and oxygen for other organisms. They are also important in nutrient cycling and
nitrogen fixation, which converts atmospheric nitrogen into a form that plants, and
other organisms can use (Hamilton et al., 2016). Overall, cyanobacteria play a
significant role in the environment and have numerous potential benefits for human
society, for example, in biotechnology, medicine or environmental remediation
(Zahra et al., 2020). Therefore, exposure to antibiotics can have adverse effects
on cyanobacteria. One of the main negative impacts is the development of
antibiotic resistance in cyanobacteria. For example, authors Wang et al. (2020)
investigated the occurrence and spatiotemporal patterns of six ARG classes
(Antibiotic Resistance Genes) in cyanobacteria isolated from Taihu Lake. Their
results demonstrated that cyanobacteria could be a significant reservoir and source
for acquiring and disseminating ARGs in aquatic environments. This is mainly due
to the content of the same components related to gene transfer as in other bacteria
(plasmids and transposable elements) (Dias et al., 2015). Also, Yang et al. (2013)
studied the effect of tetracycline on Microcystis aeruginosa and found that after
repeated exposure to this ATB, the cyanobacteria developed resistance to it after
the first exposure. For this reason, it is very important to monitor the impact of
different antibiotics on cyanobacteria. In our study, the effect of 3 antibiotics
(streptomycin sulphate, gentamicin sulphate and sulfacetamide) on the growth and
potential morphological changes of different species (Geitlerinema acuminatum
(CCALA 141), Lyngbya martensiana (CCALA 930), Chlorogloeopsis fritschii
(CCALA 1005), Cyanobium sp., Cephalothrix sp. (KL18), Synechocystis sp. (PCC
6803) and Cyanobium sp.) of cyanobacteria was investigated by microdilution
method.

Minimum inhibitory concentration (MIC) determination

The lowest value of MICs, was estimated by probit analysis for gentamicin
sulphate (12.67 pg/mL in G. acuminatum (CCALA 141)), followed by
streptomycin sulphate (25.32 pg/mL in C. fritschii (CCALA 1005)) > gentamicin
sulphate (39.88 pg/mL in L. martensiana (CCALA 930)) > gentamicin sulphate
(39.99 uL/mL in Cyanobium sp.) and finally also for gentamicin sulphate (62.73
pg/mL in C. fritchii (CCALA 1005)) (Table 1). Our results showed that gentamicin
sulphate strongly inhibited the growth of tested cyanobacterial strains at relatively
low concentrations.
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Table 1 Minimum inhibitory concentration (MICs, and MICq) for used antibiotics able to inhibit growth of tested cyanobacterial

strains (n=3) estimated by probit analysis

Used antibiotics

Tested cyanobacteria SS GS S

MICso MICqgp MICso MICgo MICso MICqyo
Geitlerinema acuminatum (CCALA 141) 160.91 704.31 12.67 58.69 386.25 817.11
Lyngbya martensiana (CCALA 930) 245.58 358.34 39.88 127.89 551.39 808.47
Chlorogleopsis fritschii (CCALA 1005) 25.32 63.08 62.73 223.01 439.93 741.55
Cyanobium sp. (LH 14) 439.93 741.55 39.99 110.54 -* -
Synechocystis sp. (PCC 6803) - - 1137.46 1294.69 - -
Cephalotrix sp. (KL18) - - 891.76 1495.10 - -

Note: SS — streptomycin sulphate, GS — gentamicin sulphate, S — sulfacetamide, -* - the growth of cyanobacteria was not inhibited

Our results agree with Dias et al. (2015), who studied some antibiotics that
included aminoglycosides, as in our study against different cyanobacterial strains
and found that the MIC of aminoglycosides varied between 0.1 and 0.8 mg/L
(strain LMECYAZ260), 0.2-0.4 mg/L (strains LMECYA 7 and LMECYA 40), and
0.4-1.6 mg/L (strain LMECYA 246). On the contrary, in the study of Cameron
and Pakrasi (2011), Synechocystis sp. was the most sensitive to gentamicin but in
a higher tested concentration than in our study (1-10 mg/L). But for example, in
an earlier study, Synechoccocus sp. was shown resistance when it was exposed to
gentamicin in the concentration of 10 mg/L (Reynaud and Franche, 1986). The
relatively higher inhibition of growth of the tested strains in this study found in
gentamicin and streptomycin can be explained by the fact that streptomycin can
inhibit protein synthesis due to its binding to the 30S ribosome subunit (Harrass
et al., 1985) and gentamicin increased the oxidative stress, as well as damage the
photosystem | in cyanobacteria (Cameron and Pakrasi, 2011).

Our results showed that tested ATB effectively inhibited cyanobacterial strains but
at higher concentrations. The probity analysis showed that, the best MIDg, values
were found at a concentration of 58.69 (ug/mL), which inhibited the growth of G.
acuminatum (CCALA 141) after seven days of cultivation. The highest value of
MICso and MICqo was estimated for Synechocystis sp. (PCC 6803) (MICs, 1137.46
pg/mL and MICgy 1294.69 pg/mL) and Cephalotrix sp. (KL 18) (MICs, 891.76

pg/mL and MICqy 1495.10 pg/mL). These ATBs were not effective in the
inhibition of these strains.

After MIC evaluation, the percentage growth of cyanobacterial strains with
antibiotics was studied. The percentage of cyanobacterial growth under treatment
with tested ATB was determined based on the measured absorbance on a
Microplate Reader Opsys MRTM, Dynex (Chantilly, USA). The obtained data
were compared with the control samples (the control is marked with a red line in
Figures 2, 3 and 4) and some differences between the MIC values and percentage
growth of cyanobacterial strains were found. The most sensitive to streptomycin
sulphate was strain Chlorogleopsis fritchii (CCALA 1005), similar to the results
obtained from MIC evaluation, but it was also partially inhibited by concentrations
of 32 pg/mL and 16 pg/mL compared to the control. This ATB inhibited its growth
at 64 pg/mL (Figure 1). Our results agree with authors Carvalho and Santos
(2016), who also found that this thermophilic cyanobacterium could not resist the
higher concentrations of antibiotics and is especially sensitive to f-lactam ATB.
Streptomycin sulphate, tested in our study, belongs to aminoglycosides (sulphate
salt form of streptomycin), but the effect of these ATB on the growth of C.
fritchii was not available in studies yet.

The results showed that the tested antibiotics inhibited the growth of cyanobacteria
differently depending on the concentration used.
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Figure 2 The growth curves mean (n=3) of tested cyanobacterial strains under treatment with streptomycin sulphate at
different concentration (1024-0.5 pg/mL) after 7 days of cultivation at 23 °C and with 24h illumination (light intensity 48,6

umol. foton m?2 s%), red line - control

The growth of Lyngbya martensiana (CCALA 930) was also inhibited by SS at
512 pg/mL. Cyanobium sp. (LH 14) and Geilerinema acuminatum (CCALA 141)
were inhibited only at higher tested concentrations (1024 pg/mL). The growth
of Cephalotrix sp. (KL18) and Synechocystis (PCC 6803) was not affected by this
ATB atall, and in comparison, with control sets, their growth appeared to be poorly
stimulated. Also, authors Tan et al. (2018) investigated the effects of two typical
aminoglycoside antibiotics (tobramycin and kanamycin) on the aggregation of the
model cyanobacterium Synechococcus elongatus and the Microcystis
aeruginosa. They found that low-level of these aminoglycoside antibiotics (0.10
and 0.02 pg/mL) promoted the aggregation of S. elongatus and M. aeruginosa by
40 and 18%, respectively. Similarly, in the study of Gonzalez-Pleiter et al. (2019),
they confirmed that some species, such as Synechococcus sp. and Microcystis,
aeruginous could use some types of antibiotics for their growth (e.g., p-lactam
ATBs). In our study, streptomycin sulphate inhibited the growth of some
cyanobacteria at the lowest concentrations (C. fritchii (CCALA 1005) at 64
pg/mL). Similarly, in the study of Harrass (1985), all of the cynobacteria tested

were extremely sensitive to streptomycin. None grew at 0.9 mg/L, and
only Aphanizomenon flos-aquae grew at 0.28 mg/L (with a Type | response); at
0.09 mg/L, only Anabeana cylindrica grew, as well as control cultures. On the
contrary, Han et al. (2014) found that streptomycin was the less effective
antibiotic (from seven tested) against Nostoc flagelliform and had the highest
tolerance.

In our study, these strains, Cephalotrix sp. (KL18) and Synechocystis (PCC 6803)
were also resistant to gentamicin sulphate (Figure 3). The most sensitive strains to
this ATB were Cyanobium sp. and Lyngbya martensiana (CCALA 930). Their
growth was inhibited at a 256 pg/mL concentration for both, respectively. In their
study, Le Page et al. (2019) include Cyanobium sp. between cyanobacteria and
wilt high sensitivity to antibiotics. For example, in the case of aminoglycosides,
they found a MIC of 0.005 mg/mL. The different results obtained in our study were
probably caused due to the slow growth of Cyanobium sp. (LH 14).
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Our results with gentamicin agree with other authors, although they worked with
higher concentrations. Diaset al. (2015) evaluated the susceptibility of
four cyanobacterial isolates (Microcystis aeruginosa, Aphanizomenon
gracile, Chrisosporum bergii and Planktothix agraphia) and nine isolates from the
same species (M. aeruginosa) to distinct antibiotics (amoxicillin, ceftazidime,
ceftriaxone, kanamycin, gentamicin, tetracycline, trimethoprim, nalidixic acid,
norfloxacin). They found the lowest concentration of gentamicin that inhibited M.
aeruginosa at 0.2 mg/L and the highest (with 100% inhibition) at 0.4 and 1.6 mg/L,
respectively. Ahmaed and Buniya (2022) found that all of the tested
cyanobacterial strains (Lyngbaya epiphytic, Wollea saccate, Chroococcus
minutes, Chroococcus disperses, and Oscillatoria cerebriform) were susceptible
to gentamicin in all tested concentration. Gentamicin, similar to streptomycin,
belongs to the aminoglycoside ATB, whose primary mechanism of influence on
the cells is the inhibition of protein synthesis, and they also cause cytotoxicity
through the induction of reactive oxygen species (Cameron and Pakrasi 2011).

The last antibiotic tested was sulfacetamide, which belongs to the sulphonamides
group of ATB and appears to be the least effective in inhibiting the growth of the
tested strains of cyanobacteria (Figure 4). The most sensitive strain to
sulfacetamide was G. acuminatum (CCALA 141), which was inhibited at a

160

concentration of 512 pg/mL, and the growth of C. fritschii (CCALA 1005) and L.
martensiana (CCALA 930) were inhibited only at the highest tested concentration
(1024 pg/mL). In our study, the growth of Cephalotrix sp. and Synechocytis sp. has
poorly stimulated again like in treatment with gentamicin sulphate, but in addition,
sulfacetamide inhibitory effect on Cyanobium sp. was also not detected. The
growth of these strains seems to be poorly stimulated compared to control sets (the
red line represents 100% of cyanobacterial growth - Figure 4). Also, Pro et al.
(2003) observed no effect of ATB from this group (sulfachloropyridazine) on the
growth of Chlorella vulgaris. Le Page et al. (2017) found that inhibition of
cyanobacterial growth after exposure to sulphonamide was generally limited and,
in some species (Phormidiumsp.), the inhibitory effect was stabilized with
increasing concentration of antibiotics, which may indicate the initiation of a
possible mechanism of their resistance. Our results also agree with a meta-analysis
analyzed in the study of Crécy-Lagardet al. (2007), who found that
cyanobacteria are less sensitive to sulphonamides than microalgae and
macrophytes. A possible explanation for their resistance to ATB could be that
cyanobacteria contain protein (slr0642 identified in Synechocystis sp. (PCC 6803),
which may act as a folate transporter and enables the absorption of folates from the
environment (Le Page et al., 2019).
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Figure 4 The growth curves mean (n=3) of tested cyanobacterial strains under treatment with sulfacetamide at different
concentration (1024-0.5 pg/mL) after 7 days of cultivation at 23 °C and with 24h illumination (light intensity 48,6 pmol.
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The reason may be that some microalgae have already been used to remove some
antibiotics, including sulfacetamide, from the aquatic environment (Wang et al.,
2022). In addition, sulphonamides are the most widely used antibiotics, especially
in veterinary medicine, and therefore their residues can also be found in the aquatic
environment (Garcia-Galan et al., 2009). And some species may be resistant to
them. However, the effect of antibiotics on the growth, photosynthesis and
transcriptome of cyanobacteria has not yet been fully understood, and it is clear
from the available studies that the toxicity of various ATBs and their effect on the
growth of cyanobacteria is different and primarily species-specific (Zhao et al.,
2023). But in the study of Ahn et al. (2022) evaluated the ecotoxicological effects
of aluminium oxide nanoparticles (Al,O3NP) and their influence on sulfacetamide

(SA) biodegradation by a freshwater microalga, Scenedesmus obliquus. They
found that the addition of 100 mg/L of Al,O3NP and 1 mg/L of SA reduced its total
chlorophyll by 23.3% and carotenoids by 21.6%, and the genes responsible for
ATP synthesis, and the photosynthetic system was significantly downregulated.
So, the undesirable effect of ATB on cyanobacteria may not always be manifested
only by inhibition of their growth but also in other sometimes observable ways.
Therefore, our work also studied the effect of tested ATB on the morphology of
cyanobacterial strains.
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Impact of antibiotics on morphology

In our study, the possible effect of tested ATB on morphological changes was seen
in the strain Chlorogloeopsis fritschii (CCALA 1005) treated with streptomycin.
After five days of cultivation of this strain, the bleached cells were present in the
cultures at all concentrations, compared with the control sample, where not
detected. C. fritschii (CCALA 1005) was shown to decolourize their cells after five
days of cultivation with streptomycin (Figure 5).
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Figure 5 Discoloured cells of Chlorogloeopsis fritschii (CCALA 1005) after five
days of cultivation at 23 °C and with 24h illumination (light intensity 48,6 pmol.
foton m2 1) with streptomycin sulphate

Whitening/decolourization of Microcystis (PCC 7820) cells were mentioned in the
study of Bagchi et al. (1993), who studied the effect of antibiotics on some
cyanobacterial strains. Other authors describe the degradation of phycobilisomes
(whitening of cells) due to loss of nitrogen caused by ATB. Loss of pigmentation
also occurred in Synechocystis sp. (PCC 6803) (Ogawa and Sonoike,
2016). Hunter and McVeigh (1961) found that representative strains of
Myxophyceae, Chlorophyceae, Bacillariophyceae, Xanthophyceae, and
Euglenophyceae were inhibited after exposure to different antibiotics, but
bacitracin caused a loss of pigmentation in Bacillariophyceae. Similar results were
obtained by Wan et al. (2014), who evaluated the effect of levofloxacin
on Microcystis flos-aquae. They found that a concentration exceeding ten pg/L
inhibited its growth significantly, and chlorophyll a continent was also
considerably decreased. Authors Chauhan et al. (1992) found that the antibiotic
inhibited PS Il in isolated chloroplasts, primarily interacting at a site before P680
on the electron transport chain. In a study by Yalcin et al. (2022), the impact of
ampicillin, tetracycline, kanamycin, and cefotaxime on pigment fluorescence and
photosynthetic capacity in Fremyella diplosiphon strains B481-WT and B481-SD
was studied. It is clear from their conclusions that similar to our study, optimal
concentrations of antibiotics can induce cell growth, while high concentrations can
negatively affect cell functionality.

Therefore, the knowledge about the role of cyanobacteria in contaminated aquatic
environments can clarify how aquatic ecosystems respond to pollution caused by
antibiotics and define preventive measures regarding the spread of antibiotic
resistance in the environment (Prasanna and Coll, 2010).

CONCLUSION

The current study demonstrated that following a 7-day exposure to the antibiotics
streptomycin sulphate, gentamicin sulphate, and sulfacetamide, the investigated
cyanobacteria exhibited varying levels of sensitivity towards them. The results
showed that the antibiotics have an inhibition effect at higher concentrations
(891.76 pg/mL to 1495.10 ug/mL). The gentamicine sulphate shows the ability to
inhibit the growth of every studied strain. On the other hand, streptomycine
sulphate and sulfacetamide inhibit the growth of strains Chlorogleopsis fritschii
(CCALA 1005), Lyngbya martensiana (CCALA 930), Cyanobium sp. (LH 14) and
Geitlerinema acuminatum (CCALA 141). They also slightly stimulated the growth
of Synechocystis (PCC 6803) and Cephalothrix (KL 18). The studied strains were
most sensitive to gentamicine sulphate, which influenced their growth at lower
concentrations (256 pg/mL for Cyanobium sp. LH 14 and Lyngbya martensiana
CCALA 930, 512 pg/mL for Chlorogleopsis fritschii CCALA 1005). The
inhibitory impact of sulfacetamide on the growth of the studied strains was
relatively low. This ATB inhibits only strains Chlorogleopsis fritschii CCALA
1005, Geitlerinema acuminatum CCALA 141 and Lyngbya martensiana CCALA
930, but the highest concentration was needed. From these, the most sensitive
strains to antibiotics were Chlorogleopsis fritschii (CCALA 1005), Lyngbya
martensiana (CCALA 930) and Geitlerinema acuminatum (CCALA 141). Strain
Cyanobium sp. (LH 14) was sensitive to streptomycin sulphate and gentamicine
sulphate, but sulfacetamide stimulated its growth. Changes in morphology due to
the antibiotics were observed in strain C. fritschii, where the typical package
colonies lost their homogeneity, and the strains produced solitary cells, which were

often decolorized. These results showed that the cyanobacteria could survive in an
environment contaminated by antibiotics and even use them for their growth.
These key photosynthetic microorganisms, colonizing most of the water and soil
environments, are potentially large reservoirs of genes for ATB resistance, and are
able to horizontally transfer them to different bacterial strains. In order to gain a
deeper understanding of antibacterial resistance in cyanobacteria, further
investigation of the effects of a broader range of antibiotics on various
cyanobacterial strains would be necessary. Additionally, exploring the genetic
mechanisms underlying resistance in these strains would be valuable. Given the
important role of cyanobacteria as primary producers, it is essential to conduct
more comprehensive studies on cyanobacteria to better comprehend their
antibacterial resistance and its implications.
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