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KEYWORDS Summary The study aimed at measuring the influence of a wide range of oxytetracycline
Antibiotics; concentrations, with particular attention to the low levels of the antibiotic on cyanobacte-
Cyanobacteria; ria Microcystis aeruginosa and Nodularia spumigena, diatom Phaeodactylum tricornutum and
Microalgae; the model green algae Chlorella vulgaris by conducting prolonged toxicity tests (lasting 10
Chlorophyll a days). Standard measurements (cell number, optical density, chlorophyll a concentration) were
fluorescence; combined with photosynthetic parameters measurements. The obtained results show that con-
Toxicity studies centrations of oxytetracycline present in the environment can affect tested microorganisms. It

was found to decrease photosystem Il efficiency and disrupt the photosynthesis process. A care-
ful interpretation of photosynthetic parameters allowed a better understanding of the mode of
action of oxytetracycline in relation to non-target photoautotrophic organisms like cyanobac-
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teria and microalgae. In conclusion, it would appear that the use of standard chronic toxicity
tests (72 h) does not allow to accurately and reliably assess the chronic impact of bioactive
compounds including drugs and their metabolites on water organisms. On this basis, we recom-
mend the application of extended duration tests.

© 2020 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The consumption of pharmaceuticals in terms of quantity
and expenditure is increasing globally (Van Boeckel et al.,
2014; Xu et al., 2014). Antibiotics have been broadly used in
human and veterinary medicine to prevent and treat infec-
tions, as well as for other purposes including growth promo-
tion in livestock production, prevention of bacteria-induced
crop damage and as feed additives in aquacultures (Boxall
et al., 2004). The most important pathways of antibiotic
dissemination into the aquatic environment are wastewater
effluents, manure application, aquacultures discharge and
surface runoff (Kiimmerer, 2009; McArdell et al., 2003). The
majority of studies focused on the prevalence of antibiotics
in freshwater bodies (lakes, rivers, groundwater). However
several studies reported their presence in coastal or estu-
arine marine systems (e.g. Bjorlenius et al., 2018; Borecka
et al., 2013, 2015, Gulkowska et al., 2007; Nodler et al.,
2014; Pazdro et al., 2016; Siedlewicz et al., 2014, 2016,
2018; Wille et al., 2010, Yang 2011). The constant release of
antibiotics, their bioactive properties, and continuous pres-
ence even at relatively low environmental concentrations
ranging from ng dm—3 to ug dm=3 in surface waters and from
ng g~ to ng g~ in sediments have caused major concerns
about potential risks to aquatic ecosystems (Hernando et
al., 2006; Ji et al., 2012; Kimmerer, 2010). Although the
major environmental issue is associated with the develop-
ment of resistance mechanisms in bacteria, the toxicity of
antibiotics to non-target organisms also raises serious con-
cerns (Gonzalez-Pleiter et al., 2013). Phytoplankton species
forming the basis of all marine food webs are extremely im-
portant as primary producers and shall be included in the
risk group. For this reason, data from ecotoxicity tests with
different phytoplankton species and the most commonly de-
tected antibiotics is of great importance to illustrate the
potential adverse effects. Nevertheless, most of the nu-
merous available reports on the ecotoxicity of pharmaceu-
ticals deal with freshwater organisms and acute ecotoxicity
studies still predominate in comparison to the chronic ones
(Arnold et al., 2014; Santos et al., 2010). It may also con-
tribute to the increase of inaccuracy of the estimations of
risk assessments often relayed on recalculations based on
different backgrounds and/or trophic levels (EC, 2003).
Oxytetracycline is a bacteriostatic drug belonging to a
group of tetracyclines being a class of inexpensive, broad-
spectrum antimicrobial substances used in human and vet-
erinary medicine. Antibiotics from this group are commonly
used worldwide including all Baltic Sea countries (Schmidt
et al., 2000; Wang et al. 2010). Oxytetracycline does not
undergo metabolism and is renally and biliary excreted in
unchanged form (Agwuh and MacGowan, 2006). In the eu-

photic zone of marine waters, oxytetracycline seems to
easily photodegrade (Leal et al., 2016) which corresponds
with the results from laboratory tests (Jiao et al., 2008;
Pereira et al., 2011). Despite this, oxytetracycline is very
often detected in the marine environment (Capone et al.
1996; Chen et al., 2015; Lalumera et al., 2004). Moreover,
existing data suggest a long persistence of oxytetracycline
in the aquatic sediments (Wang et al., 2010). In our previ-
ous studies concerning the Baltic Sea sediments, oxytetra-
cycline concentration up to 1.515 ug g~ d.w. was reported,
which was the highest value of all analyzed antibiotics in
this region (Siedlewicz et al., 2018). Moreover, except re-
sults described by Ando et al. (2007), Guo et al. (2016) and
Holten Lutzhoft et al. (1999) most of existing ecotoxicolog-
ical tests applying algae and cyanobacteria typically do not
exceed the exposure period of 96 hours (Fu et al., 2017;
Kolar et al., 2014; Kotodziejska et al., 2013). Therefore the
full impact of oxytetracycline on aquatic phototrophic or-
ganisms and their ability to effectively carry out photosyn-
thesis remains highly ambiguous. Furthermore, it can be as-
sumed that oxytetracycline is continuously introduced to
the environment so it is worth to know, how or if at all,
it can affect phototrophic microorganisms in longer than re-
ported in the literature period (up to 7 days) used in chronic
tests (Dewez et al., 2018; Halling-Sgrensen, 2000).

The photosynthetic apparatus efficiency has been re-
ported to be the most sensitive factor for evaluating the
degree of antibiotic-related stress damage in higher plants
(Rachmilevitch et al., 2006). Recently, changes in the
chlorophyll a fluorescence transient (OJIP transient) have
been used to evaluate the extent of damage to the photo-
synthetic apparatus under several abiotic stresses. The OJIP
transient is defined by O, J, |, and P steps, corresponding
to the redox states of photosystem Il (PSIl) and photosystem
I (PSI) and the efficiencies of electron transfer through the
intersystem chain to the end electron acceptors at the PSI
acceptor side (Strasser et al., 2000, 2004). Besides, the OJIP
transient approach has useful and practical advantages: it is
non-destructive, relatively easy to perform and allows rapid
testing of any type of chlorophyll-containing sample regard-
less of its form (Strasser et al., 2000, 2004; Zushi et al.,
2012). As it has been previously reported in the literature,
the measurement of chlorophyll a fluorescence is a sensi-
tive and reliable method of detection and quantification of
organic pollution stress-induced changes in the PSII and PSI
of plants (Chen et al., 2017; Gao and Tam, 2011; Pan et al.
2008; Zak et al. 2012). Despite this, so far only a few stud-
ies have been conducted on the impact of oxytetracycline
or tetracycline on the photosynthesis system of marine au-
totrophic microorganisms (Guo et al. 2016; Van der Grinten
et al., 2010; Xu et al. 2019).
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The study aimed at measuring the influence of a wide
range of oxytetracycline concentrations, with particular at-
tention to levels of the antibiotic occurring in the Baltic Sea
sediments, on selected algae and cyanobacteria by perform-
ing long-term exposure toxicity tests (10—11 days) lasting
longer than standard toxicity tests. The extending of the
toxicity test period may help to assess their utility in the
estimation of the impact of contaminants continuously in-
troduced to the environment. Microalgae and cyanobacte-
ria have been selected due to their ecological relevance,
sensitivity and because they are easily cultivated in the
laboratory. Chlorella vulgaris Beijerink is a cosmopolitan
species inhabiting fresh, brackish and marine waters and
is commonly used as a reference organism in ecotoxic-
ity tests (Borecka et al., 2016). Phaeodactylum tricornu-
tum Bohlin is a model diatom representing a heterogeneous
group of photosynthetic eukaryotes prevalent in freshwater
and marine habitats. Nodularia spumigena Mertens ex Bor-
net & Flahault is a bloom-forming, filamentous cyanobac-
terium occurring in many brackish and estuarine waters
worldwide. Microcystis aeruginosa Kitzing is another ma-
rine/freshwater widespread cyanobacteria, which can form
harmful blooms and is characterized by small cells usu-
ally organized into colonies. These four species were se-
lected based on their occurrence in the Baltic Sea as well
as their ubiquitous presence in aquatic ecosystems. In pre-
sented investigations standard measurements (optical den-
sity, chlorophyll a concentration) were combined with OJIP
fluorescence transitions measurements, therefore results
should also help in understanding the impact of oxytetra-
cycline on photosynthesis apparatus in different species of
autotrophic microorganisms.

2. Material and methods
2.1. Algal and cyanobacterial monocultures

As target species, we used: (1) green algae A1-76 C. vul-
garis (Culture Collection 10 PAN, Sopot) isolated from the
Baltic Sea; (2) diatom P. tricornutum SAG 1090-1a (Culture
Collection of Algae, University of Gottingen, Germany); (3)
cyanobacteria PCC-7820 M. aeruginosa purchased from Pas-
teur Culture Collection of Cyanobacteria (Pasteur Institute,
France) and CCNP1401 N. spumigena obtained from Division
of Marine Biotechnology, University of Gdansk. All species
were grown on a liquid medium in the flasks (batch cultures)
at 22°C + 1, at continuous light (80 wmol photons m=2 s 1).
Cyanobacterial species were cultivated on: M. aeruginosa
— 616 medium and N. spumigena — BG11 medium in salin-
ity 7%o (Stanier et al., 1971). For the culture of green al-
gae C. vulgaris BBM medium was used (Bischoff and Bold,
1963) and for diatom P. tricornutum f/2 medium (salinity
7 %o) (Guillard, 1975) prepared based on artificial seawater
(Lyman and Fleming, 1940) was applied. Cultures used as
inocula were in the logarithmic phase of growth.

2.2. Growth assay

Oxytetracycline standards were purchased from Sigma-
Aldrich (Germany). Standard stock solutions were prepared
in Milli-Q water before the start of the experiments.

Four experiments were performed, each on differ-
ent species of microorganisms. Sterile cell-free medium
with oxytetracycline was added to flasks containing tar-
get species C. vulgaris, P. tricornutum, M. aeruginosa, and
N. spumigena. The total volume of medium in the flasks was
49 cm® and the inoculum of C. vulgaris corresponded to
4 x 105 cells cm~3; initial optical densities (OD, 1=680) of
P. tricornutum, M. aeruginosa, and N. spumigena equalled
to 0.08, 0.06 and 0.06 respectively. The oxytetracycline was
added to the flasks with green algae, diatom and cyanobac-
teria in the volume of 1 cm? reaching the five final con-
centrations: 0.01 ug cm=3, 0.1 ug cm=3, 1 pg cm=3, 4 pg
cm—3, 8 ug cm—3. Control samples were prepared by adding
1 cm? of Mili-Q water to 49 cm? of fresh medium with tested
species. All variants of the assay were performed in three
independent experiments. To be able to determine a real
effect of the chronic exposition on the growth and phys-
iology of the microorganism even in low doses of antibi-
otics, experiments were carried out for 10/11 days. Sub-
samples were collected for measurements on days 3, 5, 7,
9, 11 (the end of the experiment) and in case of P. tricor-
nutum on days 2, 4, 8, 10 (the end of the experiment). The
C. vulgaris and P. tricornutum cells were counted with a
Biirker chamber under a light microscope. Samples were di-
luted if needed. OD measurements were performed using
HITACHI U-2800 UV-VIS spectrophotometer for all species:
C. wvulgaris, M. aeruginosa, N. spumigena and P. tricor-
nutum. Simultaneously, oxytetracycline stability (nominal
versus measured concentration) was monitored. Samples
with medium and oxytetracycline at concentrations: 1 pg
cm~3, 4 ug cm3, 8 ug cm3 were incubated applying the
same experimental conditions as described earlier, and as
a control — medium kept in the dark for the same pe-
riod was used. Samples were analysed by absorbance mea-
surements using HITACHI U-2800 UV-VIS spectrophotome-
ter (A=355). The growth rate was calculated based on OD
value on the equation given by Karto et al. (2015) and
Krzeminska et al. (2014).

2.3. Chlorophyll a and pheophytin concentration

Chlorophyll a and pheophytin concentration was deter-
mined using the spectrophotometric method according to
Strickland and Parsons (1968, 1972) and Edler (1979).
Aliquots of culture medium with live cells were filtered
through the glass-fibre filters (GF/C Whatman). Next, fil-
ters were homogenised and extracted in 90% acetone for
2 h at 4°C in the dark. After extraction samples were cen-
trifuged (3800g, 20 min) and the supernatant was collected.
In order to estimate the concentration of pheophytin, the
measurements were performed after 2 min following the
addition of 60 wl of 1M HCl to 5 cm?® of supernatant. The
absorbance measurements for chlorophyll a and pheophytin
were recorded by HITACHI U-2800 UV-VIS spectrophotome-
ter at wavelengths: 750, 665, 645, 630 nm and 750, 665 nm
respectively. Concentrations of both chlorophyll a and pheo-
phytin were calculated according to Lorenzen (1967).

2.4. Fluorescence measurements

All fluorescence measurements were made using ultra-high
sensitive (up to 0.5 ug chl dm—3) AquaPen Ap-100C handheld



Table 1

G. Siedlewicz et al./Oceanologia 62 (2020) 214—225 217

Explanation of chlorophyll a fluorescence tran-

sient (OJIP transient) parameters. Formulas derived from
Strasser et al., 2000.

Formula
abbreviation

Formula explanation

Fo

Fo = Fso ps, fluorescence intensity at
50 s

F, F, = fluorescence intensity at J-step
(at 2 ms)

Fm Fym = maximal fluorescence intensity

Fy Fyv = Fm — Fo (maximal variable
fluorescence)

Vs Vs = (Fy — Fo)/(Fm — Fo)

FM/FO Ratio

Fv/Fo Ratio

Fy/Fp Maximum quantum efficiency of PS II

Mg or (dV/dt)o

Mg = TRg/RC — ET¢/RC = 4 (F300 —
Fo)/(Fm — Fo)

Phi_Pg Phi_Pg =1 — (FQ/FM) (or F\//FM)
PSi_o PSi_o =1- VJ

Phi_Dg Phi_Do = 1 — Phi_Po — (Fo/Fn)
ABS/RC ABS/RC = Mo. (1/Vy). (1/Phi_Po)
TRo/RC TRo/RC = Mo. (1/Vy)

ETo/RC ETo/RC = Mg. (1/V,). Psi_g
Dlo/RC Dlo/RC = (ABS/RC) — (TRo/RC)

fluorometer (Photon Systems Instruments, Czech Republic).
Both LED blue and red emitters (blue excitation light 455
nm; red excitation light 620 nm) were used throughout the
experiments. The blue emitter is suitable for measuring
fluorescence in algal suspensions, while the red emitter
is applicable for measuring fluorescence in cyanobacterial
cultures. All measurements were carried out in single-use
polystyrene cuvettes (maximum volume 4 cm3, optical
length 1 cm) on dark-adapted samples. QY (Quantum Yield)
and OJIP (Chlorophyll Fluorescence Induction Kinetics)
parameters were quantified according to the formulas de-
scribed by Strasser et al. (2000) (Table 1). QY is a measure
of the photosystem Il efficiency. In a dark-adapted sample,
it is equivalent to Fy/Fy.

2.5. Data analysis

All results are presented as means + standard deviation (SD)
of three replicates (n = 3). Statistical analysis and compari-
son of group data were performed with one-way ANOVA and
Dunnett’s multiple comparison post-hoc test with GraphPad
Prism software. Relationships were considered significant
when p < 0.05.

3. Results

The stability test of oxytetracycline level in medium showed
that light conditions used in the experiment did not increase
the degradation of the antibiotic to a significant extent. Dif-
ference between control kept in the dark and samples did
not exceed 10%, furthermore a decrease from an initial con-

centration of oxytetracycline to the end of the experiment
did not exceed 32% (Fig. S1) Therefore it can be assumed
that during the experiment organisms were constantly ex-
posed to oxytetracycline.

The main part of the work was related to the change in
growth, chlorophyll synthesis and photosynthetic processes
efficiency to comprehensively assess a physiological state
of four investigated microorganisms exposed to oxytetracy-
cline.

The influence of oxytetracycline at given concentration
(0.01 pg ecm=3, 0.1 pgecm=3, 1 pg cm=3, 4 pg cm=3, 8 ug
cm~3) on the growth of Chlorella vulgaris, Phaeodactylum
tricornutum, Nodularia spumigena, and Microcystis aerug-
inosa, expressed as a change of the OD values (=680 nm)
during incubation time, is presented in Fig. 1.

When considering the results of these studies, it could
be assumed that concentrations of 8 ug cm=3 and 4 ng
cm~3 would affect analysed microorganisms. On the other
hand, concentrations corresponding to 1 pug cm=3, 0.1 ug
cm~3 and 0.01 pg cm~3, similar to those detected in marine
sediments, would be expected to have no or little impact.
Indeed, as shown in Fig. 1 the growth of all tested microor-
ganisms at oxytetracycline concentrations of 8 ug cm=3, 4
ng cm—3 was significantly reduced after the 5th day of the
experiment. On the last day of the measurements, growth
of C. vulgaris, P. tricornutum, N. spumigena, M. aeruginosa
dropped by 78%, 89%, 95%, 93% (at concentration of 8 g
cm~3) and by 52%, 85%, 67%, 92% (at concentration of 4 pg
cm~3). No, statistically significant differences of the growth
rate compared to the control sample were found for most
of the 0.01—0.1 ug cm—3 concentrations of oxytetracycline,
except the decline of growth of C. vulgaris by 13—17% at a
concentration of 0.01 g cm~3 on the 5th and 7th day of the
experiment. The oxytetracycline concentration equalled to
1 ng cm3 strongly affected the growth of C. vulgaris (83%,
78% decline after fifth and seventh day respectively) and P
tricornutum (51% decline after 10 days) (Fig. 1). The growth
rate for control was on the levels of 0.29—0.20 day~' for
C. vulgaris, 0.23-0.02 day~"' for P. tricornutum, 0.38—0.29
day~' for M. aeruginosa and 0.35—0.24 day~' for N. spumi-
gena. After five days to the end of experiment, for all organ-
isms, in concentration 4 and 8 jug cm~—3 grow rate was lower
than in the control sample and was on the level of 0.19—0.12
day~' for C. vulgaris, 0.03—0.00 day~" for P. tricornutum,
0.21-0.00 day~" for M. aeruginosa and 0.02—0.00 day~" for
N. spumigena.

A similar tendency was observed for chlorophyll a con-
centration analysed at the end of the experiment (Table 2).
The decrease in chlorophyll a content was noticed for all
studied organisms exposed to concentrations of 8 pug cm~3
and 4 ug cm~3: C. vulgaris (97% and 79 % decline respec-
tively), P tricornutum (95% and 94%), N. spumigena (100%
and 98%) and M. aeruginosa (85% and 49 %). The significant
influence of 1pg cm=3 and 0.1ug cm~3 oxytetracycline
concentrations was observed on C. vulgaris (36% and 30%
decline respectively) and N. spumigena (36%, 23%) and 1,.g
cm~3 on P tricornutum (67%). Changes of phaeopigment
and chlorophyll a content per cell also show a decrease
of the pigments content with increasing oxytetracycline
concentration (Table 2). However, in the case of C. vulgaris
concentration of 0.1 pg cm~3 appeared to have a higher im-
pact on chlorophyll a per cell value than that of 1 pg cm=3
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Figure 1 The influence of oxytetracycline on the growth of Chlorella vulgaris (A), Phaeodactylum tricornutum (B), Nodularia

spumigena (C) and Microcystis aeruginosa (D) expressed as a change of the OD values (A=680 nm) during incubation time. * differ-

ences statistically significant in comparision to the control.

(57% versus 80% of control respectively). This phenomenon
was presumably caused by a higher presence of dead cells
in 1pg cm~3 oxytetracycline concentration variant. That
directly correlates with phaeopigment concentration and is
a likely reason for overestimation.

The effect of oxytetracycline on photosynthetic appa-
ratus and photochemistry of the photosystem Il was in-
vestigated by a fluorescence transient (OJIP) analysis. The
measured photosynthetic-fluorescence parameters are pre-
sented in Figs. 2, 3, 4 and in supplementary materials (Fig.
S2, S3, S4). Changes in parameters in comparison to control
were observed already after 72—96 h. However, a longer
period of observation (7 and 10—11 days), shows some
interesting phenomena about the physiology of the tested
microorganisms. It should be mentioned that, after the 7th
day of the experiment and/or for concentrations 4 and 8 g
cm~3, in some cases, relatively high errors were observed
in measurements. It can be caused by some damage to PSII,
and these results are hard to interpret.

One of the most important parameters is Fy/Fy repre-
senting the maximum quantum yield of the photosystem Il
and can be treated as the efficiency of PSIl (Fig. 2, Fig. S2).
For all investigated organisms, the presence of oxytetracy-
cline in concentrations above 1 ug cm—3 caused a significant
decrease of Fy/Fy values. In the case of 0.1 ug cm~3, the
decrease was observed for P. tricornutum during the whole
period of the experiment, and for both cyanobacteria in the

early stages of the experiment. Exposure to higher concen-
trations of oxytetracycline (8 ng cm=3 and 4 ug cm=3) re-
sulted in a reduction of Fy/Fy values from 26% to 100% in
relation to control, thereby indicating a reduction of PSII
ability to carry on photochemical reactions.

The ratio of the harvesting complex absorption per re-
action centre (ABS/RC) presented a significant increase
(Fig. 3 and S3). The trends in the increase of ABS/RC was ob-
served for all investigated organisms in concentration from
1 wg cm~3 and, in case of cyanobacteria, even from 0.01 g
cm~3. However, a statistically significant increase was ob-
served mainly for higher concentrations (4 and 8 pug cm—3)
for all tested organisms as well as in the initial phase of an
experiment for P. tricornutum and N. spumigena in concen-
trations 0.1 and 1 wg cm~3. An interesting observed phe-
nomenon was an intensive increase of ABS/RC value for 4
or/and 8 ug cm—3 on a 4-5th day for all species. In the case
of N. spumigena, the value approached an even 1000% rise.
Subsequently, ABS/RC values decreased and stabilized at
the end of the experiment. Higher concentrations of oxyte-
tracycline (4 and 8 g cm—3) have been observed to have
a high influence on the effective energy dissipation of an
active reaction centre (Dly/RC) (Fig. S5). The increase of
ABS/RC and Dly/RC values was detected up to the 5th day
of the test, followed by a steady decrease till the eleventh
day, when the subsequent values of those parameters were
even five-time lower compared to the 5th day of exposure.



G. Siedlewicz et al./Oceanologia 62 (2020) 214—225 219

Table 2 The influence of oxytetracycline on chlorophyll a and pheopigment concentration in Chlorella vulgaris, Phaeodacty-
lum tricornutum, Nodularia spumigena, and Microcystis aeruginosa cultures (pigment concentrations measured at the end of
the experiment). Data are given as a mean + SD (n = 3) and % of control (C). Bold values indicate statistically significant

differences in comparision to the control.

Oxytetracycline
concentration [ng cm—3]

pigments concentration [jLg dm—3]

pigment concentration
per cell [pg cell="]

active chlorophyll a

pheopigment

chlorophyll a

Average+ SD %C Average+ SD Average %C
Chlorella vulgaris
Control [0] 3743 £+ 511 100 656 + 152 2.43 100
0.01 2723 + 159 73+ 4 364 + 169 1.75 72
0.1 2618 £ 555 70 + 15 553 + 74 1.39 57
1 2387 + 204 64+5 342 + 76 1.94 80
4 769 + 68 21+2 126 + 33 1.19 49
8 130 + 20 3+1 69 + 24 0.65 27
Phaeodactylum tricornutum
Control [0] 1228 + 125 100 81 + 51 5.27 100
0.01 1185 £+ 113 96 + 9 84 + 14 4.43 84
0.1 1092 + 56 88 +4 31 +1 2.83 54
1 409 + 54 33+5 17 £ 17 2.92 55
4 82 + 20 6+1 7+8 1.88 36
8 61+3 5+ 0.2 3+5 1.82 34
Nodularia spumigena
Control [0] 2195 + 98 100 107 + 10
0.01 1992 + 159 91 +7 122 +£ 15
0.1 1698 + 0 77+ 0 104 + 8
1 1396 + 33 64 + 2 100 + 14
4 49 + 2 2+1 10 + 1
8 0+0 0+0 6+0
Microcystis aeruginosa
Control [0] 310 + 52 100 1+1
0.01 315+ 14 101 £5 5+3
0.1 320+ 2 103 + 1 10+3
1 260 + 5 84 + 1 5+4
4 158 + 166 51 + 54 6+6
8 46 + 7 15+ 2 8+1

Additionally, the capacity of PSIl electron transport per
active reaction centre (ETy/ RC) was analysed (Fig. 4). This
value shows an effective energy move from the reaction
centre to the electron transport chain and corresponds to
the amount of transported energy that can be used in the
photosynthesis process. In general, in the case of samples
where the effect on the electron transport chain was ob-
served, the ET,/RC values decreased in comparison to con-
trol. However, in the case of N. spumigena exposed to 4 g
cm~3 and P tricornutum exposed to 1, 4, 8 pg cm—3 the sig-
nificant increase of the ETy/ RC were observed.

4. Discussion

Microalgae and cyanobacteria have been widely recom-
mended as test organisms because of their ecological rele-
vance, sensitivity and owing to the fact that they are easily
cultivated in the laboratory (Seoane et al., 2014). For these
reasons, Chlorella vulgaris, Phaeodactylum tricornutum,
Nodularia spumigena, Microcystis aeruginosa have been se-
lected for evaluating the effects of oxytetracycline in the

current ecotoxicological study. Moreover, those species are
ubiquitous in brackish and estuarine ecosystems including
the Baltic Sea waters. Our results demonstrated the nega-
tive impact of high concentrations of oxytetracycline on all
tested organisms in terms of growth, chlorophyll a concen-
tration and photosynthetic-fluorescence parameters (Fy/Fy,
ABS/RC, ETo/RC). Furthermore, the present findings indi-
cate that lower concentrations can also adversely affect
studied organisms. According to the literature, the ECs val-
ues obtained for oxytetracycline in the case of C. vulgaris
are in the range from <3.58 to 7.05 pg cm—3 (Eguchi et al.
2004; Kotodziejska et al. 2013). The ECsy value for P tri-
cornutum equals to 1.73 ng cm=3 (following International
Standard ISO 10253:1995) (De Orte et al. 2013). In case
of investigated cyanobacteria, ECso values have been re-
ported only for M. aeruginosa in 6—7 day tests and were
placed in the range from 0.207 pg cm=3 to 0.23 pg cm™3
(Ando et al., 2007; Holten Lutzheft et al., 1999). When con-
sidering the results of these studies, it could be assumed
that concentrations of 8 g cm=3 and 4 ug cm—3 would
affect analysed microorganisms. On the other hand, con-
centrations corresponding to 1 pg cm—3, 0.1 ug cm=3 and
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0.01 pg cm=3, similar to those detected in marine sed-
iments, would be expected to have no or little impact.
Eguchi et al. (2004) demonstrated that oxytetracycline ex-
erted influence on the growth of algae in the early stages of
the incubation period and consequently suggested that the
probability it would cause damage to algae when released
continuously into the environment is high. Impact of oxyte-
tracycline on the growth of cyanobacteria and algae was
also confirmed by Ando et al. (2007) and Holten Litzhgft
et al. (1999) in 6—7 days tests. The values showed by these
authors (ECso= 0.2 g cm~—3) were lower than used in this
study. Our investigations also revealed that oxytetracycline
inhibits pigment synthesis. Similar results were described by
Seoane et al. (2014); the cells exposed to oxytetracycline
were characterized by lower chlorophyll a content. The au-
thors suggest that a significant decrease of pigments in cul-
tures exposed to antibiotics can result from the inhibition of
the increase of active cell volume compared to the control
cultures. Guo et al. (2016), Tsiaka et al. (2013) and Zhang
et al. (2012) also demonstrated that some compounds such
as carbamazepine, tylosin, lincomycin, and trimethoprim
can inhibit the synthesis of chlorophyll a. Moreover, the de-
cline of pigments levels in cells could be caused by the en-
hancement of oxidative stress-related effects (Tsiaka et al.,
2013). As it was mentioned before, in the case of C. vulgaris
oxytetracycline concentration of 0.1 ug cm~3 had a higher
impact on chlorophyll a per cell value than 1 pg cm=3. Un-
fortunately, we do not have yet enough data to fully inves-

tigate this phenomenon. Differences in chlorophyll a con-
centration can be caused by the cell cycle. Cultures incu-
bated with different oxytetracycline concentration variants
were not harmonised, so cells could have been in a differ-
ent growth phase. Cells before division are bigger and have
more chlorophyll a per cell than cells after division. How-
ever, the growth curve (Fig. 1A) shows that 1 ug cm—3 seems
to be one of the limit concentrations and can significantly
impact the growth of the culture. Based on that, we assume
it directly contributes to decreasing in overall cell divisions,
while maintaining still quite high chlorophyll a production.
In the present studies, classical measurements were sup-
ported by photosynthetic-fluorescence parameters analysis.
Results show that those parameters seem to be reliable
biomarkers of oxytetracycline toxicity on tested organisms.
Similar conclusions were reported by van der Grinten et
al. (2010) in case of Fy/Fy parameter and by Dewez et al.
(2018), where those parameters, among others, were used
as markers of the global physiological state of the Lemna
gibba L. affected by silver nanoparticles. We believe that
findings reported in our studies can help in understanding
how oxytetracycline impacts the PSIl of listed species. It
has been shown that in most cases concentrations of 1, 4
and 8 ug cm~3 caused a high increase of harvesting complex
absorption of an active reaction centre (ABS/RC) and effec-
tive energy dissipation of an active RC emitted as a heat
(Dlp/RC). It did not necessarily correlate with efficient us-
age of energy bound to the reaction centre and transported
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to be used in the photosynthesis (ETo/RC), but always sig-
nificantly corresponded with the decrease of photosystem
Il efficiency (Fy/Fy). The exposure of tested organisms to
oxytetracycline in concentrations of 1, 4, 8 ng cm=3 affects
by some means PSIl that leads to an increase of effective
antenna size (directly correlated to chlorophyll a concen-
tration) necessary to keep energy assimilation on the ac-
ceptable level to maintain effective photosynthesis. Unfor-
tunately, the attempt was not successful as antennas’ ef-
fectiveness in energy assimilation decreased and remaining
energy was radiated as heat (Dly/RC). We speculate that
it can be attributed to some defence mechanisms involved
in the protection of the reaction centre from destruction.
Therefore that may be an explanation why in some cases (8
ng cm—3) ETo/RC value decreased and the electron started
to move to the electron transport chain after a few days of
the adaptation period. Simultaneously, the decrease of pho-
tosystem Il efficiency (Fy/Fy) and in some cases decline of
a number of cells in the samples were noticeable. A similar
pattern was observed by Oh et al. (2005) for seaweed (Por-
phyra yezoensis Ueda) exposed to oxytetracycline. Also,
Chen et al. (2017) showed that oxytetracycline (in concen-
trations exceeding 10 ug g~') diminished the photosynthetic
capacity of rape (Brassica campestris L.). Moreover, van der
Grinten et al. (2010) reported ECso values for the oxyte-
tracycline inhibition of the photosynthetic yield (Fv/Fy) for
M. aeruginosa (5.4 g cm=3) and P subcapitata (0.6 pg
cm~3), which in case of cyanobacteria are higher than it

would be concluded from our data. Pan et al. (2008) also
observed toxic inhibitory effects of amoxicillin on the donor
side, electron transfer and the acceptor side of PSIl. The de-
crease of active centre resulted in reduced electron transfer
(ETo/RC) and increased dissipation of heat at the level of
the antenna (Dly/RC). Our results are also consistent with
previous studies described by Xu et al. (2019) for tetra-
cycline and its degradation products, where authors ob-
served the impact on the growth, cell structure and algal
cell oxidative stress of C. vulgaris during the 96h incuba-
tion period. Those studies showed that concentration of
tetracycline > 5 ug cm~3 caused oxidative stress, structural
changes in the cells such as plasmolysis and starch granule
deposition appeared, the thylakoid lamellae in the chloro-
plasts became blurred and deformed, and the vacuoles be-
came larger.

The reported results also show differences between
tested species in response to stress caused by oxytetra-
cycline. Cyanobacteria are closer in taxonomy to bacteria
when compared to green algae so the predicted impact of
oxytetracycline on those microorganisms is expected to be
higher. The results demonstrated this assumption is true for
some parameters like growth or photosynthetic parameters
(Fv/Fm, ABS/RC, ET,/RC), but no for chlorophyll a concen-
tration. The impact on C. vulgaris and N. spumigena was
moderately higher than on M. aeruginosa. Higher resistance
of M. aeruginosa to oxytetracycline was also described by
van der Grinten et al. (2010). Of course, this issue needs
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further investigations but authors speculate that it can be
due to differences in cell and or exocellular polymeric ma-
trix structures. Moreover, it may indicate that factors other
than taxonomical similarities can be critical for the non-
target organism.

The chronic character of the presented studies can be
useful in risk assessment estimations. To make data more
useful the obtained results were compared with no observed
effect concentration (NOEC) values presented in the liter-
ature. Eguchi et al. (2004) reported NOEC for C. vulgaris
equals 3.58 ng cm~3 which is higher than statistically sig-
nificant concentration affecting organisms reported in our
studies (0.1 wg cm~3). Likewise, Ando et al. (2007) reported
NOEC for Nostoc sp. at the level of 0.78 g cm=3. In this
study, minimal concentration affecting N. spumigena of the
same order (Nostocales),was equal to 0.1 png cm—3. How-
ever, in the same publication, Ando et al. (2007) reported
NOEC for M. aeruginosa as 0.031 pug cm—3 which is lower
than minimal concentration affecting this cyanobacterium
presented in the current study.

Our results show that the changes in measured param-
eters started to disclose after the second-third day of the
experiment. This allows the conclusion that standard 48—72
h chronic tests should be enough to observe the effect of
the antibiotic on investigated organisms but the nature of
changes can be hard to identify and interpret. On the other
hand tests longer than 10 days do not seem to be too long

and labour-intensive compared to the obtained results. In
our opinion test from 7 to 10 days should be enough to ob-
serve the chronic effect and help to understand the poten-
tial mechanism of the negative impact of oxytetracycline on
the non-target microorganism.

5. Conclusion

In summary, our results show that oxytetracycline at con-
centration levels reported in the marine environment can
potentially affect photoautotrophic microorganism. The
photosynthetic parameters applied along with growth and
pigment analysis can be a very sensitive tool for examining
the influence of various antibiotics on autotrophic microor-
ganisms. Furthermore, the present findings provide addi-
tional information about the mode of action of oxytetracy-
cline concerning non-target organisms like cyanobacteria,
diatoms, and microalgae. This allows the conclusion that
the use of standard toxicity tests (72 h) does not allow to ac-
curately and reliably assess the chronic impact of bioactive
compounds including drugs and their metabolites on water
organisms. To improve our knowledge of the emerging risks
to aquatic species and to better understand the interactions
between those compounds in the environment, more stud-
ies should be carried out, focusing particularly on chronic
toxicity and toxicity of the mixtures of antibiotics.
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