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Abstract. Synthetic antibiotics are medicinal substances crucial for human and animal health and welfare. Re-
cently they have been expansively used in the food industry for reducing bacterial infections in livestock, poultry,
and aquaculture. Due to their extensive use, antibiotics are increasingly accumulating in coastal marine ecosys-
tems and cause damage to marine organisms. In this study we investigated the influence of antibiotics on benthic
foraminifera, which are widespread marine protists. Foraminifera are often used as bioindicators to define the
health state of coastal ecosystems. To gain deeper insights into the ecology of foraminifera and enhance their use
as bioindicators, numerous studies have conducted laboratory experiments, with some employing antibiotics to
prevent bacterial infections in the cultures. However, for decades it remained unresolved whether antibiotics have
either a negative or a positive effect on foraminifera. In this study we tested the influence of three commonly used
antibiotics (ampicillin, chloramphenicol, and tetracycline) as well as a mixture of the three on nutrient uptake
of two benthic foraminifera, temperate fjord species Nonionella sp. T1 and large tropical species Heterostegina
depressa. Our results showed that tetracycline present alone or in mixture has the most negative influence on
the nutrition uptake of foraminifera, and under light conditions it may completely inactivate foraminiferal ac-
tivity. Ampicillin showed a less negative impact, likely caused by a hydrolysis of this drug in seawater over
days. Finally, chloramphenicol reduced the nutrient uptake of the symbiont-bearing H. depressa but not that of
Nonionella sp. T1, which indicates that this antibiotic exerts a species-specific effect. However, given that the
applied antibiotic concentrations were high following the supplier’s recommendation for laboratory cultures, an
extrapolation of these results to antibiotic concentrations occurring in coastal waters is difficult.

Introduction

human and veterinary medicine, causing both their release

1.1 Antibiotics as pollutants in aquatic
microenvironments

Antibiotics are bioactive chemical compounds which act
against bacteria either by killing them (bactericidal antibi-
otics) or by inhibiting their growth (bacteriostatic antibi-
otics). Nowadays, antibiotics are extensively used in both

with sewer outlets and their subsequent accumulation in the
environment. Other areas of antibiotics application such as
agriculture, livestock, and aquaculture cause the direct intro-
duction of antibiotics into terrestrial and aquatic ecosystems.
Antibiotics can enter the hydrosphere both as unaltered par-
ent compounds and as antibiotic metabolites (Gothwal and
Shashidhar, 2015). In fact, between 50 %—-80 % of the in-
gested antibiotics are excreted by organisms unaltered and
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enter the environment through faeces and urine (Lienert et
al., 2007). As a result, antibiotics reach the sea indirectly
via rivers and groundwater from agricultural and urban point
sources (Garcia-Gal4n et al., 2010) or are directly introduced
in aquaculture (Adenaya et al., 2023). Concentrations of an-
tibiotics in groundwater can range from a few ng L ™! to sev-
eral pg L} (Gros et al., 2021). For instance, China is the
world’s largest producer and consumer of antibiotics (Zhang
et al., 2015), with around 2.5 x 10 t of antibiotics being con-
sumed annually (Bu et al., 2013), which causes a strong ac-
cumulation of antibiotics in the Chinese coastal zones (Wang
et al., 2023). The negative influence of antibiotics in seawa-
ter has been studied for several marine organisms. For in-
stance, the water flea Daphnia magna sensitively reacts to
the presence of antibiotics and shows increased mortality at
increased concentrations (Bawa-Allah and Ehimiyein, 2022).
Further, antibiotics have negative side effects like ototoxicity,
nephrotoxicity, or tendinopathy in mammalian cells (Khaliq
and Zhanel, 2003 ) and can lead to dysfunction and oxidative
damage in eukaryotic cells (Kalghatgi et al., 2013). Further,
antibiotics can accumulate in organisms (bioaccumulation)
and transfer via the food chain (Hu et al., 2023). In summary,
the presence of antibiotics in surface water, groundwater, and
seawater causes the exposure of (micro)biota to these pollu-
tants, either directly or through trophic interactions and feed-
ing activities, as antibiotics can also accumulate in plants and
thus find their way into the food chain of higher organisms
(Gothwal and Shashidhar, 2015).

1.2 Foraminifera and antibiotics

Foraminifera are marine protists found in all marine habitats
in high abundance. In the late 1960s it was suggested that
the presence of bacteria in the culture medium affects the
growth of foraminifera under laboratory conditions (Miiller
and Lee, 1969). First attempts at removing bacteria as ecto-
bionts from foraminifera by antibiotic treatment resulted in
the failed growth of foraminifera (e.g. Lee and Pierce, 1963),
whilst later studies demonstrated that streptomycin increases
the growth of foraminifera (Nigam et al., 1996). Yet, Nigam
et al. (1996) only tested the impact of one antibiotic type
on the growth of foraminifera but did not investigate the po-
tential effects on their nutritional and metabolic activity. In-
terestingly, the study of Nigam et al. (1996) remains rele-
vant as — due to the initial widespread use of streptomycin in
medicine — many bacterial species have evolved or acquired
streptomycin resistance (e.g. Cohen et al., 2020). Some stud-
ies also tried to address how mixtures of different antibiotics
affect foraminifera under laboratory conditions. For instance,
a mixture of streptomycin, penicillin, and amphotericin B
was shown to inhibit the growth of multiple foraminifera
(Lee et al., 1991), whilst chloramphenicol and streptomycin
(Arnold, 1966) or chloramphenicol, dihydrostreptomycin,
neomycin, penicillin, and tetracycline (Pierce, 1965) did not
inhibit growth and reproduction across several foraminiferal
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species. The latter approach was adopted by experiments ad-
dressing denitrification in benthic foraminifera and requiring
bacteria-free cultures (e.g. Bernhard et al., 2012). Nowadays
many studies on foraminifera are carried out using antibi-
otics, though the impact of antibiotics on the nutritional and
metabolic activity of the foraminifera has barely been stud-
ied.

At present, a variety of different antibiotics, which have
different mechanisms of action and therefore also affect dif-
ferent bacteria, are in use. In this study we investigated the
effects of three antibiotics commonly used in human and
animal treatment, which are also frequently used in cell
cultures. Those include (1) ampicillin (AMP), (2) chloram-
phenicol (CAM), and (3) tetracycline (TET).

1. Ampicillin is classified as a beta-lactam, which consists
of a highly reactive ring made up of three carbon atoms
and one nitrogen atom. Through the interaction of this
ring with proteins of the bacterial cell wall, the syn-
thesis of the cell wall is disrupted and the growth of
the bacteria is inhibited (Etebu and Arikekpar, 2016).
Under light protection, AMP degrades slowly follow-
ing a temperature-dependent pattern, e.g. within 24 h,
6% of AMP degrades at 4 °C and 10 % at 23 °C (Zhang
and Trissel, 2002). AMP degradation is also pH sensi-
tive, with half-life times decreasing from 31 d to 27 and
7d when pH increased from 4 to 7 and 9, respectively
(Mitchell et al., 2014).

2. Chloramphenicol is a 50S ribosome inhibitor and physi-
cally blocks the initiation phase of protein translation in
bacteria (Patel and Bonomo, 2011). CAM has a low wa-
ter solubility (2.5-4.4mgmL~" at 25°C) and decom-
poses rapidly through hydrolysis at pH < 9.5 (Shaw,
1975). The CAM molecule is relatively temperature in-
sensitive, with only 50 % of CAM being inactivated at
37 °C during 6 months (Shaw, 1975).

3. Tetracycline disrupts the protein synthesis in bacteria by
preventing the elongation of polypeptide chains through
curtailing the amino acid addition (Etebu and Arikek-
par, 2016). With 10 mgmL~! the water solubility is in-
termediate and comparable with CAM (Ali, 1984). TET
quickly degrades in acidic solutions in the pH range 2
to 7, whilst above pH =7, TET is relatively stable (Alj,
1984). However, the biggest challenge with this antibi-
otic is its sensitivity to visible light. After 2h of light
exposure, 27 % of the initial amount of tetracycline is
degraded (Oluwole and Olatunji, 2022).

In our study we investigate the influence of the antibi-
otics AMP, CAM, and TET as well as their mixture (MIX)
on the nutrition of foraminifera. We studied two benthic
foraminiferal species from two different habitats. Heteroste-
gina depressa d’Orbigny, a large shallow-water tropical ben-
thic foraminifer with algal endosymbionts, was incubated in

https://doi.org/10.5194/jm-44-263-2025



M. Lintner et al.: The influence of three common antibiotics on coastal benthic foraminifera 265

light conditions and at 25 °C. Nonionella sp. T1, on the other
hand, is a temperate species, which was incubated in dark
conditions and at 10 °C because it comes from a ~ 40 m deep
fjord setting. Through this combination, the sensitivity of an-
tibiotics to both light and temperature was investigated in this
study.

2 Material and methods

2.1 Sediment sampling and sampling area

Sediment sampling in the Gullmar Fjord for living Non-
ionella sp. T1 was performed on 2 October 2023 aboard
R/V Alice (University of Gothenburg) by using a box corer at
station 3 in the outer part of the Gullmar Fjord (58°15.538’ N,
11°27.483'E, and 40 m water depth: Fig. 1).

Gullmar Fjord is located on the west coast of Sweden,
with a maximum water depth of 118.6m. It is one of the
most well-studied marine settings in the world, with the first
hydrographic observations taken as early as 1869 (Ekman,
1870). Being a sill fjord, Gullmar Fjord has remarkably high
sediment accumulation rates of 0.7-1.4cmyr~! (Filipsson
and Nordberg, 2004) and low tidal activity providing a high-
resolution paleo-environmental archive (e.g. Harland et al.,
2013; Polovodova Asteman et al., 2018). Due to its high bio-
diversity, Gullmar Fjord became the first marine conservation
area in Sweden in 1983 and currently has no anthropogenic
impact.

In parallel to the sediment sampling, environmental data
(temperature, salinity, and oxygen) were taken aboard by us-
ing a CTD probe. The T, S, and O, observations proximal
to the sea floor showed a temperature of 14.9 °C, salinity
of 33, and 4.1 mL O, L™}, respectively. The retrieved sed-
iment surface in the box corer was intact and covered by
water, which was gently siphoned out by using a plastic
tube. The upper 5cm of the sediment was transferred to a
bucket and taken to the lab at the Kristineberg Centre for Ma-
rine Research and Innovation. There the sediment was gently
sieved using 63 and 1000 um sieves and ambient fjord water
to concentrate living foraminifera and remove larger meio-
fauna. The resulting sediment fraction (63—1000 um) with
living Nonionella sp. T1 was collected in wide-neck PVC
bottles and sent to the Institute of Geological Sciences, Polish
Academy of Sciences (ING PAN), Krakéw, for experimental
work.

Sediments containing the large benthic foraminifera Het-
erostegina depressa come from a main culture, hosted at the
Department of Palaeontology of the University of Vienna
for many years, which originally comes from a shark tank
in the Haus der Natur located in the city of Salzburg (Aus-
tria). In Vienna, H. depressa is continuously cultivated at a
temperature of 25 °C, a salinity of 35PSU, and a light in-
tensity of 40 umol photonsm~2s~! in an 8—16h light—dark
rhythm. The sediment with living H. depressa was sent to the
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ING PAN Research Center in Krakéw to run the experiments
in the Biogeosystem Modelling Lab (BioGeoLab).

2.2 Experimental setup

All cultivation experiments were carried out at the ING
PAN BioGeoLab in Krakéw. After the sediment arrived
from the different sampling locations, two separate main
cultures were created. For that, the sediment was placed in
glass aquaria and covered with artificial seawater (salinity
of 33 for Gullmar Fjord and 35 for Vienna sediments). In
alignment with the lifestyles of the two selected species,
the aquarium containing the Gullmar Fjord sediment was
placed in the dark at 15 °C, whilst the Vienna sediment was
placed at room temperature (25 °C) and was illuminated with
an 8h:16h light cycle. After a week-long acclimatization
phase, the sediment was washed over a 150 um sieve, and
living foraminifera, which had a characteristic brown-yellow
colour of the cytoplasm, were removed using a fine brush.
Nonionella sp. T1 was collected from the Gullmar Fjord sed-
iments and H. depressa from the Vienna culture. Following
that, all foraminifera were cleaned with a brush, and all ad-
hering particles were carefully removed and transferred to a
crystallization dish, placed in the centre of the dish, and left
for 1d to test their vitality by a so-called “crawling test”. For
this purpose, the foraminifera are placed centrally in a petri
dish. After a few hours, those foraminifera that have moved
away from the centre and thus showed pseudopodia activity
were used for the experiments. After 1d, only the actively
moving individuals were selected for further feeding experi-
ments.

For feeding and isotopic uptake experiments, 15 individ-
uals of Nonionella sp. T1 and 1 individual of H. depressa
were placed for each crystallization dish and covered with
100 mL artificial seawater with a salinity similar to that ob-
served at the sampling sites. The cultures without antibi-
otics served as control samples. The experiments with Non-
ionella sp. T1 were performed in triplicates, whilst for H. de-
pressa six replicates were used. Different replication was
done in order to get a final mass of 1 mg dry weight of cy-
toplasm for further analysis. As interference factor three an-
tibiotics (ampicillin, chloramphenicol, and tetracycline) were
used in two concentrations and additionally as a mixture
containing all three antibiotics together. The low concentra-
tion (cl) was based on the recommendation from the pro-
viding company (Roth) to keep the culture medium free of
bacterial activity. Therefore, we created four culture me-
dia on the cl level separately enriched with 30 ugmL™!
AMP (ampicillin), 50 pg mL~! CAM (chloramphenicol),
and 100 ug mL~! TET (tetracycline), and a mixture (MIX) of
30ugmL~! AMP, 50 uygmL~! CAM, and 100 uygmL~! TET
altogether. To see an effect of the increasing concentration we
further created four culture media (c2) with 10-times-higher
levels of antibiotics: 300 uyg mL~! AMP, 500 ugmL~! CAM,
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Figure 1. Map showing the location of the study area (Gullmar Fjord) and the sampling site (star).

1000 uyg mL~! TET, and a MIX of the same respective con-
centrations.

To observe the change in the metabolic activity of
the foraminifera, lyophilized isotopic labelled alga powder
(Chaetoceros simplex var. calcitrans) was added to the cul-
tures with Nonionella sp. T1. This diatom species also occurs
naturally in the Gullmar Fjord (Héllfors, 2004). Chaetoceros
simplex var. calcitrans was grown in a nutrient medium en-
riched with 13C and 1SN and therefore contains an increased
concentration of isotopes (for method details see Lintner et
al., 2020). Since H. depressa with its symbionts is fully au-
totrophic (Rottger et al., 1980), we directly spiked the cul-
ture medium containing these foraminifera with NaH'3CO3
(0.2mM) and Na'>NO; (0.2mM) to investigate the iso-
topic uptake. Following this, the experimental setups for both
species were incubated with antibiotics for 3 and 7 d.

2.3 Sample and data processing

After incubation with the isotopic enriched algae, Non-
ionella sp. T1 individuals were removed from the culture
and cleaned of any adhering particles using a brush. To mea-
sure the isotopic uptake, 15 specimens of Nonionella sp. T1
and 1 specimen of H. depressa were transferred to sepa-
rate Sn capsules. In total, 48 capsules for Nonionella sp. T1
(4 antibiotics x 2 concentrations x 2 time points x 3 repli-
cates) and 96 capsules for H. depressa (4 antibiotics x 2 con-
centrations x 2 time points x 6 replicates) were used. After-
wards, the capsules including foraminifera were dried for
3d at room temperature. The calcitic test was then removed
by adding 12puL of 4 % hydrochloric acid (HCI) to each
capsule. Finally, the capsules were dried at 50°C for 3d
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and sent to the University of Vienna for further measure-
ments. The isotope mass ratio was measured at the Sta-
ble Isotope Laboratory for Environmental Research (SIL-
VER - University of Vienna; IRMS, DeltaPLUS, coupled by
a ConFlo III interface to an elemental analyser EA 1110,
Thermo Finnigan, was used to measure ratios of B¢ / 12¢
and N /14N by using Vienna PeeDee Belemnite Stan-
dard Ryppp = 0.0112372 for C and atmospheric nitrogen
R, imn = 0.0036765 for N), and the calculation of the amount
of phytodetrital isotopes (pC and pN) for Nonionella sp. T1
versus incorporated isotopes (IC and IN) for H. depressa was
done according to Lintner et al. (2020). To investigate the
influence of antibiotics on the metabolism of foraminifera,
the pC : pN (IC: IN) ratio is calculated to determine whether
the foraminifera are in a stressed state or not (Lintner et al.,
2025). Two-way analysis of variance (ANOVA) tests (level
of significance p = 0.05) using PAST4.0 software (Hammer
and Harper, 2001) were performed to test whether the type of
antibiotics, their concentration, and their incubation time sig-
nificantly affected the food uptake in both species. Further, a
post hoc test (Tukey’s post hoc test) was applied to test the
differences between the used antibiotics and the control sam-
ple.

3 Results

Our first experimental setup with Nonionella sp. T1 showed
that food (carbon and nitrogen) uptake of this species was
highly affected by the presence of antibiotics (p < 0.001),
their concentration (p < 0.001), and their interaction with
each other (p < 0.001). The post hoc test of the incorporated
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Figure 2. Carbon (pC, a) and nitrogen (pN, b) uptake from Nonionella sp. T1 after three (3 d) and seven (7 d) days of incubation. The
abbreviations indicate the control (C) sample or the antibiotics added during incubation: AMP — ampicillin; CAM — chloramphenicol; TET
— tetracycline; MIX — mixture of all three used antibiotics (AMP, CAM, and TET). 1 is the manufacturer’s recommended concentration to
remove bacterial activity in the culture medium, and 2 corresponds to 10 times the concentration of 1.

Table 1. Post hoc test of carbon (grey) and nitrogen (white) uptake in Nonionella sp. T1 and H. depressa. Significant values are shown in
bold. Control indicates foraminifera incubated without any antibiotics. The abbreviations indicate the antibiotics present during incubation:
AMP — ampicillin; CAM — chloramphenicol; TET — tetracycline; MIX — mixture of all three used antibiotics (AMP, CAM, and TET).

Nonionella T1| Control AMP CAM TET MIX
Control 0.188 <0.001 0.008 <0.001
AMP 0.717 0.006 0.512 <0.001
CAM 0.011 0.088 0.259 0.851
TET 0.501 0.994 0.205 0.029
MIX 0.002 0.019 0.968 0.053

amount of carbon (pC) highlights the difference between the
digested food in each experiment. The control group metab-
olized significantly less carbon compared to the foraminifera
incubated with CAM, TET, or MIX (p values provided in Ta-
ble 1). However, no difference (p = 0.188) in carbon uptake
was observed between the control group and foraminifera in-
cubated with AMP. In all experiments with Nonionella sp. T1
the mean values of the incorporated carbon (pC) were higher
if antibiotics were present in the culture medium (Fig. 2).
The carbon uptake in the AMP spiked samples was not af-
fected by the concentration (p = 0.640) of the antibiotics or
by time (p = 0.190). Also, the concentration of CAM did not
appear to influence the pC (p = 0.476), but here the amount
of pC increased significantly (p = 0.003) with time. Simi-
lar to AMP, the TET concentration (p = 0.351) and the in-
cubation time (p = 0.183) did not affect the carbon uptake
in this treatment. If all antibiotics were present in the cul-
ture medium (MIX), the concentration of the antibiotics sig-
nificantly (p < 0.001) decreased pC, and also significantly
(p < 0.001) more carbon was incorporated with time.
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H. depressa | Control AMP CAM TET MIX
Control 0.968 0.001 <0.001 <0.001
AMP 0.380 0.001 <0.001 <0.001
CAM 0.957 0.030 <0.001 0.001
TET 0.214 <0.001 0.432 0.988
MIX 0.580 0.002 0.885 0.935

The nitrogen uptake (pN) for Nonionella sp. T1 showed
a different pattern. No significant difference in pN was ob-
served between the control group and AMP (p =0.717) or
TET (p =0.501) group, but the presence of CAM (p =
0.011) or MIX (p = 0.002) significantly increased pN in this
species (Table 1). Between 3 and 7d no significant differ-
ence (p =0.701) was observed in pN of the control group.
The concentration of AMP in the culture medium appeared
to play a significant role (p = 0.023), as did the time of incu-
bation (p = 0.021). At a low level (AMP_c1) this antibiotic
did not influence pN during the incubation (p = 0.437), but
at c2 a significant increase (p = 0.046) of pN was noticed
during the incubation (Fig. 2). For the presence of CAM in
the culture medium with Nonionella sp. T1 an opposite trend
was observed. Here the lower concentration c1 led to an in-
crease in pN with time (p = 0.008), and at c2 no significant
difference (p = 0.454) was observed between 3 and 7 d of in-
cubation (Fig. 2). Finally, for TET, its low concentration (c1)
decreased the pN with time (p = 0.006), whilst at TET c2
no significant influence (p = 0.134) was observed in pN be-
tween day three and seven. In both c1 and c2 concentrations
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Figure 3. pC: pN ratios from Nonionella sp. T1. The abbreviations indicate the antibiotics added during incubation: AMP — ampicillin (a);
CAM - chloramphenicol (b); TET - tetracycline (c¢); MIX — mixture (d) of all three used antibiotics (AMP, CAM, and TET). c1 is the man-
ufacturer’s recommended concentration to remove bacterial activity in the culture medium, and c2 corresponds to 10 times the concentration

of cl.

the presence of all three antibiotics together (MIX) led to
an increase in pN with time (cl: p < 0.001; c2: p =0.11)
(Fig. 2).

To investigate the influence of antibiotics on the overall
metabolism of foraminifera, the ratio of pC:pN was used
(Fig. 3). This ratio must always be seen in comparison to the
control sample. Generally, the higher the slope value, the bet-
ter the foraminiferal fitness during the experiment is, since a
low value means an increase in pN, which is equivalent to the
production of stress proteins (Lintner et al., 2025). All con-
trol samples have the lowest slope (y = 2.8342x) in all treat-
ments (Fig. 3), which indicates that the presence of antibi-
otics contributes significantly to changes in the metabolism
of the foraminifera. In the AMP, CAM, and MIX experi-
ments the slope of c2 is lower than cl, suggesting higher
stress for Nonionella sp. T1 caused by a higher level of an-
tibiotics (Fig. 3a, b, and d). Only for the TET experiments
is the slope of cl lower than c2, which correlates with the
observation that at cl pC and pN decrease, in contrast to c2,
where both pC and pN increase (Fig. 3c). This highlights that
Nonionella sp. T1 incubated with TET likely performs bet-
ter at its higher concentrations, whereas all other antibiotics
harm this species at elevated concentrations.

For our second experimental setup with Heterostegina de-
pressa, the incorporated amount of carbon (IC) in this species
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significantly depends on the type of antibiotics (p < 0.001),
exposure time (p < 0.001), and also interaction between dif-
ferent antibiotics (p < 0.001). Carbon uptake in the con-
trol group was similar to H. depressa incubated with AMP
(p =0.968) but significantly differed (p < 0.001) from all
other treatments (CAM, TET, and MIX) (Table 1). The con-
centration of AMP did not affect (p = 0.056) IC, but for both
concentrations cl and c2 a significant increase in IC with
time was observed (cl: p = 0.006; c2: p = 0.036). However,
a higher concentration of CAM significantly (p = 0.008) re-
duced the carbon uptake by H. depressa. At the higher CAM
concentration (c2) no time exposure effect (p = 0.515) was
observed, and just a trend (p = 0.086) for increasing car-
bon uptake exists for c1 (Fig. 4). Tetracycline drastically re-
duced the activity of the foraminifera, and its concentration
appeared to play a significant (p < 0.001) role. At the same
time, between 3 and 7 d of incubation for both TET concen-
trations (cl: p = 0.769; c2: p = 0.662) no significant differ-
ence was observed. At c2 the uptake was close to zero, indi-
cating a total lack of activity (likely suggesting mortality) of
H. depressa individuals even at the shortest time of incuba-
tion with TET. The same pattern was found for H. depressa
incubated with a MIX of all antibiotics. The higher concen-
tration significantly (p < 0.001) reduced foraminiferal ac-
tivity, and the low concentration (c1) showed no significant
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Figure 4. Carbon (IC; a) and nitrogen (IN; b) uptake from H. depressa after three (3 d) and seven (7 d) days of incubation. The abbreviation
C indicates the control sample. Abbreviations for antibiotics added during incubation: AMP — ampicillin; CAM — chloramphenicol; TET
— tetracycline; MIX — mixture of all three used antibiotics (AMP, CAM, and TET). 1 is the manufacturer’s recommended concentration to
remove bacterial activity in the culture medium, and 2 corresponds to 10 times the concentration of 1.

(p = 0.543) effect of time exposure. However, a significant
(p = 0.010) difference shown as reduction with time was cal-
culated for c2, which could be explained by the fact that after
3 d there were still very low values of IC in H. depressa and
after 7d an absolute zero IC value was measured (Fig. 4). At
this point it must also be mentioned that the culture medium,
which included TET, had changed colour from slight yellow
to dark red over time. This phenomenon was not observed
with TET treatment for Nonionella sp. T1 because of their
incubation in dark conditions. However, the cultivation of
H. depressa occurred under light exposure, causing TET to
decompose, which likely created toxic decomposition prod-
ucts.

The amount of nitrogen (IN) incorporated by H. de-
pressa was also highly affected (p < 0.001) by the pres-
ence of antibiotics, whilst it was not affected by the incu-
bation time (p = 0.293) but rather by their interaction (p =
0.045) (Fig. 4). While the concentration of AMP appeared
to be of less importance (p = (0.1486) in nitrogen process-
ing of H. depressa, all other setups with a higher level of
antibiotics reduced the activity of foraminifera significantly
(CAM: p =0.039; TET: p <0.001; MIX: p < 0.001) (Ta-
ble 1). The IC: IN ratio was also calculated for H. depressa
(Fig. 5). However, the values are subject to a significantly
higher spread, which makes them hard to interpret. For Non-
ionella sp. T1, the values after 3 and 7d for the pC: pN are
on the same trend line, only shifted towards higher values. In
H. depressa, the 3 and 7 d values do not plot together, which
leads to a decrease in the regression and increases the scat-
ter of data. Antibiotics with a presumably weaker influence,
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such as AMP or CAM, do not allow for any clear statements
about fitness of H. depressa (Fig. 5a and b). However, antibi-
otics with a clearly negative effect such as TET or MIX also
show a shift in the trend line towards a smaller slope, indi-
cating stressful conditions for this species (Fig. 5c and d).

4 Discussion

4.1 The response of foraminifera to antibiotics

Based on our results the antibiotic-spiked culture medium ap-
pears to cause significant changes in the metabolism of both
small and large benthic foraminifera, represented by changes
in C : N ratios of the species Nonionella sp. T1 and Heteroste-
gina depressa, respectively. How affected the foraminifera
are depends on both the type and concentration of the used
antibiotics. The addition of AMP appears to have the weak-
est impact on both studied species, but at this point it is
also questionable whether AMP ever had any influence on
the foraminifera. The effective time (time of action before
it will decompose) of AMP is around 8 h (Zhang and Tris-
sel, 2002), and it is unstable at high pH values (Mitchell et
al., 2014) typical of seawater. Hence, we can assume that
the influence of AMP on foraminifera was likely there only
within the first few hours of incubation. This is consistent
with the low AMP treatment (c1) showing the metabolism
of the foraminifera, similar to that of the control group. The
high concentration did not have a significant effect on the
metabolism of Nonionella sp. T1, but a slight decrease was
noticeable in H. depressa. Since c2 was 10 times higher in
concentration than c1, it can be assumed that it took longer
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Figure 5. IC: IN ratios for H. depressa. The abbreviations indicate the antibiotics added during incubation: IC — incorporated carbon; IN
— incorporated nitrogen; AMP — ampicillin (a); CAM - chloramphenicol (b); TET — tetracycline (c¢); MIX — mixture (d) of all three used
antibiotics (AMP, CAM, and TET). c1 is the manufacturer’s recommended concentration to remove bacterial activity in the culture medium,

and c2 corresponds to 10 times the concentration of c1.

until there was hardly any active AMP in the culture water. At
the same time H. depressa was incubated at higher tempera-
tures, which would cause faster decay of AMP. It is reason-
able to believe that Nonionella sp. T1 would be more affected
by the higher AMP concentration since its incubation was at
lower temperature, but this was not the case. Hence, our re-
sults suggest that the effect of ampicillin on the metabolism
of foraminifera is highly species dependent.

Our study further shows that the presence of CAM in the
culture water did not have a negative effect on Nonionella
sp. T1, whereas CAM greatly reduced the metabolism of
H. depressa. The hydrolysis of CAM is only significant at
high pH values (< 9), and this antibiotic is also stable at the
temperature range tested here (Shaw, 1975). Based on these
assumptions, it can be assumed that both foraminifera in-
teracted with CAM throughout the entire incubation period.
Similar to the experiment with AMP, our results once again
confirmed that H. depressa is more sensitive to the presence
of antibiotics and that the reaction to CAM is species specific
as well.

Our results also highlight the strongest difference in
metabolism observed for the two studied foraminiferal
species in experimental setups with TET and MIX. How-
ever, this is not necessarily related to the response of the
foraminifera to the antibiotics but can be explained by differ-
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ences in experimental setups. Since TET (note: also present
in MIX treatment) is strongly affected by photodegradation,
it is likely that light exposure in H. depressa experiments
caused the formation of secondary products, like reactive
oxygen species (ROS), which likely negatively affected the
foraminifera (Oluwole and Olatunji, 2022). On the other
hand, there is a much lower probability of the formation of
these secondary products in the culture of Nonionella sp. T1
because of incubations in the dark. Whilst there was also no
negative effect on the metabolism of Nonionella sp. T1, we
observed a complete deactivation or mortality in H. depressa.
This suggests that the secondary products resulting from TET
photodegradation can be more toxic to foraminifera than the
antibiotic itself.

Finally, we would like to compare our results with pre-
vious studies. Based on past data, most studies used strep-
tomycin to investigate its effects on foraminifera. In three
(Nigam et al., 1996; Arnold, 1966; Pierce, 1965) of four
studies using streptomycin (Pierce, 1965, used dihydrostrep-
tomycin), an increase in foraminifera growth was observed
when the antibiotic was present in the culture medium. A
positive effect on foraminiferal growth was also observed as
soon as CAM was present in the culture medium (Arnold,
1966; Pierce, 1965). We can only partially confirm this re-
sult with our data, since CAM has a potential positive effect
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on the metabolism of Nonionella sp. T1 but a clearly neg-
ative influence on H. depressa. Furthermore, Pierce (1965)
noticed a positive effect of tetracycline (0.04 %) on growth
of foraminifera, but nothing was mentioned about light con-
ditions during the experiment. In our experiments we used
100 and 1000 ugmL~! TET, which is equal to 0.01 % and
0.1 % and is therefore comparable with the concentrations
used by Pierce (1965). However, foraminifera react similarly
to TET and to CAM. Again Nonionella sp. T1 was not neg-
atively affected by the antibiotics, but the metabolisms of
H. depressa failed completely, which was probably caused
by the photodegradation of TET as discussed earlier. In con-
clusion, it should be mentioned once again that the effect of
antibiotics on foraminifera is very species dependent and that
the foraminifera used in the laboratory must first be tested
for their response to antibiotics before they can be cultivated
with them.

4.2 Environmental risk of antibiotics

Apart from the new knowledge provided by this study for
foraminifera culture experiments, how can these results be
put into an ecological context as mentioned above? Ampi-
cillin is not stable in media with high pH, which is typi-
cal of seawater. Accordingly, it is likely that AMP does not
pose a direct threat to marine organisms, except in regions
where there is a continuously high discharge of this antibi-
otic into coastal waters. The situation is similar with TET,
which, instead of being influenced by the pH, degrades when
exposed to light. However, due to the enormous present con-
sumption of TET (e.g. > 25007 per year in the European
Union) and the low rate of its metabolism in the organisms
(up to 75 % will be excreted), tetracycline potentially poses
a serious problem in the environment (Daghrir and Drogui,
2013; Xu et al., 2021). It was shown that freshwater algae ex-
hibit toxic effects at TET concentrations > 5mgL~!, and at
30mgL~! they show a 94 % growth inhibition (Xu et al.,
2019; Amangelsin et al., 2023). In our experiments, with
the TET cl treatment, despite having significantly higher
concentrations (100mgL~"), we did not observe any neg-
ative effect on Nonionella sp. T1, which suggests that some
foraminiferal species may be more tolerant to TET than other
organisms such as algae. Of all the antibiotics tested, CAM
probably has the highest potential to have a negative ef-
fect on organisms in the marine environment. In seawater
samples from the Herglas Sea in Tunisia, concentrations of
15.6ugL~! of CAM were recorded (Tahrani et al., 2016).
But apart from these hotspots, common CAM concentrations
in seawater are between 0.02 and 0.15 ug L~! (Nguyen et al.,
2022). Those concentrations observed in field by previous
studies are now a factor of 1000 lower than those we used
in our experiments. However, since the metabolism of our
tested foraminifera was only slightly reduced in the pres-
ence of CAM (Figs. 2 and 4) and this concentration was
artificially high, we cannot assume that in nature there is a
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negative CAM influence on foraminifera from the currently
measured antibiotic concentrations. Additionally, our exper-
iments only provide information about short-term effects on
foraminifera caused by antibiotics. To further investigate the
resilience of these microeukaryotic organisms, future stud-
ies should address whether long-term antibiotic exposure to
lower concentrations is more harmful to foraminifera than
the exposures tested in this study.

5 Conclusions

We tested the influence of three antibiotics, ampicillin, chlo-
ramphenicol, and tetracycline, and their mixture on the
metabolism of two foraminiferal species. Our results show
that both species are affected by the presence of antibiotics,
but the effects of antibiotics are species specific. In gen-
eral, Heterostegina depressa responds more sensitively to
the presence of antibiotics in culture water than Nonionella
sp. T1 — the latter seems to even benefit from the presence of
antibiotics. Treatment with ampicillin showed the least neg-
ative influence, probably because of a quick ampicillin hy-
drolysis due to its instability at high pH typical of seawater,
and therefore it is likely that ampicillin only interacted with
the foraminifera for a few hours. On the other hand, chloram-
phenicol showed a significant reduction in the metabolism of
the foraminifera (especially in H. depressa) indicated by iso-
topic uptake of carbon and nitrogen. However, the strongest
influence in our study was observed for treatments with tetra-
cycline and a mixture of all three antibiotics. Tetracycline
reduced the activity of H. depressa to zero within just 3d
(possibly faster), likely caused by its toxic decay products,
which arise during incubation with light. In contrast, a neg-
ative effect of tetracycline on Nonionella sp. T1 when incu-
bated in dark conditions is hardly noticeable. It is important
to note that we have chosen artificially high concentrations of
antibiotics in our study to improve future laboratory experi-
ments. To the best of our knowledge, comparably high con-
centrations in nature are currently not available, which makes
it reasonable to believe that the current levels of antibiotics
in marine habitats likely do not have a negative impact on
foraminifera. However, there is a range of different antibi-
otics and a high diversity of species, of which we have only
tested a few in this study. Hence, future studies must be car-
ried out including several antibiotic types and testing other
species to find out which antibiotics have a negative effect
on foraminifera and which antibiotics are the best to apply to
constrain culture experiments.

Data availability. Data are available via Zenodo at
https://doi.org/10.5281/zenodo.16925684 (Michael, 2025).
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