qore Reseg > 3

o

O

¥ (3
$
‘5 m
3

<,
2,
O"\

Adam and Zofia, J Aquac Res Development 2015, 6:8
DOI: 10.4172/2155-9546.1000352

Journal of Aquaculture
Research & Development

Research Article Open Access

Subchronic Effects of Ectoine on Survival, Growth and Physiological
Parameters of Daphnia Magna

Bownik Adam'™ and Stepniewska Zofia?

"Department of Physiology and Ecotoxicology, Faculty of Biotechnology and Environmental Sciences, The John Paul Il Catholic University of Lublin, Poland
2Department of Biochemistry and Environmental Chemistry, Faculty of Biotechnology and Environmental Sciences, The John Paul Il Catholic University of Lublin, Poland

Abstract

Ectoine (ECT) is an osmoprotectant produced and accumulated by halophilic bateria under hyperosmotic stress.
There is a lack of knowledge on the effect induced by this amino acid during subchronic animal exposure to ECT
in vivo. Therefore, the aim the present study was to determine influence of ECT on survival, motility, physiological
activity (heart rate, thoracic limb activity, and mandible movement rate), growth rate and moulting of unfed and fed
with normal diet Daphnia magna exposed for 10 days to 2.5, 4, 20 and 25 mg/L ECT. The results showed that survival
of unfed animals exposed to 25 mgL ECT was decreased; however it was increased at lower concentrations of the
amino acid when compared to the control. 20 and 25 mg/L of ECT significantly decreased swimming velocity, heart
rate and thoracic limb activity and mandible movement rate. On the other hand, the osmoprotectant did'nt cause
mortality of fed daphnids at any concentration but stimulated swimming velocity and the physiological parameters,
however no differences were found in mandible movement rate. We found that ECT increased growth rate both in
starving and fed daphnids, however the stimulatory effect was not concentation-dependent. The most significant
increase of growth rate both in unfed and fed dapnids was found at 4 mg/L ECT. Moulting frequency was increases
only in unfed daphnids exposed to the highest concentrations of ECT. Fed daphnids showed slighlty elevated
moulting frequency only at 25 mg/L ECT. Our results indicate ECT is a stimulator of growth rate and physiological

indices in fed Daphnia magna, however the elucidation of its mechanisms requires further studies.

Keywords: Ectoine; Daphnia magna; Growth; Swimming velocity;
Heart rate; Thoracic limb movement

Introduction

Some amino acids like proline, glutamate, glutamine, alanine,
ectoine, hydroxyectoine) and their derivatives belong to a group of
compounds known as "compatible solutes”. These low molecular
weight substances are produced and accumulated in bacteria, algae
for protection against stressful factors [1]. Compatible solutes are
known to protect phospholipids and proteins against denaturation and
dehydration without interference with cellular processes [2-4].

Ectoine (ECT) (1,4,5,6-tetrahydro-2-methyl-4-pyrimidine
carboxylic acid) is a compatible solute produced by aerobic,
chemoheterotrophic, and halophilic bacteria to survive under extreme
conditions [5]. Microorganisms such as Marinococcus may synthesize
and accumulate intracellular ECT in response to osmotic changes in
the environment [6]. Production of ECT was also reported in Vibrio
cholerae which may temporarily occur in some aquatic environments
adapting to changes in osmolarity [7], Bacillus sp. and gastroenteritic
Vibrio parahaemolyticus under hyperosmotic conditions [8,9]. ECT was
demonstrated to enhance stability of different thermolabile molecules,
such as phytase, lactic dehydrogenase (LDH) and phosphofructokinase
(PFK), [10-13]. This amino acid has also been proposed as an alternative
to dimethyl sulfoxide for cryopreservation of various cells [14,15]. It
is speculated that since ectoine is a water-binding amino acid, it may
increase the level hydration of various molecules and thereby improve
their stabilization during osmotic stress. Higher level of fluidity may
be advantageous to cell membranes to cope with extreme conditions
like high or low temperatures, changing osmotic pressure and may
accelerate repair mechanisms in some cells [16].

Protective effects of ECT were found in animals. Our previous study
showed protective effects of ECT in Daphnia magna subjected to heat
stress [17]. We also showed low toxicity of ECT to these cladocerans
during short-term exposure [18] however, no data are available on

subchronic effects of this osmoprotectant in animals subjected to
its lower concentrations. Some amino acids classified as compatible
solutes such as taurine turned out to stimulate growth of some aquatic
animal species [19,20] therefore we hypothesized that ECT may also
induce similar effects in cladocerans. We selected Daphnia magna as
an animal model since it is commonly used in toxicological studies
and has valuable features, such as high sensitivity, transparency of the
carapace and a short time of reproduction. The aim of our study was
to determine survival, swimming behaviour, heart rate, thoracic limb
activity, mandible movement rate, growth and moulting of Daphnia
magna during subchronic exposure to ECT.

Material and Methods
Culture method

Daphnia magna were cultured in a continuous reproduction for a
few months in several 6 L tanks with 5 L of aerated culture medium on
the window ledge in a laboratory under light: dark period of 16 h: 8 h.
Daphnia culture medium was prepared following the ASTM standards
(American Society of Testing and Materials, 1986). The medium was
synthetic freshwater (48 mg of NaHCO,, 30 mg of CaSO,- 2H,0, 30
mg of MgSO, and 2 mg of KCl per liter of deionized water adjusted to
a pH of 7.4), with a temperature of 23 + 2°C. The number of cultured
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daphnids was about 30 animals per liter. The animals were fed once
daily with a few drops of powdered Spirulina (2 mg/L water) per tank
and supplemented with a few drops per tank of stock suspension of
baker’s yeast (10 mg/L water). Daphnids selected randomly were not
fed for 24 hours prior to their use in the starvation experiment.

Ectoine concentrations and experimental setup

Pure ectoine (ECT) standard (Sigma-Aldrich), > 99% purity
produced by Halomonas elongata was diltuted in Daphnia magna
culture medium to reveal concentrations of 2.5, 4, 20 and 25 ml/L
selected on the basis of its acute toxicity [18]. Neonate 24 h old were
treated with different concentrations of ECT and animals that were
not treated with ECT were maintained in clean medium only. Two-
thirds of each ECT solution were replaced every 72 h. Two groups of
daphnids: unfed (for starvation experiment) and fed once daily with
normal diet, 10 ul (2 mg/L) and supplemented with 10 ul of baker’s
yeast (10 mg/L) per 10 dapnids kept in 100 ml of medium were exposed
to the appropriate concentrations of ECT. Individual feeding was
performed in growth rate experiment.

Determination of Daphnia magna survival

10 daphnids (in 3 replicates) were placed in 150 ml glass beakers
containing 100 ml of medium with appropriate concentration of ECT.
Survival of both unfed and fed animals was determined every 24 hours
of the exposure. The experimental animals were treated as dead when
no heart beat was noted during examination under a light microscope.

Swimming velocity

Swimming velocity of Daphnia magna neonates was determined
by the method described by Shimizu et al. with some modifications.
10 animals (in three replicates) were transferred at appropriate times
from one the experimental group to the observation plastic dish of
55 mm diameter containing 6 ml of the same concentration of ECT.
Swimming daphnids in each dish were video recorded for a minimum
of 1 minute (with a speed of 30 frames/second) with a digital camera
Nikon D3100 mounted on a stand over the dish. Vertical movement
of Daphnia was negligible because of very small depth of the solution
present in the dish. All daphnids returned to the experimental
beakers for further exposure after the examination. The video file
with the recorded trajectories of swimming animals was analyzed by
a frame-by-frame method with Tracker®. By clicking with the cursor
on Daphnia image in separate frames, the program plotted the whole
trail left by an individual Daphnia (interpreted by the program as a
mass point) measuring its maximal, minimal and mean velocity (v)
expressed in milimeters per second (mm/s). Since the experimental
animals moved virtually only in two dimensions swimming behaviour
analysis was based on the trajectory represented by x and y coordinates.
The velocities of ten daphnids calculated by software were plotted in
separate graphs which were then superimposed. Swimming speed
was not equal for all individuals in every experimental group and the
control, therefore the mean velocity (v) of 10 daphnids from each
experimental group was meaned and treated as one result.

Heart and mandible movement rate and thoracic limb activity

Heart rate and thoracic limb movement were determined by light
microscopy at appropriate times of the exposure. A single daphnid was
transferred in a 20 pl droplet with a pipette from each experimental
group to a microscope slide. Movements of the examined animals
were limited by cotton wool fibers placed on the slide. The microscopic
view was recorded for more than 1 minute (with a speed of 30 frames

per second) with a digital camera Nikon D3100 mounted on a light
microscope. The magnification (30-100X) and camera resolution
allowed to record the activity of heart and thoracic limbs with a good
quality. Video analysis was done with Tracker® software by a frame-
by-frame method and counting separate heart contractions during 1
minute. Thoracic limb movement and mandible movement rate were
also determined by a frame-by-frame video analysis and counting the
separate movements (beats) of the appendages per 1 minute.

Determination of growth rate and moulting

Two groups of 10 (in 3 replicates) randomly selected neonate
daphnids were used for the experiment. The animals in the two groups
were placed individually in 30 ml transparent tubes with 20 ml medium
containing appropriate concentration of ECT. The first group of the
exposed animals was subjected to starvation while the second group
was simulaneously fed once daily for a period of 10 days with 1 pl of
powdered

Spirulina (2 mg/L) and supplemented with 1 pL of baker’s yeast (10
mg/L) per individual. Daphnids in all the experimental groups were
transferred to a renewed solution of ECT after 48 h. Video recording
of growing daphnids was done every 24 h (Figure 1). A single daphnid
was taken from the tube with appropriate concentration of ECT and
transferred with a 20 pl droplet to a microscope slide with cotton wool
fibers placed on its surface for limitation of animal movements. The
microscopic view of examined daphnid was recorded with a digital
camera Nikon D3100 mounted on a light microscope. Size of daphnis
was measured daily with the use of alight microscope and digital images
processed by Image Tool® software. Daphnia growth was determined
by measurement of distance from the most anterior part of the head to
the base of tail spin and its further comparison between experimental
groups. Moulting success was expressed as percentage of daphnids that
shed their carapaces. Number of moults was determined by counting
shed carapaces and calculation of their quantity per one individual.

Statistical analysis

All results are presented as means + SD. Data were analysed by
one-way analysis of variance (ANOVA) followed by Duncan range test
(a=0.05). Experimental data were processed using ANOVA followed

Figure 1: Survival rate of Daphnia magna neonates treated with different
concentrations of ECT during starvation experiment. n=30.
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by Tukey’s test to detect differences among means. The analyses were
completed using Develve® statistical software. Values were statistically
significant when p<0.05.

Results

Survival of daphnids during starvation experiment

The non-treated daphnids subjected to starvation showed a
decreased survival rate to 60 £ 10% and 0% after 5 and 6 days,
respectively (Figure 2). The lowest survival rate was observed at 25
mg/L ECT (50 + 10% and 4 and 0% after 5 days, respectively) when
compared to the non-treated animals. On the other hand, less reduced
survival rates showed animals exposed to the lower concentrations of
ECT. The highest survival rate to be observed in daphnids exposed to 4
mg/L ECT with 90 + 9% at 5 day of the experiment.

Swimming velocity

The non-treated daphnids showed a rapid decrease of swimming
velocity to 0.5 + 0.1 mm/s after 5 days of starvation (Figure 3).
Exposure to 20 and 25 mg/L ECT resulted in more rapid reduction
of motility to 0.7 £ 0.12 mm/s after 5 days and 0.8 + 0.08 mm/s after
3 days, respectively. On the other hand, daphnids treated with the
lower concentrations of ECT showed less reduced swimming velocity
however the values were lower when compared to the untreated group.
Increased motility was noted in fed and ECT-exposed microcrustaceans
(Figure 4). The most significant stimulation was manifested after 24 h
in the group exposed to 20 and 25 mg/L ECT (5.63 = 0.5 mm/s and
5.67 + 0.54 mm/s, respectively) and it was maintained to the end of the
experiment.

Figure 2: Swimming velocity of Daphnia magna exposed to different
concentrations of ECT during starvation experiment (panel a) and normal
feeding (panel b). n=30.

Figure 3: Heart rate of Daphnia magna treated with different concentrations
of ECT during starvation experiment (panel a) and feeding with normal diet

(panel b). n=30.

Figure 4: Thoracic limb activity of Daphnia magna exposed to various
concentrations of ECT during starvation experiment (panel a) and feeding

with normal diet (panel b). n=30.
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Heart rate

Starvation of the unexposed daphnids resulted in a continuous
decrease of heart rate to 81 + 7 bpm after 5 days (Figure 5). Daphnids
treated with 20 and 25 mg/L ECT showed in more rapid inhibition (63
+ 5 bpm after 5 days and 32 + 2 bpm after 4 days, respectively). On the
other hand, daphnids exposed to 2.5 and 4 mg/L ECT manifested initial
increase of heart rate to 432 + 14 bpm and 448 + 16 bpm after 1 day
and subsequent reduction, however it was attenuated when compared
to the control. Fed daphnids that were treated with ECT showed a
stimulated heart rate when compared to the untreated group (Figure
6). The highest value were noted in daphnids exposed to 25 mg/L
ECT on 3 day of the experiment (590 + 15 bpm) and it did not change
significantly until the end of the experiment.

Thoracic limb activity

Starvation of daphnids resulted in a distinct decrease of thoracic
limb activity of the unexposed group after 5 days to 32 + 9 bpm and that
treated with 20 mg/L ECT (34 + 5 bpm) ( Figure 7). On the other hand,
the animals treated with the lower concentrations of the osmoprotectant
(2.5 and 4 mg/L) manifested initial stimulation to 230 + 19 bpm and
280 + 20 bpm after 24 h, respectively and subsequent inhibition which
was more attenuated than those in the unexposed group. In contrast,
the osmoprotectant induced stimulation of thoracic limb activity in fed
daphnids (Figure 8). A substantial increase the activity was noted after
2 days of the exposure (334 + 22 bpm) and remained unchanged to the
end of the experiment.

Mandible movement rate

Starvation resulted in a significant decrease of mandible movement
rate of both ECT-treated and unexposed daphnids (Figure 9) with

Figure 5: Mandible movement rate of Daphnia magna exposed to different
concentrations of ECT during starvation experiment (panel a) and feeding
with normal diet (panel b). n=30.

Figure 6: Effects of ectoine on growth rate of Daphnia magna during
starvation experiment, n=30, *-statistical significance after 72 h-exposure.

Figure 7: Growth rate of fed Daphnia magna exposed for 10 days to different
concentrations of ectoine. n=30.

only a slight attenuation seen at 2.5 and 4 mg/L ECT. There were
no significant changes of mandible movement rate in fed and ECT-
exposed daphnids when compared to the untreated crustaceans.

Growth rate of Daphnia magna

After the first 24-hours of the exposure all concentrations of ECT
induced stimulation of growth of starving daphnids in comparison
to the non-treated group (Figure 7). The most prominent increase of
length was noted at 4 and 20 mg/L of the amino acid. After 48 hours
daphnids the growth was significantly inhibited and its almost complete
ceasation was observed after 72 hours of starvation experiment.

Fed and ECT-exposed daphnids showed increased growth
rate when compared to the unexposed group (Figure 8). Although
the highest stimulation was seen at 4 mg/L ECT there was no very
significant diferences between the experimental groups of animals
treated with ECT.

Daphnia magna moulting

70£10% of the non-treated Dapnia magna showed moulting
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Figure 8: Effects of ectoine on moulting success of Daphnia magna during
starvation experiment. Panels a and b show percentage of daphnids with first
and second moulting, respectively. n=30.

Figure 9: Number of moults of Daphnia magna fed with normal diet and
exposed to different concentrations of ectoine, n=30 *-statistical significance.

success after 24 h (Figure 9). On the other hand, higher percentage (90
+ 10%) showed daphnids exposed to the lowest concentrations 2.5 and
4 mg/L ECT Inhibition of ecdysis was found in the animals treated with
20 and 25 mg/L (40 + 6% and 50 + 10%, respectively). The moulting
success was decreased with increasing time of starvation to 10 £ 5% in
the untreated animals and 20 + 10% and 0% in daphnids exposed to 20
and 25 mg/L.

No significant differences of moulting were found in fed daphnids
after 5 days of exposure to different concentration of ECT. However
after 10 days of the exposure, the number of moults increased in

daphnids treated with 20 and 25 mg/L ECT (5.51 + 0.43 and 5.71 + 0.23
moults per one individual, respectively) when compared to the control
(4,53 +0.5).

Discussion

Organic osmolytes are osmoprotective molecules which may be
accumulated at high concentrations without any interference with
cellular processes [21]. Although ECT was found to be synthesized
only by bacteria, its protective effects against various stressors were
seen in different types of mammalian cells [22] and cladocerans [17].
To our best knowledge we present the first data on sub chronic toxicity
of ectoine and its effects on animal growth.

Survival of Daphnia magna

The present study revealed that the same concentrations of ECT
that were well tolerated during short- term experiments [18] turned
out to decrease survival of unfed daphnids during the subchronic
exposure. This is probably a result of longer time of exposure to the
osmoprotectant in addition to the increased sensitivity of starving
animals to its toxic effects. On the other hand, daphnids exposed to
lower concentrations of ECT showed higher survival rates when
compared to the unexposed animals. The mechanisms underlying this
effect is not known, however it may be hypothesized that although ECT
is not an essential dietary amino acid, its smaller amounts are less toxic
and also may serve as source of energy for starving animals. As some
bacteria were found to use ECT as an energetic source [23], it is possible
that daphnids may also exploit this osmoprotectant in the same way.
Interestingly, we did not find any lethal effects of the osmoprotectant
in normally fed daphnids and exposed to the highest concentration of
ECT but a distinct stimulation of animal growth and increased heart
rate and thoracic limb movement which is discussed below.

Swimming velocity

Swimming velocity is a sensitive behavioral biomarker indicating
health status of aquatic organisms because even slight toxicity may
be reflected by alterations of the locomotor activity [24,25]. Glycine
which is an amino acid and compatible solute was found to decrease
locomotor activity of invertebrates [26]. In our previous short-term
experiment we found the inhibitory effects of higher concentrations of
ECT [18]but the motility of daphnids was hardly affected at its lower
concentrations. The present study showed that the subchronic exposure
of unfed daphnids to the same concentrations of ECT decreased
swimming velocity in a concentration-dependent manner which may
result, from animal starvation potentiating the effects induced by the
highest concentrations used in the study. The lower concentrations of
ECT attenuated the inhibition of unfed daphnid motility seen after 72
hours which may be explained by exploiting ECT as energy source. Our
present study also revealed that fed crustaceans which were treated with
ECT manifested a concentration-dependent increase of swimming
speed and it was maintained elevated until the end of the experiment.
The stimulatory effect observed only in fed animals is probably a result
of the increase of neuromuscular activity.

Heart rate and thoracic limb movement

Heart rate and thoracic limb activity of daphnids are common
biomarkers used for determination of toxic effects induced by a variety
of toxicants [27,28]. Our previous study showed modulatory effects of
ECT on heart rate and thoracic limb activity of daphnids [18] and those
findings were confirmed in the present study. Lower concentrations
of ECT induced an initial increase of heart rate and thoracic limb
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movement in unfed daphnids, however the parameters were decreased
at the higher concentrations. Other amino acids such as taurine and
arginine were also found to modulate heart rate and inhibit arrhythmia
in mammals [29]. Initial stimulation of thoracic limb movement of
unfed daphnids may result from the metabolic stimulation induced
by ECT and subsequent inhibition may be a consequence of energy
depletion caused by starvation. On the other hand, fed daphnids showed
a concentration-dependent, increase of both physiological parameters
at each concentration of ECT and they remained unchanged to the end
of the experiment.

Mandible movement rate

Mandible movement is one of physiological parameters used
for determination of feeding activity of Daphnia magna [30-32].
Our results indicate that starvation resulted in a decreased mandible
movement rate both in ECT-exposed and control daphnids probably
caused by energy depletion in starving animals. Slight attenuation
was noted only at the lower concentrations of the osmoprotectant.
However, no differences between experimental groups were seen in
fed animals indicating that this osmoprotectant does not affect this
physiological parameter.

Growth rate

Changes in growth of daphnids are caused by different factors,
such as food availability, predation and toxicants [33-36]. Taurine was
found to be a stimulator of growth in marine moluscs [37]. The present
study showed that ECT stimulates growth of Daphnia magna however
the effect is dependent on the presence of food. The growth rate of
unfed daphnids was much higher during first 24 hours than those in
the group of unexposed animals. However, after 48 hours they were
substantially decreased and it was almost completely ceased after 72
hours probably because of food depletion. Growth inhibition of unfed
daphnids previously demonstrated by Bradley et al. may be a result of
allocation of resources to essential for survial.

We chose a 10-day period for determination of the most significant
alterations of growth rate between ECT-treated daphnids [38].
Here we demonstrate that fed daphnids subjected to ECT increased
their growth rate when compared to the untreated group, however
the stimulatory effect was not concentration-dependent. The most
significant increase of growth was noted at 4 mg/L of ECT but higher
amounts of the osmoprotectant were less effective. This may be a result
of lower bioavailability of nutrients at higher concentrations of the
osmoprotectant which may form a layer on cell membranes which is
less permeable for nutrients. It is an open question whether stimulation
of growth is induced by ECT itself which serves as an additional food
source for Daphnia magna or by its enhancement of cell membrane
permeability in different tissues resulting in the increase of food
bioavailability.

Moulting

A lack of food and toxic effects induced by some chemicals may
inhibit growth of neonates and thereby decrease moulting frequency
[39-42]. The present study revealed that the exposure to the lower
concentrations of ECT resulted in less decreased percentage of moulting
daphnids than that in the control group. The inhibition of moulting of
the non-treated animals may be a result of starvation and toxicity of
the highest concentration of ECT. On the other hand, slightly higher
number of moulting daphnids exposed to the lower concentrations of
ECT correlated with their higher growth rate. Fed daphnids in all the
experimental groups showed moulting success, however slightly higher

number of shed carapaces showed daphnids exposed to the highest
concentration of ECT which may be a sort of their defensive response
also occuring under other stressful conditions [43,44].

In summary, the present study showed that subchronic exposure to
ECT induce modulatory, effects on survival, physiological parameters
and growth of unfed and fed daphnids. ECT stimulated growth rate in
fed animals which suggests that this osmoprotectant may be considered
as a potent growth stimulator in cladocerans.
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