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Abstract: Natural and anthropogenic pressures in inland waters induce molecular response mecha-
nisms in organisms as a defense against such multiple stressors. We studied, for the first time, the
expression of the stress proteins, heat shock proteins (HSP) and mitogen-activated proteins kinase
(MAPK), in a Daphnia magna natural population as a response to environmental changes in a heavily
modified water body (Lake Koronia, Northern Greece). In parallel, the water physicochemical
parameters, nutrients’ concentration and phytoplankton abundance were measured. Our results
showed fluctuations of the proteins’ levels (HSP70, HSP90, phospho-p38 MAPK, phospho-p44/42
MAPK) providing evidence of their expression in situ. HSP70 showed an increasing tendency while
for HSP90, no tendency was recorded. The MAPKs’ members followed a reverse pattern compared
to each other. The differential expression of HSP and MAPK members indicates that D. magna in
Lake Koronia experienced stressors such as increasing temperature, salinity and increased nutrient
concentrations, high pH values and variations in phytoplankton abundance that triggered their acti-
vation. These in situ findings suggest that HSP and MAPK expression patterns have the potential to
be used as biomarkers of stress factors in D. magna, for effective biomonitoring and setting ecological
restoration targets.
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1. Introduction

Organisms are continuously exposed to multiple natural and anthropogenic stres-
sors [1] which drive the worldwide change on biodiversity and ecosystem’s structure and
function [2,3]. Human-induced ecological changes (e.g., declining biodiversity and water
quality, nutrient enrichment) have degraded most parts of the world’s inland waters [3,4].
In inland waters, cladocerans represent an important part of the food web as they are the
most significant primary grazers and the primary food for planktivorous fish [5]. Due to
their great ability to graze down the available phytoplankton biomass, Daphnia species are
characterized as “key” organisms [6] and are a central force in biomanipulation for restora-
tion of water bodies [5,7]. Furthermore, Daphnia spp. influence nutrient cycles affecting
noxious cyanobacterial blooms [4,8]. As an animal with a high P-content in biomass, it
tends to assimilate N and P at relatively low ratios and excretes N and P in high ratios, thus
reducing the competitive advantage for N2-fixing cyanobacteria. By its fecal sedimentation
it can further reduce the competitive advantage for cyanobacteria assemblage affecting
biomanipulation success [4]. On the other hand, cyanobacteria have the potential to reduce
somatic growth rate and reproductive rate of Daphnia while increasing mortality because of

Water 2021, 13, 283. https://doi.org/10.3390/w13030283 https://www.mdpi.com/journal/water

https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0003-4565-6962
https://orcid.org/0000-0001-8194-2865
https://doi.org/10.3390/w13030283
https://doi.org/10.3390/w13030283
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13030283
https://www.mdpi.com/journal/water
https://www.mdpi.com/2073-4441/13/3/283?type=check_update&version=1


Water 2021, 13, 283 2 of 16

their poor palatability, feeding inhibition, low nutritional value, and potential toxicity [4].
Several Daphnia species are used as model organisms [9,10] and as biomarkers of water
quality and environmental health [11], based on their high sensitivity to a wide range of
pollutants [12] and their adaptive responses to environmental changes [11].

Phenotypic and genetic responses of Daphnia to stressors are well-studied with a
rich data availability [11]. It is well known that Daphnia respond adaptively to abiotic
(e.g., temperature, oxygen, pH) [13] and biological stressors (quality and quantity of
phytoplankton, predation) [14,15] modifying their morphology, life history characteristics
and behavior [9,14]. Additionally, it should be noted that species of the genus Daphnia
(usually Daphnia magna) are widely used in standard acute and chronic toxicity tests,
through monitoring their immobility and reproduction, in order to assess the chemicals’
effects [16–19]. On the other hand, the information of molecular defense mechanisms of
Daphnia against stressors is limited [20–23].

One of the most well-studied molecular defense mechanisms against stress is the
expression of heat shock proteins (HSPs) which have been found in numerous taxonomic
groups with a great variety in their expression patterns [13,24,25]. Under a great diversity
of stressors (temperature extremes, pH extremes, anoxia, hypoxia, heavy metal exposure,
organic pollutants), the induction of HSPs benefits several organisms by enhancing their
ability to recover from environmental stress [26]. Among HSP members, HSP70 and
HSP90 are two of the most prominent heat shock proteins playing essential roles in protein
folding, membrane translocation, degradation of misfolded proteins and other regulatory
processes as molecular chaperones [27]. Despite the fact that changes in HSP profile have
been already described in Daphnia spp. (e.g., [20,21,23]), the information is still restricted
compared to other aquatic organisms.

Moreover, as a response to these extracellular stressors, the mitogen-activated protein
kinase (MAPK) signaling pathway can be triggered [28,29]. The activation of MAPK mem-
bers plays a central role to crucial cellular processes and physiological functions including
cell differentiation, transformation, and survival in many organisms [29–31]. More specific,
the ERK (p44/42 MAPK) protein is known for its cell growth and differentiation regulatory
function while p38 MAPK is involved in apoptosis, inflammation or differentiation [32,33].
The activation of MAPK pathways has been investigated recently in two Daphnia species
only as a response to exposure to polystyrene nanoplastics in laboratory populations [31,34],
so the knowledge of the activation of MAPK pathway is still limited. Due to their critical
role in the development of stress resistance and adaptation to the environment [35], HSPs
and MAPKs can be used as biomarkers for determining the physiological condition, to
quantify variable stress [26].

The primary aim of the present study was to assess the expression of stress proteins of
Daphnia magna as a response to environmental changes in a temporary and heavily modi-
fied water body like Lake Koronia (Northern Greece). We hypothesized that changes in the
lake’s environmental parameters will be expressed as differences in D. magna responses
to the examined. In order to test that, we examined the expression of several molecular
biomarkers (HSPs and MAPKs) and their relationships with water physicochemical param-
eters and phytoplankton abundance. For better understanding of the behavior of D. magna,
along with the molecular biomarkers, we also examined its contribution in the zooplank-
ton community structure in Lake Koronia. To the best of our knowledge, this is the first
study that uses members of HSP and MAPK families in a natural population of D. magna
attempting to correlate them with environmental parameters. The knowledge of molecular
response mechanisms in species of the genus Daphnia will allow the development of more
realistic predictions of the effects of anthropogenic pressures on inland waters, leading to
a deeper understanding of their function; this may provide a useful warning ‘signpost’
for planning more effective actions in inland water biomonitoring and biomanipulation
during restoration.
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2. Materials and Methods
2.1. Study Area

Lake Koronia (Figure 1) is a temporary, very shallow (maximum depth < 2 m), brack-
ish (salinity range 4–7.1 ppt), hypertrophic, highly polluted and heavily modified water
body [36] located in North Greece near the city of Thessaloniki (23◦04′–23◦14′ E, 40◦7′–
40◦43′ N, approximate altitude: 75 m a.s.l., surface area: 29 km2). It is covered by the
Directives 79/409/EEC and 92/43/EC, the RAMSAR Convention and is part of the Na-
tional Wetland Park of Lakes Koronia-Volvi and Macedonian Temp [37].
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In Lake Koronia, during the last decades, many dramatic changes and events have
taken place. Due to anthropogenic pressures, i.e., unsustainable water management,
agricultural runoff, industrial wastewaters and sewage effluents, and changes in climatic
conditions (extended drought periods), a dramatic shrinkage of the surface area, water
volume and depth, as well as water quality deterioration [37] have occurred. The lake
has dried up many times during warm periods (1995, 2002, 2007, 2009 and 2014), while
bird and fish kills have occurred several times in Lake Koronia due to hypertrophic
conditions and blooms of known toxic prymnesiophytes and cyanobacteria [4,38]. These
environmental issues and water management problems are in detail described by Moustaka-
Gouni et al. [36,39], Michaloudi et al. [37,38], Malamataris et al. [40], Kolokytha and
Malamataris [41]. Moreover, studies reported the range of nutrients and heavy metals in
fish tissues [42], and water as well as sediments that may act as possible sink and source
of these chemicals for the water column [43–46]. Recently, a study using biochemical and
molecular biomarkers in fish tissues also indicates that Lake Koronia is highly affected by
anthropogenic pressures [47].

2.2. Sample Selection in Field and Analysis

Six samplings were conducted on a monthly basis during the period from March to
September 2019 (no sampling was performed in August due to lake’s low water level).
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Water samples were collected from the water column, including the surface layer, with a
2 L Niskin sampler (50 cm height) at the deepest point of the lake (Figure 1, gray point).
In September, the samples were collected from an inshore station (Figure 1, white point)
due to the shallowness of the lake. Each time, one water sample was collected for the three
different analyses; one sample for phytoplankton analysis, one sample for zooplankton
analysis, and one water sample for the analysis of nutrients (further separated in two
sub-samples; one sub-sample was filtered while the other was not).

2.2.1. Water Physicochemical Parameters, Phytoplankton and Zooplankton Analysis

Water parameters such as temperature (◦C), pH, salinity (ppt) and conductivity
(µS cm−1) were measured in situ and transparency was measured with a Secchi disk.
Water samples were also collected for analysis of nutrients (nitrogen and phosphorus).
Samples were kept cool in the field and during their transportation to the laboratory
and analyzed according to the standard methods [48,49]. Nitrates, nitrites, ammonium
and orthophosphates were determined after the filtration of water samples through
0.45 µm membranes. Total nitrogen and acid hydrolysable phosphorus were determined in
unfiltered samples. Nitrite was determined by employing colorimetric method (4500-NO2-
B), nitrate by cadmium reaction method (4500-NO3-E), ammonium by phenate method
(4500-NH3-F) and total nitrogen after digestion of unfiltered sample by persulfate method
(4500-N-C). Regarding P species, soluble reactive phosphorus was determined colorimetri-
cally by ascorbic method and total phosphorus after digestion of unfiltered sample with
sulfuric acid/ammonium persulfate (4500-P-E) [49]. The N-species determined will be
reported here as nitrogen and will be referred to as Dissolved Inorganic Nitrogen (N-NO3,
N-NO2, N-NH4), total nitrogen (TN) and Total Organic Nitrogen (TON as the difference of
total nitrogen minus dissolved inorganic nitrogen). The P-forms discussed here are Soluble
Reactive Phosphorus (SRP) and acid hydrolysable phosphorus, expressed as total P (TP).

Phytoplankton composite samples were collected from the whole water column and
preserved with Lugol’s solution. Phytoplankton counts (cells, filaments, colonies) were
performed under a light inverted microscope (Nikon SE 2000) as in Michaloudi et al. [37].

For the zooplankton analysis, at least 30 L of the whole water column were filtered
through a plankton net with a mesh size of 50 µm and the quantitative samples were
preserved in 4% formalin. Zooplankton samples were examined under a light microscope
(Leitz Laborlux S) and abundance estimation (ind L−1) was performed following the
method of Bottrell et al. [50], Downing and Rigler [51] and Taggart [52]. For dry biomass
(µg L−1) estimations individual dry weight data or length-dry weight relationships were
used according to literature (e.g., [53–56]).

2.2.2. Daphnia magna Western Blot Analysis

In order to investigate the molecular biomarkers, qualitative samples were collected
with vertical and horizontal hauls using plankton nets (50 and 100 µm mesh size) and
maximum sampling effort was made during their collection. In situ, samples were sepa-
rated instantly in several 50 mL falcons and were flash-frozen in dry ice, thereby avoiding
interference by handling (time between separation and freezing less than a 1 min). Upon
their transportation to the laboratory, all falcons were stored at −80 ◦C. Isolation of female
Daphnia individuals was performed under a stereoscope and a microscope, and isolated
Daphnia individuals (pool of ~40 female individuals) were transferred to 1.5 mL microfuge
tubes (without water) and stored at −80 ◦C for later immunoblot analysis.

For the extraction of total protein, frozen D. magna individuals were homogenized on
liquid ice with mortar and pestle. The whole extracts were diluted with a plastic pestle in
3 volumes of RIPA buffer (0.15 M NaCl, 1% deoxycholic sodium salt, 1% Triton X-100, 0.1%
sodium dodecyl sulphate (SDS), 0.01 M Tris, pH 7.2) containing general protease inhibitors
(200 µM leupeptin, 10 µM trans-epoxy succinyl-L-leucylamido-(4-guanidino) butane (E64),
5 mM dithiothreitol (DTT), 1 mM phenyl methyl sulfonyl fluoride (PMSF), 1% v/v Tri-
ton X-100, 50 µg mL−1 pepstatin). The homogenates were centrifuged at 10,000× g for
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10 min at 4 ◦C and the supernatants were separated into new tubes; 10 µL of supernatants
were used for the determination of protein concentration (BioRad protein assay) and
the remaining supernatants were mixed with 0.50 volumes of SDS/PAGE sample buffer
(330 mM Tris–HCl, 13% v/v glycerol, 133 mM DTT, 10% w/v SDS, 0.2% w/v bromophenol
blue), boiled for 6 min and then frozen at −4◦ C.

Equivalent amounts of protein (50 µg) were separated on 10% (w/v) acrylamide and
0.275% (w/v) bisacrylamide slab gels and transferred electrophoretically to a nitrocellulose
membrane (0.45 µm, Schleicher & Schuell, Keene, NH, USA). Non-specific binding sites on
the membranes were blocked with 5% (w/v) non-fat milk in Tris buffered saline-Tween
20 (TBST) (20 mM Tris–HCl, 137 mM NaCl, 0.1% (v/v) Tween 20, pH 7.5) for 30 min at
room temperature. Afterwards, the appropriate primary antibodies were left to react with
the blocked proteins overnight at 4 ◦C. The antibodies used were as follows: polyclonal
rabbit anti-heat shock protein, 70 kDa (Cat. No. 4872, Cell Signaling, Beverly, MA, USA),
polyclonal rabbit anti-heat shock protein, 90 kDa (Cat. No. 4874, Cell Signaling, Beverly,
MA, USA), monoclonal rabbit anti-phospho p44/42 MAPK (Thr202/Tyr204) (Cat. No.
4370, Cell Signaling, Beverly, MA, USA) and polyclonal rabbit anti-phospho-p38 MAP
kinase (Thr180/Tyr182) (Cat. No. 9211, Cell Signaling, Beverly, MA, USA). Subsequently,
the blots washed in TBST (3 times, 5 min each), were incubated with a secondary antibody
(anti-rabbit IgG, HRP-linked Antibody (Cat. No. 7074, Cell Signaling, Beverly, MA, USA))
and washed again in TBST (3 times, 5 min each). The developed blots were visualized
(bands) by following enhanced chemiluminescence procedures (Cell Signaling, Beverly,
MA, USA) with exposure to Fuji Medical X-ray films. Finally, the blots were quantified
(Image Studio Lite, LI-COR Biosciences, Lincoln, NE, USA). Ponceau staining has been
applied in order to check equal loading of gels according to Romero-Calvo et al. [57] (data
is not shown).

2.3. Statistical Analysis

In order to estimate changes in the expression of HSPs and MAPKs in D. magna during
the study period, one-way analysis of variance (ANOVA) was performed for significance
at the 5% level and post-hoc comparisons were performed using the Bonferroni test. Prior
to the analysis, HSPs and MAPKs’ data were tested for normality (Shapiro–Wilk test) and
homogeneity of variances (Levene’s test) and ANOVA assumptions were met. Correlation
between molecular biomarkers of D. magna and environmental parameters were assessed
using the non-parametric Spearman correlation analysis due to non-linear relationship
between variables and/or non-normal distribution of most environmental parameters. The
above analyses were performed using the SPSS program (SPSS Statistics 25).

3. Results
3.1. Environmental Parameters

The values of the water physicochemical parameters and phytoplankton measured
during the present study are given in Table 1. Temperature ranged from 12 to 27.8 ◦C and
pH from 8.77 to 10.15. Salinity and conductivity increased during the study period with
the highest values being recorded in September, 7.1 ppt and 12,160 µS cm−1, respectively.
The maximum recorded depth was 1.3 m, declining further on, and finally the lake almost
dried up (maximum depth 0.3 m) in September. Phytoplankton abundance ranged from
320.96 × 103 cell mL−1 to 2265.30 × 103 cell mL−1 and transparency was very low reaching
its lowest value in September. High abundances of known harmful phytoplankton species
(e.g., Prymnesium parvum, Anabaenopsis elenkinii) and oscillatorialean cyanobacteria (e.g.,
Pseudanabaena limnetica) were recorded during the study period. All nutrients of nitrogen
and phosphorus (N-NO2

−, N-NH4
+, TN, TON, SRP and TP) reached their maximum

values in July, except for N-NO3
− which reached its peak in May.



Water 2021, 13, 283 6 of 16

Table 1. Physicochemical parameters and phytoplankton abundance measured in the water column from Lake Koronia
during the study period (March to September 2019).

March April May June July September
Parameters (Mar) (Apr) (May) (Jun) (Jul) (Sep)

pH 9.69 10.15 9.75 9.3 8.77 9.82
Temp (◦C) 12 17.6 20.3 27.6 27.8 25.8

Cond (µS cm−1) 6220 6889 7200 8663 8800 12160
Sal (ppt) 4 4.1 4.4 4.5 4.6 7.1

Max depth (m) 1.25 1.3 1.25 1.1 1 0.3
Phyto ab (cell mL−1 × 103) 320.96 1956.74 965.69 2265.30 1557.90 1137.34

Harmful phyto (cell mL−1 × 103) 9.42 99.32 82.79 0 0 9.59
Oscil cyan (cell mL−1 × 103) 191.43 467.20 220.33 16.79 0.26 2.79

Transp (Secchi m) 0.4 0.3 0.25 0.25 0.3 0.05
N-NO2

− (mg N L−1) 0.002 0.005 0.010 0.011 0.017 0.012
N-NO3

− (mg N L−1) 0.204 0.256 0.363 0.256 0.210 0.102
N-NH4

+ (mg N L−1) 0.007 0.028 0.034 1.00 1.95 0.25
TN (mg N L−1) 4.51 6.72 3.10 6.15 10.01 5.31

TON (mg N L−1) 4.293 6.21 2.70 5.14 7.84 4.95
SRP (mg P L−1) 0.003 <dl 0.008 <dl 0.288 <dl
TP (mg P L−1) 0.098 0.125 0.128 0.296 0.338 0.192

Temp: temperature; Cond: conductivity; Sal: salinity; Max depth: maximum depth; Transp: transparency; Phyto ab: phytoplankton
abundance; Harmful phyto: harmful phytoplankton abundance (based on the IOC UNESCO list); Oscil cyan oscillatorialean cyanobacteria;
N-NO2

−, N-NO3
−, N-NH4

+: nitrite, nitrate and ammonia nitrogen, respectively; TN: total nitrogen; TON: total organic nitrogen; SRP:
soluble reactive phosphorus; TP: total phosphorus; dl: detection limit.

3.2. Daphnia magna and Zooplankton Community Structure

The zooplankton community biomass increased until July, declined further on and
ranged from 39.07 µg L−1 (March) to 33.4 × 103 µg L−1 (July) (Figure 2). D. magna biomass
ranged from 0.57 µg L−1 to 31.45 × 103 µg L−1 and shaped the total zooplankton biomass
variations. Both female and male Daphnia individuals were recorded (Figure 2). However,
females were dominant during the whole period while males’ contribution to total Daphnia
biomass was only 4.8% and 2.6% in June and July, respectively (Table 2). During the peak
of its population D. magna consisted mainly of female individuals >1300 µm in body length
(Table 2). Especially, in July, smaller individuals were not recorded and female individuals
with body size 1901–2100 µm (26.4%) and 2101–2300 µm (24.5%) were dominant. Throughout
the study period, we observed a change in color of D. magna individuals (Figure 3). Almost all
individuals appeared with reddish coloration in June and July compared to beige coloration
of individuals in March and May.
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3.3. Protein Expression

The levels of HSPs and MAPKs in D. magna during the study period are depicted
in Figures 4 and 5. Specifically, the expression of HSP70 showed an increasing tendency
and the levels of HSP70 were found to be significantly lower in March compared to
the following months (one-way ANOVA followed by Bonferroni post hoc test; p < 0.01)
(Figure 4a). The expression of HSP90 decreased till June followed by an increase, while Bon-
ferroni test differentiated the HSP90 levels among samplings (one-way ANOVA followed
by Bonferroni post hoc test; p < 0.01) (Figure 4b).
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During the study period, the phosphorylation of p38 MAPK and p44/42 MAPK
followed a reverse pattern, i.e., decreasing levels of phospho p38 MAPK (p-p38 MAPK)
and increasing levels of phospho p44/42 MAPK (p-p44/42 MAPK) (Figure 5). Statistically
significant differences were found in the expression of phospho p38 MAPK and phospho
p44/42 MAPK (one-way mixed ANOVA; p < 0.01), and Bonferroni test differentiated the
months of the sampling period.

3.4. Interrelationships: Molecural Biomarkers and Environmental Parameters

The correlations between the molecular biomarkers and the water physicochemical
parameters and phytoplankton abundance are presented in Table 3. Significant interre-
lations (Spearman’s rho; p < 0.01) were found between HSP70 and HSP90, and phospho
p38 MAPK and phospho p44/42 MAPK. Additionally, HSP70 and HSP90 significantly
correlated with phytoplankton abundance and phospho p38 MAPK and phospho p44/42
MAPK correlated negatively and positively, respectively, with temperature, conductivity,
salinity, NO2

−, NH4
+, and TP (Table 2).
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Table 3. Spearman’s rank correlation results of molecular biomarkers, water physicochemical pa-
rameters and phytoplankton abundance. Significant correlation at the 0.01 level (** bold italics).
Abbreviations according to Table 1.

HSP70 HSP90 Phospho p38 Phospho p44/42

HSP70 1.000
HSP90 −1.000 ** 1.000

phospho p38 −0.800 0.800 1.000
phospho p44/42 0.800 −0.800 −1.000 1.000

pH −0.600 0.600 0.800 −0.800
Temp 0.800 −0.800 −1.000 ** 1.000 **
Cond 0.800 −0.800 −1.000 ** 1.000 **

Sal 0.800 −0.800 −1.000 ** 1.000 **
Max depth −0.738 0.738 0.949 −0.949
Phyto ab 1.000 ** −1.000 ** −0.800 0.800

Harmful phyto −0.738 0.738 0.738 −0.738
Oscil cyan −0.600 0.600 −0.800 0.800

Transparency −0.632 0.632 0.316 −0.316
N-NO2

− 0.800 −0.800 −1.000 ** 1.000 **
N-NO3

− 0.400 −0.400 −0.200 0.200
N-NH4

+ 0.800 −0.800 −1.000 ** 1.000 **
TN 0.600 −0.600 −0.800 0.800

TON 0.600 −0.600 −0.800 0.800
SRP −0.200 0.200 −0.400 0.400
TP 0.800 −0.800 −1.000 ** 1.000 **

4. Discussion

Changes in environmental conditions and ecological processes of inland waters in-
duced by natural and anthropogenic activities is a highly complex issue [2,44]. In a heavily
modified water body such as Lake Koronia, the study of species of the genus Daphnia
can be very useful in order to understand the mechanisms of adaptation of organisms
to disadvantageous environmental parameters in inland waters, since zooplankton com-
munity structure is highly affected by the anthropogenic activities [58]. Cladocerans
are among the most important biological entities that contribute to food web complex-
ity [59], while as non-selective filter feeders, can only reduce overall filtration rates under
harmful phytoplankton blooms by ingesting less food [4]. Despite the fact that there are
many studies describing phenotypic and genetic changes of Daphnia spp. to environmen-
tal stressors [10,11], information on the expression of specific stress response pathways
such as HSPs and MAPKs is still restricted. In the present study, we tested the hypoth-
esis that changes in environmental parameters will have an impact on the expression of
molecular biomarkers in D. magna. In order to figure out the potential effects of environ-
mental parameters on Daphnia, we also examined Daphnia’s changes in the zooplankton
community structure.

4.1. Daphnia magna in the Zooplankton Community

In order to figure out the potential effects of environmental parameters on Daphnia, we
also examined Daphnia’s changes in the zooplankton community structure. The presence of
D. magna in the zooplankton community of Lake Koronia has always been a factor affecting
the rest of the members of the community. It competitively excludes other filter feeders,
mainly rotifers [37,38,60], which is well expected as large-bodied D. magna have higher
filtering rates compared to the small-sized rotifers [61]. This effect is more pronounced
when Daphnia is recorded in high numbers, which at the same time, can affect Daphnia’s
reproduction mode. Under favorable environmental conditions, Daphnia reproduce without
males (asexual reproduction) [62,63]. The induction of sexual reproduction seems to be
triggered in response to high population density (overcrowding) [62,64,65] which was also
the case in our study. Even though Daphnia mainly consisted of female individuals, males
were recorded during the highest density of its population.
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Both biotic and abiotic factors have been recorded to affect D. magna in Lake Koronia.
More specifically, high pH values (>10), and the collapse and re-introduction of fish
populations have regulated the presence of D. magna in the community as well as the
size of its members, respectively [37,60]. In pH values above 10, Daphnia individuals and its
eggs and neonates show high mortality [66,67]. So, the very low biomass observed in spring
(under detection level in April–May) and September could probably be associated with the
high pH values (9.75–10.15) recorded in these periods. In addition, phytoplankton should
also be considered as a major factor affecting Daphnia populations since it is well known
that Daphnia is negatively affected by toxin-producing algae like Prymnesium parvum [68]
and toxic or non-toxic cyanobacterial filaments [69]. The recorded high abundances of the
latter throughout the period during which D. magna was absent actually confirm this trend.
On the other hand, the extremely high biomass levels and the presence of large-bodied D.
magna individuals recorded in summer (June–July) reflected a lower impact or absence of
fish predation pressure during this period [4]. Although we lack quantitative fish data, it
is well known that fish predation reduces zooplankton and shifts body size [70], an effect
that has been identified in Lake Koronia following fish introduction events in 2003 [37].
Noteworthy, the general public witnessed a new mass fish kill in Koronia in September
2019, with most fish in advanced decomposition stage.

Along with the changes in the community contribution of D. magna, its individuals
altered their color during the study period. In summer, the population comprised mainly of
red individuals. D. magna individuals appear in red coloration through a strong induction
of hemoglobin synthesis as a response to environmental hypoxia (low oxygen) [71] and
an acclimation to warm temperatures [72,73]. This mechanism provides them with a
survival advantage and concomitant tolerance to hypoxic conditions [71,74]. The red
individuals recorded in Lake Koronia might demonstrate that D. magna experienced low
oxygen conditions, decreasing further on with the rising of temperature. However, data
for the oxygen levels were not recorded during the sampling period.

4.2. Changes in Daphnia magna Protein Expression

Under these environmental conditions, we searched for changes in the expression of
members of the HSP family. As a response to various environmental pressures, elevated
levels of HSPs are expected in order to protect organisms from their impact [13,23,25,35].
Our results showed elevated levels of HSP70 and fluctuations in HSP90 expression patterns.
Similar to our results, many studies have found an up-regulation of HSP70 in Daphnia
species under the effect of stressors such as warm temperature, hypoxia, heavy metals and
fish predation [20,22,75–78]. However, others have reported, as a response to stressors,
an insignificant effect [21,79,80] or a down-regulation pattern [35,78,81]. In our study,
the significantly altered expression of HSPs, the elevated HSP70 and the variated HSP90
levels indicated that during the study period, D. magna in Lake Koronia experienced stress
conditions (e.g., high pH, low oxygen, harmful phytoplankton, nutrient enrichment) that
triggered the activation of these defense mechanisms.

During the study period in Lake Koronia, we recorded seasonal increase in tem-
perature, salinity increase following decrease of lake water volume, and very high pH
values, nutrient concentrations and phytoplankton abundances. Considering these envi-
ronmental parameters, the expression of HSPs were correlated only with phytoplankton
abundance. It is well known that food availability is an important parameter influencing
Daphnia populations in the field [14], since phytoplankton quantity and quality affect
their filtering and feeding rates [4,82], survival, growth and reproduction [83]. In Lake
Koronia during this study, phytoplankton was a cocktail of abundant known toxic taxa,
such as Anabaenopsis and Arthrospira species (Cyanobacteria), and the known as killer alga
Prymnesium parvum. Harmful algal and cyanobacterial blooms have often been reported
in the lake to contribute to a very high phytoplankton biomass which is indicative of a
degradation in the lake’s water quality [36]. Recently, the effect of food availability has
been examined on the expression of HSP90, setting food deprivation as a stressor upon



Water 2021, 13, 283 11 of 16

an acute heat stress [81]. Klumpen et al. have shown continuous increased HSP90 levels
in well-fed Daphnia populations, whereas starved animals showed an earlier maximum
level followed by a decline [81]. In our case, the pattern of HSPs might have been affected
by the phytoplankton abundance along with its bad quality (known toxic P. parvum and
filamentous cyanobacteria unsuitable for consumption) and the increasing temperature.
However, in natural populations, organisms are exposed to a plethora of stressors having
interactive effects which are difficult to predict [15,84]. Hence, the impact of phytoplankton
may interact with other environmental factors which often co-vary and might affect the
HSP protein expression in order to protect D. magna from their impact.

Although organisms living in stressful habitats require frequent induction of HSPs,
the synthesis of HSP is energetically costly [77]. Therefore, there are cases where in order to
minimize their costs, those organisms probably down-regulate the heat-shock response, and
depend mostly on constitutive HSP levels instead [24,77]. Thus, it is also possible that D.
magna partly limits its costs for the expression of HSP90, probably investing more energy in
other factors such as life-history traits (survival, growth, reproduction) and/or production
of hemoglobin; the latter was evident during the summer period of our samplings when
large-bodied and red-colored D. magna individuals were recorded in high biomass.

Along with the activation of HSPs under stress conditions, the mitogen-activated
protein kinases (MAPKs) can be phosphorylated [29,85]. As one of the most thoroughly
studied signal transduction pathways in many organisms, the activation of MAPK members
has been confirmed to play a vital role in those pathways linking extracellular signals to
intracellular processes [86]. Concerning MAPKs, the present results revealed a differential
activation of MAPKs, indicating a reverse expression of phosphorylation levels of p38
MAPK and p44/42 MAPK. These findings suggest that the inhibition of phospho p38 and
the activation of phospho p44/42 MAPK in D. magna might be probably related to the
lake’s changing conditions acting as potential stressors. Each activated MAPK is involved
in many biological processes by regulating vital signal cascades via phosphorylation of
target proteins in response to a variety of factors such as thermal and oxidative stress,
irradiation, chemicals and increased salinity [28,29,33]. In several marine zooplankton
organisms (copepods and rotifers), the activation of MAPK members is associated with
various environmental stressors (e.g., ultraviolet B radiation, metals, polystyrene nano-
microplastics) [29,86–90]. Nevertheless, some stressors have been found not to affect
the MAPK proteins, thus resulting in no significant changes in their profile [86,89,90].
However, our knowledge on how stressful factors influence the activation of MAPK
members in Daphnia spp. is still limited. Only the effects of polystyrene nanoplastics on
MAPK pathways of Daphnia is known, showing a dose-dependent increased MAPK protein
expression in most cases [31,34] or a reverse expression [34].

A number of studies suggest that MAPK cascades are involved in the regulation of
HSPs. Particularly, in mammalian [91–93] and fish tissues [94] as well as in aquatic inver-
tebrates [95], a direct relationship between phosphorylation of p38 MAPK and induction
of HSP70 has been shown, through the presence of p38 MAPK inhibitor. However, other
studies have shown no correlation between the activation of HSP70 and the phosphoryla-
tion of p38 MAPK, either under the presence of p38 MAPK inhibitor [96] or not [28,97]; this
pattern is in accordance with our results. In addition, the fact that in D. magna the increased
phosphorylation levels of p44/42 MAPK were in parallel with the elevated HSP70 levels
provides support of the induced activation of HSP70 via the phosphorylation of p44/42
MAPK, which agrees with many previous findings [92,98–100]. Still, in order to understand
if the activation of MAPKs is essential for the adaptation of Daphnia to stressors through
the induction of HSP70, further investigation is required.

In the present study, for the first time, we attempted to assess the expression of
members of the MAPK family of D. magna as a response to environmental changes. Both
MAPK members showed strong correlation with temperature, conductivity, NO2

−, NH4
+,

and TP suggesting that these factors could transiently affect, positively or negatively,
the expression patterns of MAPK-activating proteins in D. magna. It is long known that
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higher temperature [101,102], increasing salinity (and therefore conductivity) [103], high
phosphorus [104] and high ammonia levels [105] might impact the survival, growth rate,
fecundity and longevity of Daphnia populations. Hence, the phosphorylation pattern of
p38 MAPK and p44/42 MAPK recorded in the present study reveal that these factors act as
stressors that can trigger the activation of members of the MAPK family. However, in nature,
the environmental and anthropogenic stressors usually interact in an additive, synergistic,
or antagonistic manner [15]. Understanding their interactive effects is a huge challenge in
studying the impacts of environmental stressors on organisms, since in most laboratory
studies, the evaluated trade-offs are merely associated with one trait [15,106]. Contrary
to the large body of studies concerning changes in behavior characteristics of Daphnia
members responding to those stressors, to date there is no available information regarding
the MAPK expression patterns. To shed some light into this, laboratory experiments are
required to test whether and how those factors can affect the expression of MAPKs, as well
as to reveal the possible extant of interactions among them.

5. Conclusions

In the present study, we provide evidence related to the in situ expression of stress
protein levels (HSPs and MAPKs) in a natural population of D. magna, as fluctuations of
protein levels were observed during the sampling period. These findings suggest that HSP
and MAPK expression have the potential to be used as ecological biomarkers of stress
factors in Daphnia. The differential response of HSP and MAPK members to stressors,
remarks on a different mode of action for these molecules in the cellular defense process
and signaling pathway, respectively, under the effect of changing conditions in the natural
environment. In order to better understand the adaptation proteins’ levels in organisms
when exposed to unstable environmental factors, insight into the organisms’ ability to cope
with certain stressors and the concomitant trade-offs among them are required.
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