Anticancer agents found in environment affect Daphnia at population, individual and molecular levels 
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Abstract: Pharmaceuticals are used in medical treatment on a large scale and as a waste contaminate freshwater ecosystems. Growing amount of so-called civilization diseases, such as different type of cancer, significantly contribute to this form of pollution. The aim of the present study was to determine how the exposure to chemotherapeutics: cyclophosphamide (CP) and cisplatin (CDDP), at detected in environment concentrations, influence proteome profile, life history and population parameters of naturally setting surface waters Daphnia pulex and Daphnia pulicaria. The parameters important for crustaceans, survivorship and population growth rate, were importantly decreased by CDDP treatment but not influenced by CP. On the contrary, the individual growth rate was affected only by CP and exclusively in the case of D. pulicaria. In both clones treated with CP or CDDP, decreased number of eggs was observed. Interestingly, Daphnia males were less sensitive to tested chemotherapeutic than females. Proteome profile revealed that tested anticancer pharmaceuticals modified expression of some proteins involved in Daphnia metabolism. Moreover, males exposed to CDDP showed increased level of enzymes participating in DNA repair. Summing up, the contaminating environment chemotherapeutics reduced fitness of naturally occurring Daphnia species. In consequence this may affect functioning of the aquatic food webs.
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1. Introduction
Human’s activity lead to environment contamination, also by introduction of whole variety of chemicals including those used in medical treatment. Clofibric acid was the first pharmaceutical detected in sewage water in the United States (1970s). Recently, the use of pharmaceuticals and their accessibility dramatically increased contaminating freshwater ecosystems especially nearby human agglomerations (Hughes et al., 2013; Osorio et al., 2016).
There are more than 3 000 substances used in human medicine. The consumption, prescription and production of medicines increases (Bernhardt et al., 2017; Kookana et al., 2014) People more often suffer from of so-called civilization diseases like asthma, atherosclerosis, obesity, type 2 diabetes, heart disease, depression osteoporosis, stroke, or cancer. 
Various cancer types are treated by alkylating agents that represent the oldest class of anticancer factors. Despite the introduction of modern therapies based on precise targeting, alkylating agents are still in use, thus significantly contribute to the contamination freshwater ecosystems (Zhang et al., 2013). These substances alkylate nucleic acids creating modified products that if not removed by cellular repair systems can be toxic or mutagenic to the cell, start cancerous transformation in higher organisms or cause cell death. There are several class of alkylating agents used in chemotherapy: mainly methylating (e.g., temozolomide), chloroethylating (e.g., chloroethylnitrosoureas), platinum derivatives (e.g., cisplatin) and oxazaphosphorines (e.g. cyclophosphamide). In the present study we used two anticancer agents, cyclophosphamide and cisplatin. Cyclophosphamide (CP) acts through its metabolite, phosphoramide mustard creating DNA crosslinks at N-7 position of guanine. This damage is irreversible, affects DNA replication, and leads to cell apoptosis. CP as chemotherapeutic is in use to treat leukemia, malignant glioma (also in combination with irinotecan (Tyminski et al., 2005), solid tumors and sarcoma. 
Cisplatin (CDDP) is a member of platinum-derived drugs classified as alkylating-like substance, since it has no alkyl group and cannot carry out alkylating reactions. These platinum compound form highly reactive platinum complexes binding nucleophilic groups in DNA, creating DNA-DNA and DNA-protein crosslinks, resulting in apoptosis and inhibition of cell growth (Kartalou and Essigmann, 2001a, 2001b). Interference with DNA replication kills the fastest proliferating cells, assessed as carcinogenic, thus, it is used in the treatment of several types of malignant tumors.
Consumed pharmaceuticals, and anticancer drugs among them, are excreted as unchanged chemical or as metabolites. Chemicals of changed structure can be further transform in the organism or return to original active state after bonding with other metabolites (Halling-Sorensen et al., 1998), and in both cases can still be active. Sewage from households and hospitals goes to sewage treatment plants (STP) or directly to the environment, especially in less developed countries. Pharmaceuticals become serious environmental pollutants because of low efficiency in the exclusion of certain medicaments from sewage in STP. Several data indicate the elimination effectiveness on the level from 0 to 100 % depending on the substance (Sosnowska and Styszko-Grochowiak, 2009; Wennmalm and Gunnarsson, 2009). This estimation is, however, uncertain taking under consideration that the elimination process depends upon several conditions, thus is highly variable and depends on pharmaceutical composition and technology used in STP as the most important. 
The appearance of non-monitored pollutants in freshwater creates the risk of unpredictable effects on whole ecosystem. Moreover, constant delivery of pharmaceuticals to the environment leads to chronic exposure of aquatic organisms to chemical substances, often posing a direct threat to them (Van Donk et al., 2016). The question remains whatever chronic exposure to anticancer medicine at concentration detected in the environment exerts a negative effect on so-called non-target organisms (Heath et al., 2016). Namely, does a cytostatic medicine interferes with organism structure and the functioning of their DNA. Generally, these pharmaceuticals, even at low concentration, may affect living organisms taking under consideration their specific mode of action (Parrella et al., 2014).
Central position in freshwater trophic networks is occupied by the primary consumers such as Daphnia genus, a filter feeding cladoceran. Daphnia sp. occupy middle position in trophic web in this way that it controls algal biomass (Sommer et al., 1986), and on the other hand, together with other planktonic animals, constitute the crucial food for planktivorous fish. Changes in any fitness parameters caused by the presence of pharmaceuticals influences planktonic crustaceans and indirectly functioning of the aquatic food webs.
Moreover, this crustacean is a model organism applied to describe phenotypic plasticity (Ebert et al., 1993; Lampert, 1993). Daphnia can reproduce both sexually and asexually. Males require receptive females to reproduce, while females can also reproduce alone through parthenogenesis. Males differ from females morphologically and physiologically (Mitchell, 2001), however, they have the same genotype (Hebert and Ward, 1972). Both sexes seems have dissimilar life strategies to increase their fitness (for details see e.g. (Pietrzak et al., 2018). Exposing males and females of the same clones gives unique opportunity to test the same genotype expressed in two phenotypes. 
The aim of the present study was to determine how the exposure of Daphnia pulex and Daphnia pulicaria to low concentrations of CP and CDDP influences proteome profile, changes life history and population parameters. Additionally, effect of CDDP on D. pulicaria males was examined.
2. Materials and Methods 
2.1 Pharmaceutical materials
Two pharmaceuticals administered in cancer chemotherapy: cyclophosphamide monohydrate (CP; SIGMA C7397-1G) and cis-platin (CDDP; TCI Europe, D3371) were used in the study. Stock solutions of both the CP and the CDDP were prepared by suspending 1 mg of CP and CDDP in 1 mL of de-ionized water and vortexing the solutions until complete dissolve. Stock solutions were stored at 4ºC in dark. The working concentrations were as follows: 35.8 pM of CP and 333 pM of CDDP, and resemble those found in freshwater ecosystems (Kosjek and Heath, 2011).
2.2 Daphnia species
Daphnia pulex and Daphnia pulicaria were used in the experiment. D. pulex originated from Czerna Struga pond (Poland, 53°41'59.3"N 21°55'37.8"E) and D. pulicaria originated from Nechranice water reservoir (Czech Republic, 50°22'14.7"N 13°25'07.0"E). Experimental monocultures were established by isolating a single female of each clone from the clone library of Department of Hydrobiology UW. Second clutch neonates of each subsequent generations were used for further breeding and in the experiment. To standardize the pre-experimental conditions, animals of each clone were cultured for at least three generations in the laboratory prior to the experiment. Both pre-experimental and experimental daphnides were cultured under controlled, constant conditions: in the temperature-controlled water bath (20°C ± 0.5°C), summer photoperiod (16L:8D; with dim light, 0.30±2 μmol s-1 m-2), fed daily with green algae, Acutodesmus obliquus at the non-limiting growth concentration of 1 mg Corg L-1 (Lampert, 1987), Daphnia were fed daily, culture medium was changed every other day. The lake water, originating from Szczęśliwice (Warsaw, Poland), was aerated for at least 4 weeks and filtered through a 0.2 μm capsule filter prior the use. The animals were treated with 35.8 pM of CP and 333 pM of CDDP added to the medium. Medium without pharmaceuticals was used as a control. The experimental media were prepared with a fresh dose of CP and CDDP to avoid the problem of CP/CDDP decay. During the experiment for each treatment there were 15 replicates of animals for which the life history parameters were observed. Five out of 15 replicates were taken to determine body mass. Additionally, there were four replicates to designate the proteome analysis. Daphnides preserved for life history parameters determination were kept individually in 100 ml glass vessels while each replicate for proteome analysis consisted of 20 individuals in the 1000 ml vol. of medium. Proteome analysis was performed with five-day old daphnides at 20ºC. This age corresponds to pre-adult instar in which females are sexually mature but there are no eggs in the brood chamber. Individuals for life history and body mass analysis were cultured until first reproduction. Both clones were tested simultaneously.
Switching to male offspring production and sexual reproduction were induced by crowding (a factor known as inducing such a switch) and was successful only for individuals of D. pulicaria (clone N). Thus, both females and males of D. pulicaria were tested; however, due to low number of males, only control and CDDP treatment were performed.
2.2.1 Daphnia life history and population parameters 
The survival rate was specified by counting the alive Daphnia every 24 h, starting from the experiment beginning until first reproduction. Age at first reproduction (AFR) was noted and number of eggs counted intravitally. The age at first reproduction and the number of eggs were determined for all 15 individuals per treatments. Out of 15 replication the subsample of 5 animals collected within 24 h after laying eggs into brood chamber, were dry-weighted. Ten remaining individuals were kept until realizing first-clutch neonates from brood chamber to assess the possible mortality. 
Juvenile somatic growth rates (g) were calculated via increased dry mass of the Daphnia, between the beginning of the experiment with <12-hour old (Wt0) animals and the day  females laid eggs into brood chamber (Wt1) with the equation (Lampert and Trubetskova, 1996):
 
The body mass in t1 was obtained by weighting the primiparous Daphnia (and for clone N from the males of the same age as primiparous females) - one individual per weighing bottle. The animals were weighed using an Orion Cohn C-35 Microbalance Thermo Scientific (exact to within 0.1 µg).
Population growth rate (r) was calculated by iterative approximation of Lotka's equation (1 = Σ e-rx lxmx), where lx is the age-specific survivorship, and mx is the age-specific per capita fecundity. 
2.2.2 Mass spectrometry analyses of protein profiles 
Analyses were performed on juvenile (5-day old) animals without eggs of both species. First, in order to clean their guts, three experimental groups, control, CP and CDDP –treated animals, were placed in a medium without food or pharmaceuticals. Each sample was then prepared in quadruplet, each containing 20 Daphnia individuals. The Daphnia were then homogenized in RIPA buffer with protease inhibitor cocktail. The homogenate was centrifuged (30 130 x g) and the supernatant was analyzed for protein content using the Bradford assay (Bradford, 1976). The protein extracts were subjected to the mass spectrometry analysis performed in the Mass Spectrometry Laboratory (IBB, Warsaw, Poland).
2.2.2.1 Sample preparation for mass spectrometry analysis
Protein clean-up and digestion was performed using single-pot solid-phase-enhanced sample preparation (SP3 with minor modifications) (Hughes et al., 2014). 10 µg of each protein sample was diluted up to 50 µl with 10 mM HEPES buffer. Cysteine residues were reduced by 1 hour incubation with 5 mM tris(2- carboxyethyl)phosphine (TCEP) at 60oC followed by 30 min incubation with 10 mM iodoacetamide (IAA), in dark at room temperature. Magnetic beads mix was prepared by combining equal parts of Sera-Mag Carboxyl hydrophilic and hydrophobic particles (09-981-121 and 09-981-123, GE Healthcare, USA). Beads mix was washed three times with MS-grade water and resuspended in a working concentration of 10 µg/µl. 8 μl of the prepared bead mix, along with 3 µl 10% formic acid and 400 µl acetonitrile were added to each sample. Proteins were bound to beads by 30 min mixing, followed by 15 min incubation on neodyminum magnetic rack. Liquid was discarded and the pelet was rinsed with 70% ethanol in water and 100% acetonitrile. Beads were resuspended in 25 µl 50 mM HEPES pH 8.5 with 0.4 µg of trypsin/LysC mix (Promega, Germany). Samples were incubated with enzymes for 18 hours in 37oC. After digestion, beads were mixed thoroughly and acetonitrile was added to a final concentration of 97%. Samples were vortexed for 20 min and left for 15 min on a magnetic stand. The beads were rinsed twice with 100% acetonitrile. Tryptic peptides were eluted from the beads by washing with 100 µl of water, 60 µl of 2% DMSO in water and again 100 µl of water. Samples were dried in SpeedVac until the liquid was completely evaporated. Peptides were reconstituted in 0.1% TFA with 2% ACN and subjected to LC-MS/MS analysis.
2.2.2.2 Mass spectrometry
2 µg of peptides from each sample was analysed using LC-MS system composed of an UPLC chromatograph (nanoAcquity, Waters) directly coupled to a Q Exactive mass spectrometer (Thermo Scientific). Peptides were trapped on C18 pre-column (180 µm x 20 mm ,Waters) using 0.1% FA in water as a mobile phase and then transferred to a nanoAcquity BEH C18 column (75 µm x 250 mm, 1.7 µm, Waters) using ACN gradient (0-35% ACN in 160 min) in the presence of 0.1% FA at a flow rate of 250 nl/min. Data acquisition was carried out using a data-dependent method with top 12 precursors selected for MS2 analysis after collisional induced fragmentation (CID) with an NCE of 27. Full MS scans covering the mass range of 300–2000 were acquired at a resolution of 70,000 with a maximum injection time of 60 ms and an AGC target value of 1e6. MS2 scans were acquired with a maximum injection time of 60 ms and an AGC target value of 5e5 with an isolation window of 3.0 m/z. Dynamic exclusion was set to 30 s. 
2.2.2.3 Analysis of mass spectrometry data
The acquired MS/MS data were preprocessed with Mascot Distiller software (v. 2.6, MatrixScience, London, UK) and searched with the Mascot Search Engine (MatrixScience, London, UK, Mascot Server 2.5) against the joint database composed of D. pulex proteins deposited in Uniprot database (date: 1/31/2018; 30,137 sequences; 9,947,364 residues) and complete Swissprot database (date: January 2018; 556,568 sequences; 199,530,821 residues) to account for possible contaminations. The rest of peptide/protein identification and label-free quantification data processing was performed essentially as in  (Malinowska et al., 2012). with small modifications concerning enzyme specificity in Mascot search (Trypsin) and the source of quantitative values (LC-MS/MS runs instead of profile LC-MS measurements). 
Venn diagrams were prepared with the webtool (http://bioinformatics.psb.ugent.be/webtools/Venn).
The proteins analyzed were annotated according to UniProt database (Bateman et al., 2017). 2.3 Statistical analysis
Data were analysed using an ANOVA model and Proportion test. All analyses were carried out using the software programs Statistix 9 and Origin.
3. Results
3.1 Daphnia life history and population parameters 
Pharmaceuticals, CP and/or CDDP, significantly affect Daphnia measured parameters: survivorship, number of eggs, growth rate, and population growth rate (Table 1, Figure 1).

Table 1 Two way ANOVA testing the effect of genotype (Cs and N clone) and pharmaceuticals (cyclophosphamide, cisplatin) on life history (number of eggs, growth rate) and population (population growth rate) parameters.
	Variable
	Factor
	df
	F
	p-value

	Number of eggs
	 
	 
	 
	 

	n=16
	Clone (C)
	1
	3.75
	0.0566

	
	Pharmaceutical (P)
	2
	22.89
	<0.001

	
	C x P
	2
	0.65
	0.5259

	
	Error
	80
	
	

	
	
	
	
	

	Growth rate
	 
	 
	 
	 

	n=5
	Clone (C)
	1
	0.36
	0.5569

	
	Pharmaceutical (P)
	2
	7.52
	<0.01

	
	C x P
	2
	1.49
	0.2477

	
	Error
	22
	
	

	 
	 
	 
	 
	 

	Population growth rate (r)
	 
	 
	 

	n=16
	Clone (C)
	1
	5.90
	<0.05

	
	Pharmaceutical (P)
	2
	11.07
	<0.001

	
	C x P
	2
	2.34
	0.1023

	
	Error
	84
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Figure 1. Population and life history parameters of Daphnia pulex and Daphnia pulicaria females (♀) and males (♂) (Clone Cs, Clone N).  Percentage of alive animals reaching the age of first reproduction (A), average ± SD number of eggs per female (B), individual (C) and population (D) growth rate cultured without pharmaceutical (white bar), in the presence of CP (dotted bar), or CDDP (striped bar). Significant differences (P < 0.05) in survivorship are indicated by a star (Proportion test) or by different letters among treatments (two-way ANOVA, post hoc Tukey HSD). 

Survivorship was significantly affected by the one of tested pharmaceuticals (Figure 1A). Daphnia cultured in the presence of CDDP showed lower survivorship in comparison to non-treated animals (Proportion test, corrected p=0.0144). No statistically significant CP effect on survivorship was detected (Figure 1A, proportion test, corrected p=0.4938). 100% of Daphnia N clone and 87.5% of Cs clone individuals survived in the presence of this alkylating agent.
Both clones, Cs and N, differed in survivorship (Proportion test, corrected p=0.0129). The survival of D. pulicaria N clone reached almost 94% when cultured with CDDP. D. pulex Cs clone individuals survivorship until first reproduction was on the level of 62.5% in the presence of this pharmaceutical. Thus, CDDP at environmental concentrations can be determined as toxin to freshwater crustaceans.
The number of eggs produced at first reproduction by animals from both clones decreased in Daphnia exposed to pharmaceuticals in comparison to non-treated individuals (Table 1, Figure 1B). Tukey HSD post hoc analysis (at α = 0.05) revealed that the number off eggs was different in animals cultured with CP (avr 6.71) or CDDP (avr 7.46) in comparison to the control (avr 9.75).
As expected, non-treated D. pulex and D. pulicaria showed statistically different growth rate (Tukey HSD post hoc analysis at α = 0.05; 0.459 and 0.430, respectively). Individual growth rate was affected by CP in D. pulicaria only (Table 1, Figure 1C). The N clone individuals cultured with CP showed statistically higher growth rate (Tukey HSD; avr 0.486) when cultured with CP in comparison to non-treated animals (0.430). Daphnia treated with CDDP in both tested clones presented the same growth rate (avr 0.439). 
Population growth rate (r) was affected by CDDP in both tested clones (Table 1, Figure 1D). Higher individual growth due to CP presence in animals from N clone did not translate to higher population growth rate (r). Tukey HSD post hoc analysis (at α = 0.05) disclosed statistically lower by 37.8% and 14.5% population growth rate for D. pulex and D. pulicaria exposed to CDDP in comparison to control animals.
3.1.1 Males and Females
Daphnia males and females showed the same survivorship independently on the presence or absence of CDDP (Figure 1A), and no mortality was observed. As expected, males and females showed statistically different growth rates (Tukey HSD; 0.430 and 0.269, respectively; Table 2. Figure 1C). Nevertheless, the analysis of variance did not reveal pharmaceutical effect on the growth rate of Daphnia males: 0.269 for control and 0.283 for CDDP treated individuals (Table 2).
Table 2 Two way ANOVA testing the effect of sex (female, male) and pharmaceuticals (cyclophosphamide, cisplatin) on life history parameters (growth rate, size at first reproduction).
	Variable
	Factor
	df
	F
	p-value

	Growth rate
	 
	 
	 
	 

	n=5
	Sex (S)
	1
	186.79
	<0.001

	
	Pharmaceutical (P)
	1
	0.96
	0.3439

	
	S x P
	1
	0.05
	0.8266

	
	Error
	15
	
	

	
	
	
	
	

	Size at first reproduction
	 
	 
	 
	 

	n=16
	Sex (S)
	1
	709.14
	<0.001

	
	Pharmaceutical (P)
	1
	3.82
	0.0561

	
	S x P
	1
	3.30
	0.0749

	
	Error
	52
	
	

	 
	 
	 
	 
	 


3.2 Proteome differences in D. pulex and D. pulicaria treated with CP or CDDP
The differential analysis of D. pulex Cs clone identified 124 up to 126 proteins changed in treated organisms, with 2 (CP) to 5 (CDDP) with statistical significance q value < 0.129 (Table 3, 4).

Table 3. Proteins with changed expressions in the D. pulex (A) and D. pulicaria (B) clones treated with CP.
	A. Daphnia pulex, Cs clone

	no
	protein
	q value
	ratio
	FC
	des
	Description

	1
	E9G374

E9G382
	0.00209
	1.64
	1.64
	UP

UP
	Spaetzle, growth factor required for central nervous system development (Hoffmann et al., 2008; Morisato and Anderson, 1994; Weber et al., 2003)

	2
	E9FU18
	0.12900
	0.75
	1.34
	UP
	Protein with carboxylic ester hydrolase 

	B. Daphnia pulicaria, N clone

	no
	protein
	q value
	ratio
	FC
	des
	Description

	1
	E9H4P1
	NA
	only in treated animals
	NA
	UP
	· Structural constituent of cuticle

	2
	E9H258

E9I284
	NA
	only in treated animals
	NA
	UP

UP (Fragment)
	Structural constituent of extracellular matrix with the following domains
C-terminal domain of C1q, C terminus of fibrillar collagen, and tumor-necrosis factor-like domain

	3
	E9FS47
	0.00493
	1.47
	1.47
	UP
	Calbindin-32, with several calcium binding domains, involved in the regulation of cellular concentration of calcium, especially in the nervous system (Reifegerste et al., 2018)

	4
	E9FU19
	0.02405
	0.68
	1.47
	UP
	Protein with carboxylic ester hydrolase

	5
	E9GAI3
	0.02629
	0.83
	1.20
	UP
	Extracellular metallocarboxypeptidase

	6
	E9G3L4
	0.02718
	1.53
	1.53
	UP
	Actin and calcium ion-binding protein with calponin-homology domain

	7
	E9HAB0
	0.03413
	1.23
	1.23
	UP
	Vinculin, protein with actin binding capacity, taking part in cell adhesion, also interacting with talin and alpha-actinins (Bays and DeMali, 2017; Otto, 2005)

	8
	E9GRE9
	0.05200
	0.62
	1.62
	UP
	Protein with many immunoglobulin-like domains

	9
	E9G1N7
	0.16440
	0.84
	1.19
	Angiotensin-converting enzyme
	Membrane metallopeptidase, peptidyl-dipeptidase


Table 4. Proteins with changed expressions in the D. pulex (A) and D. pulicaria females (B) and males (C) clones treated with CDDP.
	A. Daphnia pulex, Cs clone

	no
	protein
	q value
	ratio
	FC
	des
	Description

	1
	E9HPK3

E9HPK7

E9HPK2

E9HPK6
	NA
	only in control animals
	NA
	UP

UP

UP

UP
	Structural constituent of cuticle

	2
	E9FUV9
	0.00156
	0.42
	2.38
	Protein disulfide-isomerase (PDI)
	Thioredoxin involved in the maintenance of cell redox homeostasis. PDIs can have chaperonin-like activity towards protein not containing disulphide bonds (Holmgren, 1995, 1989; Martin, 1995; Song and Wang, 1995)

	3
	E9H5Z2
	0.01052
	0.83
	1.20
	Calmodulin
	

	4
	E9FYB8
	0.02283
	0.47
	2.12
	UP
	Extracellular chitinase

	5
	E9G374

E9G382
	0.03898
	1.49
	1.49
	UP

UP
	Spaetzle, growth factor required for central nervous system development (Hoffmann et al., 2008; Morisato and Anderson, 1994; Weber et al., 2003)

	B. Daphnia pulicaria, N clone, females

	no
	protein
	q value
	ratio
	FC
	des
	Description

	1
	E9H4P1
	NA
	only in treated animals
	NA
	UP
	Structural constituent of cuticle

	2
	E9H258

E9I284
	NA
	only in treated animals
	NA
	UP

UP (Fragment)
	Structural constituent of extracellular matrix with the following domains C-terminal domain of C1q, C terminus of fibrillar collagen, and tumor-necrosis factor-like domain

	3
	E9G2W4
	0.12597
	0.67
	1.48
	UP
	Actin and calcium ion-binding protein with 2 calponin and many filamin domains

	4
	E9H130
	0.14000
	0.77
	1.30
	Angiotensin-converting enzyme
	Membrane metallopeptidase, peptidyl-dipeptidase

	5
	E9FUS9
	0.14500
	0.69
	1.45
	Histone H4
	· 

	B. Daphnia pulicaria, N clone, males

	no
	protein
	q value
	ratio
	FC
	des
	Description

	1
	E9GHL6

E9HPL1
	NA
	only in treated animals
	NA
	UP
	Structural constituent of cuticle

	2
	E9GLL0
	NA
	only in treated animals
	NA
	UP
	Protein containing ubiquitin-associated and ubiquitin-like domains. Ubiquitin-associated domain occurs in many unrelated proteins taking part in the ubiquitin/proteasome pathway, DNA excision-repair (e.g. nucleotide excision repair), or cell signaling via protein kinases (Mueller and Feigon, 2002)

	3
	E9GLZ1
	NA
	only in control animals
	NA
	Chymotrypsin

-like protein
	Serine protease

	4
	E9I319
	0.00910
	0.34
	2.94
	Endoribonuclease-like protein
	Protein with endoribonuclease EndoU activity, poly(U)-specific, involved in RNA processing, e.g. production of a subclass of small nucleolar RNAs taking part in ribosome biogenesis (Gioia et al., 2005; Laneve et al., 2008; Lee et al., 2017; Renzi et al., 2006)

	5
	E9H1L2
	0.05341
	0.35
	2.87
	Endoribonuclease-like protein
	Protein with endoribonuclease EndoU activity, poly(U)-specific, involved in RNA processing, e.g. production of a subclass of small nucleolar RNAs taking part in ribosome biogenesis (Gioia et al., 2005; Laneve et al., 2008; Lee et al., 2017; Renzi et al., 2006)

	6
	E9FUS9
	0.18162
	1.46
	1.46
	Histone H4
	


D. pulex Cs clone reacted to both mutagens by slightly increasing the amount of Spaetzle ligands (nerve growth factor-like ligands for the Toll receptor). Other statistically significant changed proteins tend to be less abundant in the treated organisms. These include: carboxylic ester hydrolase and chitinase (both extracellular), protein disulfide isomerase (thioredoxin), and calmodulin.
The differential analysis of D. pulicaria N clone identified 126 up to 128 proteins, and 137 from males, changed in the treated organisms, with 9 (CP) and 5 (CDDP), or 5 in the case of males, with statistical significance q value < 0.182 (Table 4).
The response of female individuals to both mutagens was quite similar (Figure 2). The fibrinogen-like (C-terminal) protein and tumour necrosis factor-like domain superfamily was present only in treated organisms. Other proteins characteristic to females treated with CP included: EF-hand domain containing protein, 4 x calponin homology (CH) domain containing protein, and vinculin that were increased; and carboxylic ester hydrolase and metallocarboxypeptidase (both extracellular), DUF116 (Domain of Unknown Function), and membrane peptidyl-dipeptidase A (similar to angiotensin converting enzyme) that were decreased.
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Figure 2. A Venn diagram of common proteins with significantly (q value < 0.1) changed levels in D. pulex and D. pulicaria treated with CP or CDDP.

On the other hand, in female individuals in the presence of CDDP, the 2 x calponin homology (CH) domain containing protein, membrane peptidyl-dipeptidase A, and the histone H4 concentration decreased.
Male individuals treated with CDDP respond in a different way than females (Figure 3). The UBA domain containing protein was found only in the presence of the mutagen in organisms. This domain is characteristic to e.g. DNA nucleotide excision repair enzymes like yeast Rad32A, ubiquitin/proteasome pathway, and cell signalling via protein kinases. On the other hand, the EndoU was quite significantly decreased, on the contrary to histone H4. Chymotrypsin-like protein disappeared after treatment.
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Figure 3. A Venn diagram of common proteins with significantly (q value < 0.1) changed levels in D. pulicaria females (♀) and males (♂) treated with CDDP.
The proteome analysis of D. pulex and D. pulicaria, CP and CDDP treated, showed the importance of neuronal and developmental proteins (Spaetzle ligands, fibrinogen-like), endoribonuclease EndoU – a snoRNA generating enzyme, calponin domain containing proteins, protein related to the cytoskeleton like actin, paramyosin, and vinculin, and extracellular carboxylic ester hydrolase.
D. pulex reacted in different way than D. pulicaria when grown in the presence of tested chemicals. The CDDP treatment led to slightly more significant changes than CP.
Although the analysed proteins were statistically significantly changed, the level of these changes was not considerable, ranging from 0.34 to 0.84 for proteins with decreasing concentration in treated individuals, and from 1.23 to 1.64 for proteins with increased amount in organisms in the presence of the pharmaceutical tested (Table 3, 4).
4. Discussion
In this study, we tested an impact of anticancer pharmaceuticals, CP and CDDP, at concentrations registered in the environment, on proteome, life history and population parameters of Daphnia pulex and Daphnia pulicaria clones (Figure 1, 2). For the first time the effect of environmental concentrations of CDDP on Daphnia were evaluated. Although the influence of CP on life history parameters and proteome were previously described for three Daphnia magna clones (Grzesiuk et al., 2018), here we completed these observations with CP effect on another two Daphnia species: D. pulicaria and D. pulex . They are closely related, readily hybridize therefore belonging the ‘‘pulex complex’. Individuals of both species are smaller than D. magna which allows them to coexist with fish, an eyesight using predator. D. pulicaria is generally considered as the “lake pulex” as it can inhabit large water bodies. D. pulex occurs in a wide range of aquatic habitats, although it is most closely associated with small, shaded pools (Brandlova et al., 1972). In turn, D. magna is the largest species in the genus that can be found in fishless lakes and shallow ponds, rich in organic matter sediment, usually found in urban ecosystems. It is a model organism for ecotoxicological studies, while D. pulex and D. pulicaria are a keystone organism occupying central position in freshwater trophic networks in ponds and lakes. These species are typically the principal grazers of algae, bacteria, protozoa, and the primary forage of fish. To evaluate the response of ecosystems to environmental changes, Daphnia species are widely utilized as an indicator of these changes. Both anticancer pharmaceuticals, CP and CDDP, showed different effects on parameters tested i.e survivalship, population and individual growth rate (Figure 1). CDDP effects Daphnia Cs clone survivalship most probably through the elevated level of disulfideisomerase (PDI) can lead to increased mortality of Cs clone. Growing pool of evidences suggests that PDI is actively involved in proliferation, survival, and metastasis of several types of cancer cells (Lee and Lee, 2017). Harmful action of CDDP on Daphnia N clone individuals may at least partly results from inducing proteins involved in inflammation/cancer development such as tumour necrosis factor-like domain superfamily and vav proto-oncogene (Bustelo, 2014; Hehlgans and Pfeffer, 2005; Oberley et al., 2012; Sonar and Lal, 2015). No statistical relevant mortality of D. pulex and D. pulicaria was observed in the presence of CP. Animals from Cs clone show enhanced level of carboxylesterases, what might explain higher survivorship. Carboxylesterases are widely distributed in nature and participate in phase I metabolism of xenobiotics such as toxins or drugs (Wang et al., 2018). In previous study no mortality in D. magna individuals exposed to CP was observed (Heath et al., 2016). In the presence of CP and CDDP D. pulex and D. pulicaria clones show lower egg number. This stays in contrast to our previous findings were one of tested D. magna clones had more offspring when cultured with CP (Grzesiuk et al., 2018). Previously, we concluded that it was consistent with the observation that in populations at risk of increase of mortality independent of high density, the reproductive strategies of individuals are closer to the r strategy which among others involves the production of significant number of offspring (Pianka, 1970). No changes in proteome that could explaining such high offspring number were found. In the present study, in D. pulex Cs clone the lower number of eggs observed after CP or CDDP exposure can be explained by decreased level of the Toll receptor. TLRs have been implicated in the regulation of ovulation, fertilization, gestation and parturition in mammals (Kannaki et al., 2011). Further studies are necessary to investigate this aspect of TLRs function as there are no evidence of such TLRs activity in crustaceans. Moreover, fewer eggs in D. pulicaria N clone may be a consequence of lower vinculin level. Vinculin is a cytoskeletal protein that plays an important role in the regulation of focal adhesions and embryonic development (Humphries et al., 2007).
Individual growth rate was higher in animals of Cs clone cultured in the presence of alkylating agent CP. No such effect was observed in D. magna clones (Heath et al., 2016). Faster individual growth due to CP presence does not translate to higher population growth rate (r) (Table 1, Figure 1D). Control and CP-treated animals from Cs and N clones do not show differences when r was analyzed. Moreover, the decrease of population growth rate (r) was observed in animals from both clones exposed to CDDP. 
These results are a consequence of Lotka's equation. Mortality is taken under account when r is calculated, while individual growth rate does not include this parameter. Although mortality was not statistically significant between the control and CP treated animals, nevertheless it effects population growth rate.
Although Daphnia males and females share the same genotype they differ in overall morphology, physiology, behavior and life history strategies to reach maximum fitness (Mitchell, 2001). Females grow large, as the size of the brood chamber determines space available for eggs to develop (Bartosiewicz et al., 2015). Males grow smaller than females (MacArthur and Baillie, 1929), as they do not rely on large body size or accumulation resources for reproductive success (Brewer, 1998). The male success depends on females. The more female they meet the bigger the success might be. Extending lifespan would, therefore, be highly advantageous. Resistance to various substances that reduce lifespan increases the males success. Numerous studies showed Daphnia males as less sensitive than females to a variety of stressors (e.g., (Euent et al., 2008; Ikuno et al., 2008; Mikulski et al., 2011; Thompson et al., 2017)). Our data confirm these finding. In contrary to females, neither survival nor growth rate of Daphnia males were affected by CDDP. Proteome profile of males exposed to CDDP revealed increased level of enzymes participating in DNA repair e.g. the homolog of yeast Rad32A involved in the repair of double strand breaks. This indicates that damage to DNA after CDDP treatment takes place at the same time inducing DNA repair systems (Mielecki et al., 2015) (Table 4B). 
Alterations in proteome profile of D. pulicaria of N clone exposed to CP or CDDP are quantitatively and qualitatively different in comparison to D. pulex of Cs clone cultured with one of these pharmaceuticals. Similar results were obtained for three D. magna clones exposed to CP. Each clone reacted differently and showed distinct strategies dealing with the cytostatic/cytotoxic action of alkylating agent (Grzesiuk et al., 2018). This can result from the species’ micro-evolutionary potential to develop resistance to toxic substances. Results obtained by Messiaen et al. (2013) (Messiaen et al., 2013) have indicated that the initial tolerance of D. magna to sub-lethal cadmium exposure is the same among several naïve populations living in different ponds, however, their micro-evolutionary potential to develop resistance is diverse (Lampert, 2011). The results of 2018 study (Grzesiuk et al., 2018) allowed to speculated that D. magna clones had already been in contact with the alkylating agent, thus the organisms could be adopted to contaminated environment by evolving different mechanisms and demonstrate wide range of reactions to CP. Micro-evolutionary potential to develop resistance against toxic substances may also explain differences in reaction to CP or CDDP observed in D. pulex and D. pulicaria clones. Note, D. pulex originates from forest pond, while D. pulicaria comes from eutrophic dam reservoir, thus, both clones could have differed experience in contact with anthropogenic substances.
On the other hand, the reaction to anticancer pharmaceuticals seems to be much stronger in D. pulex and D. pulicaria than in D. magna. D. pulex and D. pulicaria exposed to CP or CDDP show changes in various proteins levels e.g vav proto-oncogene and hemolin, tumour necrosis factor-like domain superfamily, protein disulfideisomerase (PDI), which indicates that these anticancer pharmaceuticals may lead to cell metabolism dysfunction/disorder in freshwater organisms. This can indicate that both clones did not meet CP or CDDP in the environment before. It can’t be excluded that observed variances between D. magna and the pulex complex (D. pulex and D. pulicaria) reflects interspecies differences. 
Presented here study for the first time, showed harmful effect of anticancer pharmaceuticals (CD and CDDP) contaminating aquatic ecosystems on representatives of filter feeding cladocerans. D. pulex and D. pulicaria, occupy a central position in freshwater trophic networks. Zooplankton grazers such as Daphnia control microalgal communities and on the other hand, planktivorous fish mostly feed on zooplankton representatives (Sommer et al., 1986). Ichthyofauna characteristics manifests the structure and composition of zooplankton community. CP and CDDP effect were registered at three investigated levels: population, individual and molecular. Changes in any of parameters associated with fitness caused by the presence of medicine can affect planktonic crustaceans, thus, the functioning of the aquatic food webs.
Here we showed that especially CDDP can be a strong selective factor. Survivorship and population growth rate, and number of eggs were importantly decreased by CDDP treatment. This anticancer pharmaceutical can affect the clonal composition of Daphnia population.
The results of previous studies on the estimation of the Lowest Observed Effect Concentration (LOEC) for Daphnia and CP/CDDP have been on the ranges of higher (mikromoles per liter) (e.g (Grung et al., 2007; Parrella et al., 2014)) than found in the environment (i.e. picomoles per liter). It is widely accepted that substance concentrations below LOEC are not harmful for organism and whole biocenosis. In 2008 Warne and van Dam claimed  that NOEC values are imperfect and shouldn’t be created or used (Warne and van Dam, 2008). Results obtained in this study stay in the line with this statement. Here we showed that CP and CDDP in low concentrations detected in environment effect freshwater organisms. Certainly, the importantly decreased Daphnia’s survivorship, population growth rate, and number of eggs in consequence change whole ecosystems. 
Raising number of studies describing effect of environmental concentrations of pharmaceuticals on freshwater organisms (e.g (Grzesiuk et al., 2018; Grzesiuk et al., 2018)) and presented here results allow as to conclude that medicines threaten the stability of ecosystems. Pharmaceuticals can be added to eutrophication and global warming as another anthropogenic evolutionary selection factor.
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