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Stress gene responses in amphipods to cadmium

Abstract: Induction of stress response genes hsp70 and abchl and Hsp70 protein by
cadmium chloride (CdCl,) was explored in amphipod species with different stress adaptation
strategies from the Lake Baikal area. Based on lethal concentrations (LC) the sensitivities to
CdCl, were ranked (24 hr LC50 - mg/LL CdCly): Gammarus lacustris (1.7) <
Eulimnogammarus cyaneus (2.9) < E. verrucosus (8.3) < E. vittatus (18.2). Conjugated dienes
indicating lipid peroxidation were significantly increased by 5 mg/L CdCl, (24 hr exposure)
only in G. lacustris and E. cyaneus. Upon treatment with 0.54 — 5.8 mg/L CdCl, hsp70
transcript levels were more increased in the toxicologically more sensitive species. Relating
the exposure concentrations to LCx values revealed that across the species the increases of
hsp70 transcript levels were comparatively low (up to 2.6-fold) up to LC50; at higher LCx
values Asp70 induction was more pronounced (up to a 9.1-fold by 5 mg/L CdCl, (2LC70) in
E. cyaneus). In contrast, abcbl inductions did not correspond with CdCl, LCx values across
species; abcbl induction was highest (4.7-fold) in E. verrucosus by 5.0 mg/L CdCl, (£LC45,
24 hr exposure). Induction of stress gene responses by lethal CdCl, concentrations indicates

that in the amphipods they are rather insensitive.
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Stress gene responses in amphipods to cadmium

Introduction

Cadmium is a non-essential heavy-metal that reaches the environment via various
anthropogenic and natural sources and at low concentrations causes poisoning in humans and
wildlife [1]. Toxic cadmium effects have often been attributed with increased levels of
reactive oxygen species (ROS) and reactive nitrogen species (RNS) causing damages of
biological macromolecules such as proteins [2]. Exposure to cadmium was found to lead to
the induction of cellular stress response genes Asp70 [3-12] and abcbl [13, 14] in a range of
aquatic organisms. This induction of Asp70 and abcbl by cadmium can be related to the
increased abundance of damaged cellular macromolecules such as cellular membrane

fragments or misfolded proteins [15, 16].

Lake Baikal in Eastern Siberia, the oldest, deepest and by volume largest lake in the
world, is a biodiversity hotspot with high degrees of endemicity of species [17, 18]. Baikal's
water is generally highly pristine, however, the risk of water contamination by heavy metals
is increasing especially through the Selenga river, which is the largest tributary of Lake
Baikal and comprises almost half of the riverine inflow into the lake [19, 20]. Amphipods
are a dominant taxon of the benthic communities of Lake Baikal and the more than 350
endemic species and subspecies represent 45.3% of all freshwater amphipod species of the
world [21, 22]. The numerous phylogenetically closely related species featuring a range of
adaptation strategies are interesting models for comparative studies [23]. In the here studied
amphipod species constitutive expression levels of cellular stress response genes vary within
an order of magnitude which could be related with differences across species regarding stress
tolerance. Thus, constitutive hsp70 levels relate to the species-specific differences in

thermotolerance [24-26]. Furthermore, species-specific degrees of gene responses of Asp70
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and abcbl to organic compounds as humic substances [25] and phenanthrene [27] were

found.

It is stated in many studies on the effects of cadmium on Asp70/Hsp70 levels that the
test organisms were exposed to sublethal cadmium levels but the published molecular effect
data are generally not related to the general level of stress caused by the cadmium
concentration applied, such as lethal cadmium concentrations. It is thus unclear how sensitive

the observed gene response to cadmium is.

We therefore here addressed the question at which stress levels cellular stress response
genes hsp70 and abcbl are induced upon exposure to CdCl, in amphipod species with
different cellular stress response capacities. The lethal concentrations (LCx 24h) of CdCl,
served as a measure for the cadmium-related stress levels. Transcript levels of Asp70 and
abcbl were quantified via quantitative polymerase chain reaction (QPCR) in RNA extracted
from tissue of amphipods upon exposures of up to 24 hrs to different CdCl, concentrations.
The study was performed with four amphipod species that differ with regard to their
ecological preferences and habitats and accordingly with their physiological and cellular
adaptations to environmental conditions. Three of the species are littoral amphipods from
Lake Baikal belonging to the FEulinogammarus genus; the Holarctic species Gammarus
lacustris that occurs in waters connected to Lake Baikal but not in areas of the lake inhabited

by endemic fauna was also examined.

Materials and Methods
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85 Studied species and animal sampling

86 The experimental species were Eulimnogammarus cyaneus (Dyb., 1874),
87  Eulimnogammarus verrucosus (Gerstf., 1858) and Eulimnogammarus vittatus (Dyb., 1874),
88  endemic to Lake Baikal, and Gammarus lacustris (Sars, 1863) common in surface waters
89  across the Holarctic. Eulimnogammarus cyaneus is most abundant along the shallow shoreline
90 (mainly up to 1 m water depth), few individuals occur at water depths up to 20 m [28] at
91 temperatures between 5-13°C [22]. Habitats of E. vittatus are at water depths of up to 30 m,
92  the abundance peak is at 2-3 m depth [29]; the water temperatures in the habitat range
93 between 9-13°C [22]. Eulimnogammarus verrucosus commonly occurs close to shore across
94  Lake Baikal at water depths of less than 1 m to up to 10—15 m [29] at temperatures of 5-13°C
95  [22]. Gammarus lacustris is common in shallow, eutrophic lakes with seasonal temperature
96  fluctuations in the Lake Baikal region at water depths of 0-7m but the species is not found in
97 the open Baikal [30]. Constitutive transcript/protein levels of heat shock protein 70
98  (hsp70/Hsp70) and transcript levels of ATP binding cassette (ABC) transporter 1 (abcbl)
99 indicate the cellular stress response capacities of the species in the order: Eulimnogammarus
100 vittatus =~ FEulimnogammarus verrucosus < < FEulimnogammarus cyaneus < Gammarus
101 lacustris. Indeed, the species-specific constitutive/induced Asp70/Hsp70 levels correlate with
102 higher degrees of thermotolerance of E. cyaneus and G. lacustris compared to E. verrucosus

103 [24-26, 31].

104 Eulimnogammarus specimens for the experiments were sampled at the Baikal shoreline
105  close to Irkutsk State University’s biological station at the Bolshie Koty settlement (Southern
106  Baikal) and G. lacustris was collected from a small shallow artificial lake close to Bolshie

107 Koty (“Lake 14”, for specifications of the sampling points refer to [25]). Body lengths and
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108  weights of the animals used in the experiments were: E. verrucosus — 20-25 mm, 403 £ 95
109  mg; E. vittatus — 18-20 mm, 121 + 16 mg; E. cyaneus — 9-14 mm, 17 = 3 mg; G. lacustris —
110 14-18 mm, 80 £+ 16 mg. Upon sampling the animals were brought to the lab in a cold box with
111 water from the sampling sites. Animals were acclimated to lab conditions in aerated water in
112 2 L tanks at 6.5-7°C for 1-3 days prior to the experiments. The water used for maintaining the
113 animals in the tanks and for the experiments was withdrawn from Lake Baikal with buckets
114  from the pier next to the Biological Station in Bolshie Koty. Lake Baikal water instead of
115  water from the pond where G. lacustris was collected was also used for G. lacustris exposures
116  to avoid that differences in water contents (minerals, organic matter) affected the toxic effects

117  of cadmium.

118 3.2. Acute toxicities of CdCl,

119 Acute toxicity of CdCl, to amphipods was determined in 24 hr exposure experiments.
120 Aqueous CdClI, solutions for the experiments were set up in glass tanks with 2 L of well-
121  aerated water along a control with clean water. The water temperature in the tanks was
122 maintained at 6.5-7.0°C during the exposures. Twenty amphipods of each species were placed
123 in separate tanks with eight different CdCl, concentrations and a control. The CdCl,
124 concentration ranges were 0.5 — 8 mg/L for G. lacustris and E. cyaneus and 0.625-30 mg/L
125  for E. verrucosus and E. vittatus. During the experiments, tanks were regularly checked for
126  dead animals that were removed and recorded. After 24 hrs alive and dead animals in all tanks
127  were counted. Exposure experiments were repeated two to three times with different CdCl,
128  concentrations that were chosen depending on the mortality rates determined for the already
129  tested concentrations. Cadmium concentrations in water from a control and a CdCl, exposure

130  were determined with atomic absorption spectroscopy (AAS) at the Analytical Chemistry
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131  Department at the UFZ. The actual deviated from the nominal Cd concentration by 15 %
132 (nominal: 10 CdCl, mg/L; actual: 8.5 CdCIl, mg/L) and all nominal CdCl, concentration

133 values were adapted accordingly.

134 3.3. Measurements of conjugated diene (CD) levels

135 Levels of conjugated dienes (CD) were measured in amphipods upon exposure to 5
136  mg/L CdCl, for 1, 6 and 24 hrs according to [32] with some modifications. Several entire
137  animals were pooled to weights of 150 to 800 mg depending on the species and homogenized
138  in a heptane/isopropyl alcohol mixture (1:1, v/v) using a Potter-Elvehjem tissue homogenizer,
139  the extract was then filled in a glass tube and brought up to a volume of 4.5 ml with a
140  heptane/isopropyl alcohol mixture. One ml of distilled water was added, the mix was
141  vigorously shaken and incubated at 25°C for 30 min for phase separation. 0.5 ml of the
142 heptane phase were mixed with ethanol in a 1:3 ratio (v/v) and the absorbance at 233 nm was
143 measured on a SmartSpec Plus spectrophotometer (Bio-Rad) with extraction blanks used as
144  references. An extinction coefficient of 2.52x10* M-lem-! [33] was used to determine the

145  amount of CD present. The data are reported as nmol g~! wet weight.
146 3.4. CdCl, exposures for investigating cellular stress responses

147 Two sets of exposure experiments were performed for examining cellular responses of
148  the different amphipod species to CdCl, exposure: 1) CdCl, exposure concentrations were
149  scaled to species-specific LC10 and LC50 values enabling to compare responses at equal
150  stress levels. Respective CdCl, exposure concentrations (LC10/LC50) were: E. cyaneus —
151 0.68/2.89 mg/L, E. verrucosus — 0.54/5.75 mg/L, G. lacustris — 0.59/1.7 mg/L; E. vittatus was
152 only exposed to 5 mg/L corresponding to LC10. 2) Exposures were with all species at 1.7
153  (corresponding to the LC50 for G. lacustris) and 5.0 mg/L. CdCl, (corresponding to the LC90

7
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154  for G. lacustris) enabling to determine species-specific responses to equal concentrations.
155  CdCl, exposures were performed in aerated 2 L tanks (n=5/concentration) with Baikal water
156  at 7°C. Specimens were sampled after 1, 6, and 24 hr exposures, frozen and stored in liquid
157 nitrogen for extraction of total protein and diene conjugates or placed in QIAzol Lysis
158  Reagent (Qiagen, Hilden, Germany) and frozen in liquid nitrogen for RNA isolation. Control
159  animals were kept in CdCl, uncontaminated water but otherwise at equal temperature and
160  aeration conditions as CdCl, exposed animals. One whole specimen of E. verrucosus or a
161  pool of several whole animals of the other species equalling 200 to 500 mg of tissue were
162  used for the further analyses. All exposure experiments were repeated at least five times and

163  all samples were assessed in triplicate.

164 3.5. Isolation of total RNA and cDNA synthesis

165 Isolation of total RNA and cDNA synthesis were performed as described in [27].
166  Tissue preserved in QIAzol Lysis Reagent was homogenized with a MM400 homogenizer
167  (Retsch, Haan, Germany) followed by a phenol-guanidine-chloroform based extraction of
168  total RNA. To improve the separation of the organic and aqueous phases MaXtract gel
169  (Qiagen) was used according to the manufacturer. Total RNA was purified from the obtained
170  aqueous phase with the miRNeasy kit with DNase treatment using a QIAcube instrument
171  (Qiagen). One pg of total RNA was reverse-transcribed to single-stranded cDNA using
172 Oligo(dT)18 primer (Fermentas, USA, #SO131) and H Minus Reverse Transcriptase system

173 (Fermentas, USA, #EP0452) following the manufacturer’s instructions.

174 3.6. Quantitative real-time PCR analysis

175 Gene expression levels were analysed with quantitative polymerase chain reaction
176  (qPCR) using a StepOnePlus Real-Time PCR System (Applied Biosystems) as described

8
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177  previously [25]. The amplification was performed in a final volume of 12.5 pl using the
178  SensiMix SYBR Low-ROX Kit (Bioline) with each primer at 200 nM. Primer sequences for
179  qPCR of Asp70 and abcbl and housekeeping genes f-actin, gapdh and efl-a were from [25];
180  gPCR conditions were according to [25, 27]: 94 °C for 4 min; 35 (for Asp70 and references
181  genes) and 45 cycles (for abcbl) with 95 °C for 15 sec, 60-62 °C for 15 sec and 72 °C for 15
182  sec followed to fluorescent measurement step with 78-79°C (close to the melting temperature
183  of the PCR products) for 10 sec. The extra step for fluorescence measurement was added to
184  avoid detection of unspecific amplification products and primer dimers. Relative expression
185  levels of hsp70 and abcbl genes were calculated with the comparative AACt method [34]
186  using efficiency corrected calculation models and Best Keeper levels based on the geometric

187  mean of the Ct values of the housekeeping genes [35-37].

188 3.7. Western-blotting

189 Isolation of total protein from amphipod tissue and Western-blotting were performed
190  as described in [25]. Tissues were homogenized in 0.1 M Tris buffer (pH=7.6) containing 1.5
191  mg phenylmethylsulfonyl fluoride (PMSF) and 1% protease inhibitor cocktail (Amresco,
192 USA); proteins were then subjected to denaturation in Tris-HCI buffer (0.25 M Tris-HCI (pH
193 = 6.8), 5% sodium dodecyl sulphate (SDS), 0.5 mM ethylenediamine tetraacetic acid
194 (EDTA), 10% glycerol, 5% B-mercaptoethanol and 0.03% Bromophenol Blue) at 95 °C for 5
195  min. Total protein concentrations were determined following [38]. Equal amounts of total
196  protein per sample were separated by SDS gel electrophoresis on a 12.5% polyacrylamide gel
197  [39] using a Mini-PROTEAN II Electrophoretic Cell (Bio-Rad, USA). Wet-transfer of the
198  proteins from the gel to a polyvinylidene difluoride transfer membrane (GE Healthcare, UK)

199  was according to [40] with minor modifications. Hsp70 protein was labelled with anti-HSP70
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200  (Sigma-Aldrich, # H9776) at 1:3000, which detects both the inducible and constitutive forms
201  of HSP70, and with secondary antibodies conjugated with alkaline phosphatase (Anti-Mouse
202  IgG:AP Conj., Stressgen # SAB-101) at 1:1000. Anti-actin antibody (Sigma-Aldrich, #
203  A2668) dissolved 1:400 and secondary antibodies (Anti-Rabbit IgG, Sigma, # A9919)
204  dissolved 1:1000 were used for actin labelling. Sixty ng of bovine Hsp70 (Sigma-Aldrich, #
205 H9776) and 60 ng of bovine actin (Sigma-Aldrich, A3653) were used as positive controls.
206  Bands were visualized with 0.4 mM BCIP (5-bromo-4-chloro-3-indolyl phosphate) and 0.4
207 mM nBT (nitroblue tetrazolium). The Gel Explorer software package (DNAtechnology,
208 Russia) was used for semi-quantitative measurements of Hsp70 and actin levels on the

209  membranes and Hsp70 levels were normalized relative to actin for each sample.

210 3.8. Data analysis and statistics

211 Regressions of concentration-mortality relationships were calculated by fitting

212 mortalities at the respective concentrations to the non-linear HILL model:

(max - min)

213 Y(ceaa,) = min + o pdesimo-nr (€q.1)

214 where

215 Y is the mortality at the CdCl, concentration ¢

216 X is the logarithm of the CdCl, concentration

217 min is the minimum percentage mortality (control, constrained to 0)

218 max is the maximal percentage mortality (constrained to 100)

219 P is the shape parameter

220 LC50 is the constant describing the CdCl, concentration causing 50% mortality

10


https://doi.org/10.1101/626184
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/626184; this version posted May 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

Stress gene responses in amphipods to cadmium

221

222 Regressions of Asp70 transcript/Hsp70 protein levels at respective CdCl,
223 concentrations expressed as LCx values were calculated by fitting the observations at the

224 respective concentrations to the Gaussian distribution model:

225 Y(Lcxy=ampl *exp (- 0.5 = (X_Sm%)z) (eq.2)

226 where

227 Y is the gene expression level at LCx (lethal concentration for x% of individuals)

228 X is LCx

229 ampl (amplitude) is the height of the center of the distribution in Y units

230 SD is a measure of the width of the distribution (in LCx)

231

232 Data for qPCR, Western-blot and lipid peroxidation analyses were found to satisfy the

233 assumptions of equal variance and normality and parametric statistics were used. For pairwise
234 comparisons of abchl and hsp70/Hsp70 levels in treatments and respective controls at each
235 time point the t-test was applied. Multiple comparisons of several treatments with one
236  respective control were done with two-way ANOVA and Dunnett's test. To analyse the
237  significance of observed changes in each time-point, pair-wise comparisons with the
238  respective control were done. The results of multiple pair-wise comparisons were done using
239  Steel-Dwass method for all pairs’ comparison. Differences were regarded as significant if P <
240  0.05. Regressions were calculated with Graphpad Prism version 7. Statistical analyses were

241  performed with JMP version 10.0 (SAS Institute, Cary, NC).

11
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242

243 Results

244 4.1. Lethal CdCl, concentrations

245 Acutely toxic CdCl, concentrations were across the different amphipod species from < 1
246  to < 100 mg/L (Fig. 1, Table 1). The range of LCx values calculated from CdCl, concentration
247  — lethality relationships were over an order of magnitude across the species. LCx values were
248  highest for E. vittatus indicating the lowest sensitivity of this species to CdCl,. The order of
249  the species with regard to their sensitivities to CdCl, was: G. lacustris < E. cyaneus < E.

250 verrucosus < E. vittatus (Fig. 1, Table 1).

251 4.2. Conjugated diene (CD) levels

252 After 1 and 6 hr exposures to 5 mg/L CdCl, no significant changes in CD levels were
253  seen in any of the examined species. Significant increases of CD levels by about 58% and
254 47% occurred only in E. cyaneus and G. lacustris, respectively, after 24 hr exposures (Fig. 2).
255  The CdCl, concentration of 5 mg/L corresponds to LC70 and LC90 for E. cyaneus and G.
256  lacustris, respectively. For E. vittatus and E. verrucosus this CdCl, concentration is equivalent

257  to LC10 and LC45, respectively (Fig. 1, Table 1).
258 4.3. Heat shock protein 70 transcript/protein levels

259 Hsp70 transcript levels across the amphipod species were upon exposures to CdCl,
260  significantly (p < 0.05) increased by between 1.4 - (E. cyaneus at LC30 for 24 hrs) to up to
261  9.1-fold (E. cyaneus at LC70 for 24 hrs) (Fig. 3a, b). With longer exposure times to CdCl,
262  changes in Asp70 transcript levels were in all amphipod species generally more pronounced:

263  After 1 hr exposures Asp70 levels were significantly (p < 0.05) increased in two cases (E.

12
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264  cyaneus at LC30, G. lacustris at LC90), after 6 hr exposures in four cases (E. cyaneus at
265  LC30, E. verrucosus and G. lacustris at LC50, G. lacustris at LC90) and after 24 hr exposures
266  in nine cases (E. vittatus at LC10, G. lacustris at LC10, LC50 and LC90, E. verrucosus at
267  LC25,LCA45 and LC50, E. cyaneus at LC30 and LC70; Fig. 3a). Although significant changes
268  in hsp70 transcript levels were also seen with CdCl, at lower LCx, changes were more
269  pronounced at higher LCx levels and could be described with a regression curve over all data
270  following a Gaussian shape with an overall maximum Asp70 transcript level at LC70 followed

271 by adecrease (Fig. 3b).

272 Hsp70 protein levels across amphipod species from CdCl, treatments also followed a
273  Gaussian function when expression data were related to the respective LCx values (Fig. 4).
274  Significantly (p < 0.05) increased Hsp70 protein levels were seen in E. cyaneus at 1.8- and
275  1.7-fold, respectively, after 1 and 6 hr exposures to 5 mg/l CdCl, corresponding to the
276  species-specific LC70; and in E. verrucosus after 24 hrs exposure with a 2.6-fold increased
277  protein level above the control. For this species 5 mg/l CdCl, corresponded to the LC45. In E.
278  vittatus and G. lacustris exposed to the species-specific LC10 and LC90, respectively, Hsp70

279  protein levels were not significantly different from the respective controls (Fig. 4).

280 4.4. Abcbl transcript levels

281 Upon exposures of amphipods to CdCl, abcb! transcript levels were significantly (p <
282  0.05) increased by between 2.2- (E. cyaneus at LC50 for 24 hrs) to up to 4.7-fold (E.
283 verrucosus at LC45 for 24 hrs). Over the different exposure times the number of cases of
284  abcbl increases only slightly changed. Thus, abcbl transcript levels were increased in three
285  cases at 1 hr exposures (E. verrucosus at LC25, E. cyaneus at LC70, G. lacustris at LC90), in

286  two cases at 6 hr exposures (E. cyaneus at LC50, G. lacustris at LC90) and in four cases at 24

13
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287  hr exposures (E. verrucosus at LC45, E. cyaneus at LC50, G. lacustris at LC90, E. vittatus at
288  LC10). Significant abcbl transcript increases at all three time points occurred only in G.
289  lacustris at LC90; in E. cyaneus at LC50 abcbl transcripts were increased at two time points.
290 In the other cases, significant abchl transcript increases were seen only at one time point.
291  Changes in abcbl transcript levels did not seem to depend on CdCl, concentration / LCx
292  value; the significant changes were seen across different LCx values and were not generally

293  induced at higher or lower LCx values (Fig. 5).

294

295  Discussion

296 The four examined amphipod species showed clear differences regarding toxic
297  sensitivities to CdCl, that became evident by LC50 values ranging over one order of
298  magnitude (Table 1). Along those lines the levels of conjugated dienes, indicating cadmium
299  effects on the molecular level, were at equal CdCl, exposure concentrations only increased in
300 the toxicologically more sensitive species E. cyaneus and G. lacustris (Fig. 2). Conjugated
301  dienes are primary products of lipid peroxidation resulting from oxidative stress [41, 42], a
302  main cause of the toxic action of cadmium [43, 44]. This effect of CdCl, on gammarids was
303  indicated in a previous study where it was found that CdCl, exposure leads to the inhibition of
304 common antioxidant enzymes in gammarids [45]. Differences in internal cadmium levels as a
305 consequence of different cadmium uptake rates can, to a certain extent, be seen as a reason for
306 the differences in toxicological sensitivities of the different species. Body size has previously
307  been shown to be an important determinant of cadmium uptake by aquatic insects [46]. Along
308  those lines, cadmium uptake rates during CdCl, exposures were higher in the concurrently

309  toxicologically more sensitive E. cyaneus than in E. verrucosus that differed by 10- to 50-fold
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310  in freshweight [47]. In the present study, G. lacustris individuals that were similar in size to
311  E. cyaneus individuals showed toxic sensitivities that were accordingly in the same range as
312 for E. cyaneus (Table 1). Eulimnogammarus vittatus, however, was from the examined
313 species least sensitive to CdCl, although the body sizes of the individuals were clearly below
314  those of E. verrucosus and it can be assumed that the cadmium uptake rate was accordingly
315  higher. It was previously found that the occurrence of toxic effects by CdCl, in E. verrucosus
316  was in addition to a in comparison to E. cyaneus lower cadmium uptake rate further depressed
317 by a reaction to CdClI, exposure with metabolic depression [47]. This was not examined here
318  but it seems conceivable that the in comparison low toxic sensitivity of E. vittatus to CdCl,

319  may be due to particularly pronounced metabolic depression as a reaction to CdCl, exposure.

320 Although metabolic depression by cadmium may have decreased activity on a
321  physiological level it appeared to have no effect on the transcription activity. Thus, Asp70 was
322  significantly induced in E. verrucosus that previously showed a metabolic depression
323 response to CdCl, exposure but not in E. cyaneus that does not respond to CdCl, with
324  metabolic depression [47] in the 6 and 24 hr CdCl, treatments at LC50 (Fig. 3). Furthermore,
325  asignificant abchl increase was seen in E. verrucosus at LC25 but not in E. cyaneus at LC30
326  after 1 hr exposure to CdCl, and in E. vittatus but no other species at LC10 after 24 hrs

327  exposure to CdCl, (Fig 5).

328 The CdCl,-dependent Asp70 transcript and Hsp70 protein response levels could across
329  the species be related to the respective CdCl, —related stress levels. When plotting all 4sp70
330 transcript or Hsp70 protein levels across species against the respective species-specific LCx
331  values the values showed an increase to a maximum followed by a decrease at higher LCx

332 values (Figs. 3, 4). When assuming that the increasing LCx values represent increasing
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333 degrees of stress this course represents stress-level dependent expression degrees that for
334 Hsp70 has been described before: The Hsp70 titre increase in the “compensation phase” is
335 followed by a Hsp70 titre decrease in the “non-compensation phase” at higher toxicity levels
336  when the ability of the cells to react to the toxicant is increasingly degraded [48]. The applied
337  CdCl, concentration represented different degrees of stress for the different amphipod
338  species; at this stage it is assumed but it cannot be definitely asserted that the Asp70
339  transcript/Hsp70 protein responses are equal in the different amphipod species at

340  corresponding stress levels.

341 Provided that across the gammarid species equal internal, toxicologically relevant
342  cadmium concentrations cause equal levels of toxic effects, as was indicated earlier [47], the
343  LCx values can be regarded as approximate measures of the respective internal cadmium
344  concentrations. Hence, across the species the degrees of Asp70 transcript and Hsp70 protein

345  induction appear to be approximately equal at corresponding internal cadmium levels.

346 Induction of abcbl transcripts tends to depend on LCx levels and time of exposure, i.e.,
347  internal cadmium levels. Increased abcbl levels were more seen at higher CdCl, LCx values
348  and occurred at lower LCx levels after longer times of exposure (Fig. 5). However, across
349  species abchl induction levels are not uniform at equal LCx levels. Thus, after 24 hrs
350  exposure to CdCl, at LC10 abcbl levels were only significantly increased in E. vittatus but
351 not in E. verrucosus, E. cyaneus and G. lacustris; after 6 and 24 hrs exposure to CdCl, at
352 LCS50 significant abcbl increases were only seen in E. cyaneus but not in E. verrucosus and

353  G. lacustris (Fig. 5).

354 The differences in sensitivity of the Asp70 and abcbl transcript responses among the

355 gammarid species may confirm that induction of the two genes is via different pathways.
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356  Misfolded proteins that are damaged e.g. by the impact of cadmium-induced ROS [15, 16]
357  trigger the induction of the Asp70 gene as, according to the chaperone titration model [49],
358  heat shock factor (Hstl) is released when Hsps bind to the misfolded proteins thus initiating
359  hsp transcription. Induction of abchl appears to be triggered via another pathway involving

360 the transcription factor NF-«xB [15, 16].

361 Both Hsp70 and Abcbl proteins act as protective proteins against cadmium toxicity:
362  Hsp70 as chaperone preserves the structure of intact proteins and re-folds damaged proteins;
363  Abcbl, a cellular efflux transporter, appears to efflux cell membrane components, such as
364  ceramides, that result from membrane damage by ROS and can induce apoptosis [15, 16]. It
365  was found earlier that E. cyaneus that shows higher constitutive and induced levels of Hsp70
366  than E. verrucosus [24, 25] detoxifies a higher proportion of cadmium by binding it to
367 proteins of the biologically detoxified heat stable protein fraction (BDF) [47]. The in
368  comparison high constitutive Hsp70 titres in Gammarus lacustris [25] may indicate that also
369 in this species a comparatively high level of the internal cadmium is bound to the BDF.
370  However, when considering that the toxicologically more sensitive gammarid species have
371  higher titers of cadmium detoxifying proteins and that the transcripts of both here examined
372  proteins are induced by cadmium only at comparatively high stress levels, it seems obvious
373  that overall the detoxifying effect by those cellular stress response proteins on cadmium is
374  only minor. Major determinants of the cadmium sensitivity of the species appear to be body
375  size and in relation to that the cadmium uptake rate and one additional parameter that could be

376  the degree of metabolic depression caused by cadmium.

377  Summary and Conclusions
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378 In this study cadmium induced Asp70/Hsp70 and abcb! levels in gammarids exposed to
379  CdCl, were for the first time phenotypically anchored, i.e., exposure concentrations of
380  treatments for transcript measurements were equated with the respective lethal concentrations
381  (LCx). When gene/protein responses were related to LCx values the four gammarid species
382  examined showed a relatively uniform Asp70/Hsp70 response with pronounced responses in
383  CdCl, treatments at higher LCx and in lower LCx treatments after longer times of exposure to
384  CdCl, (Figs. 3, 4). For abcbl, responses to CdCl, exposure when related to LCx levels were
385 not uniform across the species; however, abchl was overall also induced by CdCl, in the
386  lethal concentration range (Fig. 5). Induction of Asp70/Hsp70 and abcbl responses by CdCl,
387  in the lethal concentration range in the gammarids indicates that changes in transcript levels

388  of those genes are rather insensitive markers for cadmium stress.
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586  Tables

587 Table 1. Lethal concentration values (LCx; x: % lethality) for CdCl, (mg/L) and curve
588  parameters for the different amphipod species determined with the HILL model (eq. 1, see

589  Fig. 1). CI: confidence interval, R?: curve fit

590
E. vittatus E. verrucosus E. cyaneus G. lacustris
oo 447 054 067 0.59.
__________ 250 898 o 1ye 138 1.0
__________ 0 1063 231 164 114
45 16.07 4.65 2.52 1.55
e B NS
8 E 50 18.05 5.72 2.89 1.71
L % CL 124266 3.8-8.7 2140 1.3-2.4
__________ 0( 3105 1431 505  2.59
__________ 750 3674 1876 596 291
. 90 73.81 60.81 12.22 4.98
HillSlope 0.34 0.20 0.34 0.53
S%CL 07-24 05-14  07-23  08-33
R? 0.88 0.83 0.87 0.88
591
592
593
594
595
596
597
598
599
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600 Figure captions

601 Figure 1. Concentration-mortality relationships for CdCl, in the different amphipod
602  species. Symbols represent the observed % mortality at a certain CdCl, concentration in a
603  single treatment. Solid lines represent the regression curves fitted with the HILL model (eq. 1)

604  and dashed lines the 95% confidence intervals.

605 Figure 2. Levels of conjugated dienes (CD; nmol g! wet weight) in the different
606  amphipod species upon exposure to 5 mg/L. CdCl, that correspond to the species-specific LCx
607  wvalues given under each species name. Depicted are means (symbols) and standard deviations
608  (bars) in the CdCl, exposed animals. The control levels are shown as dotted (mean) and
609  dashed (standard deviations) lines. Significant differences between treatments and respective

610  controls are indicated by * (p< 0.05).

611 Figure 3. Hsp70 transcript levels in tissue of the different amphipod species upon
612  exposure to CdCI, for 1, 6 and 24 hrs. CdCl, concentrations were scaled to the species-
613  specific LCx values (refer to Table 1 for the LCx equivalences in mg/L). a) Depicted are
614  mean hsp 70 expression levels (symbols) and standard deviations (bars) in CdCl, exposed
615 animals. Expression levels in controls are shown as dotted (mean) and dashed (standard
616  deviations) lines. Significant differences between treatments and respective controls are
617 indicated by * (p< 0.05). b) The Asp 70 expression level data of all species were combined
618 and are depicted in relation to the correspondent species-specific LCx value. The regression

619 line was fitted over all data with the Gaussian distribution model (eq. 2).

620 Figure 4. Hsp70 protein levels in tissue of the different amphipod species upon
621  exposure to 5 mg/L CdCl, for 1, 6 and 24 hrs. CdCl, concentrations were scaled to the

622  species-specific LCx values. Depicted are mean Hsp70 expression levels (symbols) and
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623  standard deviations (bars) in CdCl, exposed animals. Expression levels in controls are shown
624  as dotted (mean) and dashed (standard deviations) lines. Significant differences between
625  treatments and respective controls are indicated by * (p< 0.05). The regression line was fitted

626  with the Gaussian distribution model (eq. 2).

627 Figure 5. Relative abcbl levels in amphipods upon exposure to CdCl, for 1, 6 and 24
628  hrs. CdCl, concentrations were scaled to the species-specific LCx values. Depicted are mean
629  abcbl levels (symbols) and standard deviations (bars) in CdCl, exposed animals. Expression
630 levels in controls are shown as dotted (mean) and dashed (standard deviations) lines.
631  Significant differences between treatments and respective controls are indicated by * (p<

632 0.05).

633

634  Data accessibility statement: All raw data can be obtained from the authors upon request.
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