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ABSTRACT  13 

Temperature and salinity are important abiotic factors for aquatic invertebrates. We 14 

investigated the influence of different salinity regimes on thermotolerance, energy metabolism 15 

and cellular stress defense mechanisms in amphipods Gammarus lacustris Sars from two 16 

populations. We exposed amphipods to different thermal scenarios and determined their 17 

survival as well as activity of major antioxidant enzymes (peroxidase, catalase, glutathione S-18 

transferase) and parameters of energy metabolism (content of glucose, glycogen, ATP, ADP, 19 

AMP and lactate). Amphipods from a freshwater population were more sensitive to the thermal 20 

challenge, showing higher mortality during acute and gradual temperature change compared to 21 

their counterparts from a saline lake. A more thermotolerant population from a saline lake had 22 

high activity of antioxidant enzymes. The energy limitations of the freshwater population 23 

(indicated by low baseline glucose levels, downward shift of the critical temperature of aerobic 24 

metabolism and inability to maintain steady-state ATP levels during warming) was observed, 25 

possibly reflecting a trade-off between the energy demands for osmoregulation under the hypo-26 

osmotic condition of a freshwater environment and protection against temperature stress.  27 

  28 



INTRODUCTION 29 

Temperature and salinity are important abiotic factors affecting survival and 30 

performance of aquatic invertebrates and setting limits to their geographical distribution 31 

(Kinne, 1971; Nelson, 1977; Pörtner and Farrell, 2008). Recent data indicate the effect of the 32 

global climate change to surface waters including lakes worldwide (O’Reilly et al., 2015).  The 33 

bulk of aquatic organisms are ectothermic, that makes them particularly responsive to one of 34 

the main effects of global climate change: the increased variability in temperature, due to the 35 

dependency of their body temperature and the metabolic processes from the ambient water 36 

temperature. Temperature strongly affects ectotherms due to its direct effects on the rates of 37 

physiological and biochemical reactions (Hochachka, 1973; Cossins et al., 1995; Somero, 38 

2004). Temperature ,fluctuations often co-occur with other selective pressures, such as 39 

variations in the salt content of the water. In aquatic organisms, deviations from the species-40 

specific optimal salinity can result in osmotic stress requiring adjustments of the cell volume 41 

and modulation of enzyme activity to maintain normal cellular functions under the altered ionic 42 

conditions; these adjustments can lead to elevated energy demand for osmotic, ionic and/or cell 43 

volume regulation (Glazier and Sparks, 1997; Kinne, 1971; Freiere et al. 2011). Therefore, 44 

environmental stress (including salinity and temperature stress) can significantly influence the 45 

energy balance of living organisms due to the additional energy required to restore and maintain 46 

homeostasis, which can put a strain on the energy acquisition, transformation and conservation 47 

systems (Sokolova et al, 2012; Helmut Acker et al, 1988; Calow and Forbes, 1998; Amiard-48 

Triquet et al, 2011). 49 

Antioxidant systems play a major role in environmental stress response. Antioxidants 50 

maintain the cellular redox balance and prevent excess of reactive oxygen species (ROS) from 51 

interacting with the critical intracellular structures (Circu and Aw, 2010; Jones, 2008). 52 

Antioxidant responses are involved in responses to thermal stress in aquatic organisms (Abele 53 

et al., 2007; Sokolova et al., 2011), and earlier studies suggest that some stressors (such as trace 54 

metals and hypoxia) that affect cellular redox balance, can modulate the cellular response to 55 

thermal stress in aquatic organisms (Ivanina et al., 2009; Pörtner and Langenbuch, 2005; 56 

Sokolova and Lannig, 2008). However, the effects of environmental salinity on 57 

thermotolerance and cellular protection mechanisms of aquatic organisms are not well 58 

understood and require further investigation.  59 

Freshwater amphipods of the genus Gammarus Fabricius, 1775 are a useful model to 60 

study the interactive effects of salinity and thermal stress. Gammarus is a widespread genus of 61 



amphipods in the northern hemisphere that plays a key role in the food webs of freshwater 62 

ecosystems. Some freshwaters amphipods (including those of genus Gammarus) occur in 63 

habitats ranging from low mineralization fresh waters to brackish waters. These species also 64 

experience wide diurnal and seasonal temperature fluctuations in temperate shallow waters 65 

(Jacobs et al, 1997) and thus must possess efficient mechanisms of protection against 66 

temperature-induced cellular stress. The molecular and cellular mechanisms of the broad 67 

salinity and temperature tolerance of freshwater amphipods remain to be fully elucidated 68 

(Grzesiuk and Mikulski, 2006).  69 

The aim of this study was to determine whether acclimation/adaptation to habitats with 70 

different salinity regimes modulates the energy metabolism, cellular protective responses to 71 

temperature stress and thermal tolerance of amphipod Gammarus lacustris Sars (Sars, 1863). 72 

We exposed amphipods from two populations adapted to different salinity regimes to several 73 

thermal scenarios (namely hypothermia, as well as acute and gradual warming) and determined 74 

their survival, activity of  major antioxidant enzymes (peroxidase, catalase, glutathione S-75 

transferase) and parameters of energetic metabolism (content of glucose, glycogen, ATP, ADP, 76 

AMP and lactate) in order to gain insights into the physiological and cellular mechanisms of 77 

temperature-salinity interactions in this ecologically important eurybiont species.  78 

 79 

2. MATERIALS AND METHODS  80 

2.1 Animals  81 

Holarctic amphipod Gammarus lacustris Sars, 1863 is a widespread omnivore species that 82 

inhabits lentic and lotic ecosystems and has a broad tolerance to environmental stressors 83 

(Karaman, Pinkster, 1977; Barnard, Barnard, 1983; Matafonov, 2007; Väinölä, 2007; Takhteev, 84 

2015). This species reproduces during the summer and can have several reproduction periods 85 

depending on the environmental and ecological characteristics of the water bodies (Timoshkin, 86 

2001, 2008). Under the experimental conditions the preferred temperatures for G. lacustris is 87 

15 - 16°C (Timofeyev, 2010). It is a euryhaline species with a broad pH tolerance (6.2 to 9.2) 88 

that inhabits benthic and pelagic zones of the lakes and is often the top predator in the absence 89 

of fish (Wilhelm and Schindler, 1999; Matafonov, 2007).  90 

2.2 Sampling locations 91 

We collected amphipods in July of 2009, 2013 and 2014 from two different habitats (a 92 

freshwater habitat and a saline lake) within Eastern and Western Siberia (Russia). A freshwater 93 



population of G. lacustris was collected from a shallow lake formed by a backwater of Angara 94 

River in the urban area of Irkutsk city (52°16'4.71" N, 104°16'52.77" E). Amphipods were 95 

sampled by a hand net from the depth 0-1 m. Water samples were collected at the same time 96 

and analyzed for ionic composition by the Interinstitutional Regional Laboratory of 97 

Environmental Research at Irkutsk State University.  Specimens of amphipods from a saltwater 98 

population were obtained from the southern shore of a meromictic lake Shira (54°29'7.25" N, 99 

90°12'1.49" E) from the depth of 7 m using a plankton net. The freshwater site has pH 8.4 and 100 

low mineralization (0.5 g L-1) of the water (Table 1). The saline lake has a high content of 101 

dissolved minerals (15–17 g l-1) with Na+, Mg2+, and Ca2+ as the major cations (Kalacheva et 102 

al., 2002) (Table 1). Thermal regimes are similar at the two study sites. Both lakes can 103 

completely freeze in winter, and summer temperature may reach 23°C in the near-shore waters. 104 

Annual average temperature in both waterbodies is 6-7°C (Rogozin et al. 2010). 105 

Table 1. Chemical composition of the surface water from brackish Lake Shira and a freshwater 106 
lake in Irkutsk (Data for Lake Shira from Kalacheva et al., 2002) 107 

Lake Ions Cl- Na+ K+ Mg2

+ 

CO3
2- 

Ca2+ SO4
2

- 

HCO3
- 

pH Mineralization 

g/L 

Shira  

mg/

L 

 

2100 2880 37 1080 174 51 8010 998 8.7 16.60 

In 

Irkutsk 

55.8 47.6 1.6 35.7 15 48.1 105 223 8.4 0.53 

2.3 Experimental design  108 

Two types of experiments were carried out in this study: an acute temperature stress and 109 

gradual warming. Prior to the exposures animals were pre-acclimated for 3 – 7 days under the 110 

constant aeration in filtered water from their native habitats. Pre-acclimation was conducted at 111 

the temperature recorded at the time of sampling (15°C for both populations) or at 7°C (as 112 

annual average temperature of both waterbodies) in the case of the gradual warming. 113 

Amphipods were fed daily with natural food (elm leaves) with addition of commercial food 114 

(Tetra-Min, Tetra GmbH, Germany) and potato ad libitum. No mortality was observed during 115 

pre-acclimation. Only actively swimming animals were used for experiments. Control animals 116 

for all experiments were kept under the same conditions as during the preliminary acclimation.  117 

Mortality 118 

To determine median lethal times (LT50) that cause 50% mortality during acute heat 119 

exposure, 10 individuals from each of the two studied populations were placed in separate tanks 120 

filled with 1 L of the filtered water from their respective habitats pre-heated to 30 °C. Nine 121 



replicate tanks were used for each of the studied populations, to the total of 90 animals per 122 

population. Mortality was monitored every hour until all animals died. 123 

Acute thermal stress 124 

Amphipods were placed in 2.5 L aerated glass tanks (n = 5) with water, pre-heated to 125 

30 °C (according to our observations, the maximum temperature in the littoral zones of lake in 126 

Irkutsk can reach up to 30 °C in a scorching summer). After 0.5, 1, 3 and 6 hours of exposure, 127 

3 individuals from each of the five replicate tanks were collected and flash-frozen in liquid 128 

nitrogen for subsequent biochemical analyses. 129 

Gradual temperature increase 130 

Animals were pre-acclimated for 7 days at the temperature of 7 °C in separate glass 131 

tanks (2.5 L, n = 7) and subjected to the gradual temperature increase of 1 °C per hour 132 

continuing until 100% mortality occurred (modified from Sokolova and Pörtner (2003)). After 133 

every 2 degrees of temperature increase (i.e. every 2 hours), 3 specimens were collected from 134 

each tank of the seven replicate tanks and shock-frozen in liquid nitrogen.  135 

2.4 Biochemical methods  136 

Enzymatic activities 137 

Activities of total cellular peroxidases, as well as catalase and glutathione S-transferase 138 

were measured using standard spectrophotometric assays. Enzyme extraction was done as 139 

described elsewhere (Bedulina et al., 2010) using a 1:3 (w:v) ratio of homogenization medium 140 

to amphipod biomass. Enzyme activities were measured at 25°C in the supernatant using a 141 

SmartSpec Plus spectrophotometer (Bio-Rad, Hercules, USA) and Cary 50 spectrophotometer 142 

(Varian, USA). Total peroxidase activity in the soluble fraction was measured with 4.4 mM 143 

guaiacol as a substrate at 436 nm, pH 5, according to Bergmeyer (1974). Catalase activity was 144 

measured with 2.25 mM hydrogen peroxide as a substrate at 240 nm, pH 7, according to Aebi 145 

(1984). Glutathione S-transferase activity was measured with 0.97 mM 1-chloro-2.4-146 

dinitrobenzene (CDNB) as a substrate at 340 nm, pH 6.5 (Habig et al., 1974). Bradford assay 147 

was used to evaluate protein concentrations (Bradford, 1976). Enzyme activities were expressed 148 

in nKatal mg–1 protein. For each enzyme and experimental condition, we measured 4-9 149 

biological replicates, each replicate consisting of the pooled tissues of two individuals. 150 



Lactate content  151 

Lactate levels were determined using the express-kit “Lactate-vital” (Vital– 152 

Diagnostics, St. Petersburg, Russia) according to Bergmeyer (1985). Absorbance was measured 153 

with a Cary 50 spectrophotometer (Varian, USA) at λ=505 nm.  154 

Metabolites  155 

The levels of glucose, glycogen, ATP, ADP and AMP were measured using the 156 

NADH/NADPH-dependent enzymatic methods at λ = 340 nm according to Grieshaber et al. 157 

(1994), Bergmeyer (1985) and Sokolova et al. (2012). Glycogen was hydrolyzed using the 158 

methods of Sokolova et al. (2012).  Absorbance was measured with a Cary 50 159 

spectrophotometer (Varian, USA). 160 

The adenylate energy charge was calculated according to Atkinson, 1968, using the 161 

following equation AEC = (ATP+0.5ADP)/(ATP+ADP+AMP). 162 

2.5 Statistical analyses 163 

Mortality rates in both populations under heat shock conditions were fitted to the 164 

Weibull model (Wilson, 1994) in statistical package R (R Core Team, 2016), and LT50 values 165 

(times at which mortality of 50% individuals occurred) were derived from the build regression 166 

model: 167 

𝑚 = 100 −  
100

𝑒
(

𝑡
𝑝

)𝑟
 168 

m – cumulative mortality, % 169 

t – time, h 170 

p and r – regression coefficients. 171 

 172 

All experiments were carried out with 3-8 biological replicates, and biochemical 173 

measurements were performed in triplicate (technical replicates) for each sample. Normality 174 

was tested by Kolmogorov-Smirnov test and the equal variance with Levene’s test.  Data were 175 

analyzed statistically using one-way analysis of variance (ANOVA, general linear model), 176 

followed by Student–Newman–Keuls post hoc test. If the date distribution was not normal, 177 

Kruskal-Wallis with Dunn’s test was applied. Differences were considered significant at p-178 

value < 0.05 (after corrections for multiple comparisons). Statistical analysis was carried out 179 

using the software package SigmaPlot (version 12, Systat Software Inc., USA/Canada). 180 



 181 

RESULTS 182 

Mortality 183 

Median mortality times (LT50) during acute exposure to 30°C were significantly higher in 184 

amphipods from the saline Lake Shira (LT50 = 22.8 h) compared to their counterparts from a 185 

freshwater Lake in Irkutsk (LT50 = 7.7 h) (Fig. 1). 100% mortality during gradual warming 186 

was observed at 31°C in Irkutsk population and 33°C in Shira population (data not shown). 187 

 188 

Activity of antioxidant enzymes  189 

Peroxidase 190 

Effect of acclimation at different temperatures  191 

The levels of peroxidase activity were significantly higher after the acclimation at 7°C 192 

than at 15°C in amphipods from both populations (Fig. 2; A). 193 

Exposure to heat shock challenge 194 

The basal levels of peroxidase activity at 15°С were similar in amphipods from the 195 

freshwater and saltwater habitats. However, in amphipods from the freshwater Irkutsk site 196 

peroxidase activity increased after 1 h of heat shock exposure (30°C) and remained elevated 197 

until the end of the heat exposure period. In amphipods from the saltwater site, total peroxidase 198 

activity was not significantly affected by the heat shock exposure. As a result, amphipods from 199 

a freshwater Irkutsk habitat had a higher peroxidase activity during 1-3 h of heat shock exposure 200 

compared to their saltwater counterparts (Fig. 3A). 201 

Exposure to the gradual thermal challenge 202 

The level of peroxidase activity at 7°С was significantly higher in amphipods from the 203 

saltwater site compared to their freshwater counterparts. Beyond the exposure time, peroxidase 204 

activities changed significantly in amphipods from both populations. In the freshwater 205 

population of amphipods, peroxidase activity remained at the steady-state levels in the range of 206 

7 - 17°С and significantly decreased at 19 °C. In amphipods from Shira population, gradual 207 

warming resulted in a significant decrease of peroxidase activity at 11°С, and peroxidase 208 

activity remained suppressed throughout the rest of the thermal exposure period (Fig. 3B).  209 



 210 

Glutathione S-transferase (GST) 211 

Effect of acclimation at different temperatures  212 

The level of GST activity was lower in amphipods from the freshwater population, 213 

acclimated at 7°C compared to 15°C, however in amphipods from the saltwater population the 214 

activity of this enzyme was significantly higher after the acclimation at 7°C than at 15°C (Fig. 215 

2, B). 216 

Exposure to heat shock challenge 217 

The levels of GST activity at 15°C were similar in amphipods from the freshwater and 218 

saltwater habitats. In amphipods from the freshwater Irkutsk site, there was significant increase 219 

in GST activity after 1 and 3h of heat exposure. In amphipods from the saltwater site, heat 220 

exposure led to a transient decline in GST activity after 0.5 - 1 h of heat exposure, which 221 

returned the basal levels after 3-6 h of the heat shock (Fig. 3C).  222 

Exposure to a gradual thermal challenge 223 

The baseline levels of GST activity at 7°C were significantly higher in amphipods from 224 

the saltwater population compared to the freshwater population of amphipods. In both 225 

populations of amphipods the activity of GST was constant throughout the exposure to gradual 226 

warming (Fig. 3D).  227 

Catalase 228 

Effect of acclimation at different temperatures  229 

The level of catalase activity was significantly higher in amphipods, acclimated at 7°C 230 

than at 15°C, from the both studied populations (Fig. 2, C). 231 

 232 

Exposure to heat shock challenge 233 

 The baseline levels of catalase activity at 15°C were significantly higher in amphipods 234 

from the saltwater site compared to their freshwater counterparts. Catalase activity significantly 235 

increased in amphipods from the freshwater habitat after 1 and 3h of heat exposure but 236 

decreased in their counterparts from the saltwater site after 3h in response to the acute heat 237 

exposure (Fig. 4A). 238 



 239 

Exposure to a gradual thermal challenge 240 

The baseline levels of catalase activity at 7°C were significantly higher in amphipods 241 

from the saltwater site compared to their freshwater counterparts. Gradual temperature increase 242 

did not affect the activity of catalase in both of the studied populations of amphipods throughout 243 

the entire range of experimental temperatures (Fig. 4B). 244 

Lactate content  245 

Effect of acclimation at different temperatures  246 

The level of lactate was significantly lower in amphipods from the freshwater 247 

population, acclimated at 7°C, compared to 15°C.  Acclimation at different temperatures had 248 

no significant effect on the lactate level in amphipods from the saltwater population (Fig. 2, F). 249 

Exposure to heat shock challenge 250 

The basal levels of lactate at 15°C were significantly higher in amphipods from the 251 

freshwater population (Irkutsk) compared to saltwater Shira population. Acute thermal stress 252 

resulted in a significant increase of lactate level after 0.5 h and was increased until the end of 253 

the exposure (6h) in amphipods from the saline like, whereas content of lactate significantly 254 

increased only after 3h of acute thermal stress in amphipods from freshwater site. (Fig. 4C). 255 

Exposure to a gradual thermal challenge 256 

The basal levels of lactate at 7°C were similar in amphipods from both studied 257 

populations. In amphipods from the freshwater Irkutsk population, gradual warming resulted in 258 

a significant elevation of lactate content at 17°С that continued increasing until the end of the 259 

thermal exposure. In amphipods from Shira population, the content of lactate was constant 260 

within the temperature range of 7 - 29°С and increased at 31°C and 33 °C. (Fig. 4D).  261 

 262 

Glucose content  263 

Effect of acclimation at different temperatures  264 

Acclimation at different temperatures had no significant effect on the glucose level in 265 

amphipods from the freshwater population. The level of glucose was significantly lower in 266 

amphipods from the freshwater population, acclimated at 7°C, compared to 15°C.  (Fig. 2, D). 267 



Exposure to acute thermal challenge 268 

The basal level of glucose at 15°C was 5-fold higher in amphipods from the saltwater 269 

site compared to their freshwater counterparts. In amphipods from the freshwater site, acute 270 

heat stress led to a significant increase in glucose content after 3 h. In contrast, acute thermal 271 

challenge resulted in a significant decrease of glucose content after 3 and 6 hours in amphipods 272 

from a saline population (Fig. 5A). 273 

Exposure to a gradual thermal challenge 274 

The basal level of glucose at 7°C was higher in amphipods from the saltwater site 275 

compared to their freshwater counterparts (Fig. 5B). In amphipods from the freshwater 276 

population, glucose content was at the steady-state in the temperature range of 7 - 27°С and 277 

significantly increased at 29 °C. In amphipods from a saline lake, gradual warming resulted in 278 

a significant decline of glucose content at 13, 19, 23-29 and 33°С (Fig. 5B).  279 

 280 

Glycogen content  281 

Effect of acclimation at different temperatures  282 

The level of glycogen was significantly lower in amphipods from the freshwater 283 

population, acclimated at 7°C, compared to 15°C.  Opposite to that, the level of glycogen was 284 

higher in amphipods from the saltwater population, acclimated at 7°C compared to 15°C (Fig. 285 

2, E). 286 

Exposure to heat shock challenge 287 

The basal glycogen content at 15°C was higher in amphipods from the freshwater 288 

population (Irkutsk) compared to a saltwater population (Lake Shira) (Fig. 5C). Acute heat 289 

stress resulted in a significant decrease of glycogen content in amphipods from the saltwater 290 

(after 0.5 and 3 h) and freshwater (after 3 h of exposure) populations. 291 

Exposure to a gradual thermal challenge 292 

At 7°C the basal levels of glycogen were significantly higher in amphipods from the 293 

saltwater site compared to their freshwater counterparts. Glycogen content did not change in 294 

freshwater or saltwater amphipods during the gradual temperature increase (Fig. 5, D).  295 

Adenylates 296 



Effect of acclimation at different temperatures  297 

Acclimation at 7 and 15°C had no significant effect on the levels of ATP, ADP and 298 

AMP in amphipods from the freshwater population; however, the level of ATP was 299 

significantly lower in amphipods from the saltwater population, acclimated at 7°C, compared 300 

to 15°C.  (Fig. 2; G, H, I). 301 

Exposure to heat shock challenge 302 

The baseline of ATP content at 15°C was significantly higher in amphipods from 303 

freshwater site compared to their saltwater counterparts (Fig. 6, A). ATP level did not change 304 

in freshwater or saltwater amphipods throughout the gradual temperature increase. The basic 305 

level of AMP content at 15 °C was higher in amphipods from the saltwater Shira population 306 

compared to the freshwater Irkutsk population. AMP levels remained at the stead-state during 307 

acute heat stress in amphipods from a saline lake but increased after 1-3 h of exposure to 30 °C 308 

in amphipods from the freshwater site (Fig. 6, C). Baseline ADP levels were similar in 309 

amphipods from both studied populations (Fig. 7, A). There were no changes in the content of 310 

ADP in amphipods during acute heat stress.  311 

Exposure to a gradual thermal challenge 312 

The baseline ATP content at 7°C was significantly higher in amphipods from the 313 

freshwater population compared to the saltwater population. In amphipods from the freshwater 314 

site, gradual warming led to a decrease in tissue levels of ATP at the temperature of 9°C or 315 

higher. In amphipods from the saltwater Shira site, gradual warming led to a steady increase in 316 

tissue ATP levels at the temperature of 13°C or higher (Fig. 6, B). In contrast to ATP, the 317 

baseline AMP content was higher in individuals from the saltwater population, compared to 318 

their freshwater counterparts. AMP level of freshwater population of amphipods was decreased 319 

at 31°C in response to a gradual warming, but there was no changes in AMP content of Shira 320 

population (Fig. 6, D).The baseline ADP content was similar in amphipods from the two studied 321 

sites. There were no changes in the ADP content in amphipods from both populations (Fig. 7, 322 

B).  323 

Adenylate energy charge 324 

Effect of acclimation at different temperatures  325 

Acclimation at 7 and 15°C had no significant effect on adenylate energy charge levels 326 

(AEC) in amphipods from the freshwater population; however, the value of AEC significantly 327 



decreased in amphipods from the saltwater population, acclimated at 7°C, compared to 15°C.  328 

(Fig. 7; C, D). 329 

Exposure to heat shock challenge 330 

The baseline level of AEC at 15°C was significantly higher in amphipods from the freshwater 331 

population compared to the saltwater population. Heat shock exposure led to a decrease of AEC 332 

in amphipods from the saltwater population already after 0.5 and 1 hours, whereas no significant 333 

change in AEC of the freshwater population was observed (Fig. 7, C).  334 

Exposure to a gradual thermal challenge 335 

The baseline level of AEC after the acclimation at 7°C was significantly higher in amphipods 336 

from the freshwater population. Gradual warming led to a significant decrease of AEC in 337 

amphipods of the freshwater population starting at 17°C with a short leveling in the temperature 338 

range 21 – 25°C and a following decrease at 27 and 29°C. In contrast, the AEC in amphipods 339 

from saltwater population significantly increased during the gradual warming, starting from 340 

9°C, and the level of AEC stayed elevated during the whole exposure (Fig. 7, D).  341 

Discussion  342 

Our study shows that adaptation to different salinity regimes can influence 343 

thermotolerance and modulate key characteristics of cellular metabolism and stress responses 344 

in Holarctic amphipods G. lacustris Sars. Amphipods from a freshwater Irkutsk population 345 

were more sensitive to the thermal challenge experiencing higher mortality during acute and 346 

gradual warming compared to the amphipods from the saline Lake Shira.  G. lacustris is well 347 

known for its broad salinity tolerance compared to its congeners such as G. pulex (Sutcliffe and 348 

Shaw, 1967). Earlier studies showed that freshwater G. lacustris can survive in 50 and 60% sea 349 

water for at least 8 weeks, and regulate the hemolymph Na+ concentration until the media Na+ 350 

content reaches 250 mM L-1 (Sutcliffe and Shaw, 1967). Na+ concentration in the freshwater 351 

lake in Irkutsk (2.07 mM L-1) is significantly hypo-ionic with respect to G. lacustris hemolymph 352 

(that contains ~150-200 mM Na+ under freshwater and brackish conditions,  Sutcliffe and 353 

Shaw, 1967), whereas  the water in the saline Lake Shira is almost isoionic ([Na+] =126 mM L-354 

1) to G. lacustris hemolymph.  This indicates that G. lacustris from the saline lake are less 355 

osmotically stressed than their freshwater counterparts and therefore spend less energy on ion- 356 

and osmoregulation which may explain their higher thermal tolerance compared to the 357 

freshwater population.  358 



Basal levels of cellular stress markers and energy metabolism 359 

Bioenergetic indices (tissue levels of adenylates) measured under the temperature 360 

conditions similar to the mean habitat temperature and close to the physiological optimum for 361 

G. lacustris (15°C), (Timofeev, 2010), indicate more active aerobic metabolism in the 362 

amphipods from the freshwater Irkutsk population compared to their saltwater counterparts. 363 

Additionally, low levels of lactate in tissues of the saltwater amphipods suggest low rates of 364 

anaerobic metabolism (Pörtner et al., 1984; Livingstone, 1983). The freshwater amphipods 365 

appear to more strongly depend on anaerobic glycolysis compared to their saltwater 366 

counterparts as indicated by low glucose concentration and high levels of lactate, a major end 367 

product of anaerobic glycolysis in freshwater crustaceans (Pörtner et al., 1984; Livingstone, 368 

1983).  369 

Acclimation at a lower temperature (7°C) resulted in a significant stimulation of activity 370 

of antioxidants in both saltwater and freshwater amphipod populations. This indicates that 371 

hypothermia induces oxidative stress in the amphipods, possibly reflecting higher oxygen 372 

solubility at low temperatures. Notably, the degree of stimulation of antioxidants was stronger 373 

in the saltwater Shira amphipods.  Elevated activities of antioxidant enzymes and/or total 374 

antioxidant capacity, were also earlier reported from other euryhaline crustaceans acclimated 375 

or acclimatized to high salinities although profiles of antioxidant response to elevated salinity 376 

were tissue-specific (Henry et al., 2012; Wang et al, 2013; Romano and Zeng, 2013; Freire et 377 

al, 2011; Li et al, 2015). 378 

 Energy metabolism of amphipods was also affected by the hypothermic conditions 379 

(7°C). In saltwater Shira amphipods, the hypothermic acclimation (compared to the optimal 380 

temperature of 15°C) led to a decrease in ATP, a slight decline in free glucose and accumulation 381 

of glycogen. This indicates stimulation of glycogen synthesis at low temperatures in the 382 

saltwater amphipods. In the freshwater population hypothermic exposure had opposite effects 383 

on energy metabolites leading to an increase in free glucose, decline in the glycogen reserves 384 

while the levels of adenylates remained unchanged. This suggests an increase in the glycolytic 385 

ATP production at 7°C and may account for the maintenance of the steady-state ATP levels in 386 

hypothermia in the freshwater amphipods.   387 

 388 

Hyperthermic stress 389 



Acute thermal challenge (30°C) led to a significant increase in activities of all tested 390 

antioxidant enzymes (peroxidase, GST and catalase) in the freshwater population of amphipods. 391 

Elevated levels of antioxidant enzymes during the thermal challenge may reflect a temperature-392 

induced increase in generation of reactive oxygen species (ROS) in the less tolerant freshwater 393 

population requiring upregulation of the cellular antioxidant capacity to protect to organism 394 

against oxidative stress. No such increase in antioxidant levels was found in the more 395 

thermotolerant saltwater population of amphipods. This may suggest that the existing capacity 396 

of antioxidant enzymes is sufficient to protect against the temperature-induced generation of 397 

ROS in these organisms and/or that their mitochondria do not increase the rate of ROS release 398 

during the heat exposure. Moreover, activity of antioxidant enzymes showed a transient but 399 

significant decline in response to the thermal challenge in G. lacustris from the saltwater site. 400 

This is unlikely to indicate a direct thermal damage to the antioxidant enzymes given high 401 

tolerance to heating in this population but may rather reflect a decrease in the ROS production 402 

at intermediate temperatures. 403 

Gradual temperature increase starting from 7°C resulted in a decrease of peroxidase 404 

activity in Shira population at 11-21°C followed by a slight increase at 27-33°C, which, 405 

however, did not reach the control levels.  In freshwater Irkutsk population, peroxidase activity 406 

declined at 19-21°C then returned to the control levels. It is worth noting that the total 407 

peroxidase activity measured in this study encompasses activities of diverse cellular 408 

peroxidases such as peroxiredoxins, glutathione peroxidases, peroxisomal peroxidases and 409 

others. These enzymes are involved in a broad variety of cellular functions but they all play a 410 

role in the cellular redox balance and control of the oxidative stress (Mates, 2000; Espinosa-411 

Diez et al., 2015; García-Triana, 2012). A decrease in peroxidase activity at intermediate 412 

temperatures (+6°C around the optimum) may reflect either a decrease in ROS production, or 413 

serve as an energy-saving mechanism that redirects resources to other protective mechanisms 414 

(e.g. chaperones) to ensure optimal cellular protection at high temperatures. A similar decrease 415 

in activities of antioxidant enzymes has been previously shown in response to a variety of 416 

environmental stressors in amphipods (Timofeyev et al., 2008; Timofeyev et al., 2009). No 417 

changes in activity of catalase and glutathione S-transferase were found in the freshwater or 418 

saltwater populations of amphipods. Taken together, these findings indicate that baseline levels 419 

of antioxidant enzymes are sufficient to cope with the temperature-induced oxidative stress 420 

during gradual warming, and/or that unlike the acute thermal stress, gradual warming does not 421 

induce elevated ROS production in G. lacustris.  422 



It is worth noting that our present study, while focusing on three key antioxidant 423 

enzymes, did not exhaustively test all cellular antioxidants that can be involved in protective 424 

responses against temperature and salinity challenge in aquatic organisms (Mates, 2000; 425 

Espinosa-Diez et al., 2015; García-Triana, 2012). Lower baseline levels of some antioxidants 426 

(such as catalase) and a lack of increase in antioxidant levels during heat stress in the saltwater 427 

amphipods may reflect the reliance of these organisms on other antioxidants, such as low 428 

molecular weight antioxidants obtained from the diet (Lesser, 2006). An earlier study showed 429 

that dietary antioxidants can strongly affect the degree and direction of the antioxidant response 430 

to environmental stressors in amphipods (Timofeyev et al., 2008). The differences in the 431 

predominant diet in amphipods from the saltwater and freshwater habitats could affect the tissue 432 

levels of non-enzymatic antioxidants. Thus, the main food source for the Lake Shira bentho-433 

planktonic population of G. lacustris are freshly sedimented seston (Gladyshev et al. 2002, 434 

Degermendzhy et al. 2010) and planktonic copepods (Yemelyanova et al., 2002) which are rich 435 

in low molecular weight antioxidants. In contrast, amphipods from the freshwater Irkutsk lake 436 

are benthic and primarily feed on detritus which is low in antioxidant content. This difference 437 

in diets may influence the oxidative stress response to heating in the two studied populations 438 

and requires further investigation. Regardless of the contribution of the low molecular weight 439 

antioxidants to the total antioxidant capacity and stress tolerance of G. lacustris, our data 440 

demonstrate that activation of enzymatic antioxidants is not involved in elevated heat tolerance 441 

of the saltwater amphipod population.  442 

Metabolic responses to thermal challenge notably differed in the freshwater and 443 

saltwater populations of the studied amphipods. Significantly higher baseline levels of glucose 444 

in the saltwater population serves to provide energy resources during the acute thermal 445 

challenge (30°C) until the 3h of exposure when the level of glucose dropped about 5-fold. Rapid 446 

accumulation of lactate indicates activation of anaerobic glycolysis as early as after 0.5 h of 447 

heat exposure in the saltwater population; this would provide additional ATP as the 448 

temperature-induced ATP demand of the tissues outstrips the aerobic ATP supply (Mathews et 449 

al., 2000; Larade and Storey, 2002; Philp et al., 2005). The stable levels of ATP during the 450 

acute temperature stress in the saltwater amphipods indicates that the compensatory onset of 451 

anaerobic ATP production in combination with the aerobically produced ATP is sufficient to 452 

prevent ATP depletion. Significantly lower baseline levels of glucose in a freshwater population 453 

of amphipods indicates that this population may be energy-limited. Activation of 454 

glycogenolysis (as indicated by glycogen depletion and up to 5-fold glucose accumulation), and 455 

the onset of anaerobiosis (indicated by lactate accumulation) occurs much later in the freshwater 456 



amphipods (after 3 h of exposure), which is close to the LT100 for this population. Such late 457 

transition to anaerobic metabolism and glycogenolysis indicate limited metabolic plasticity of 458 

the freshwater population during heat stress and may contribute to their higher sensitivity to 459 

temperature (and potentially other stressors).  460 

Induction of anaerobiosis (as indicated by lactate accumulation) during the gradual 461 

warming occurred at considerably lower temperatures in the freshwater amphipods (17°C) 462 

compared to their saltwater counterparts (31°C). This indicates that the temperature-induced 463 

mismatch between the ATP demand and aerobic ATP supply occurs at lower temperatures in 464 

the less thermotolerant freshwater amphipods. Given the ability of saltwater amphipods to 465 

rapidly engage anaerobic pathways during acute thermal stress (30°C), the delayed onset of 466 

anaerobiosis during the gradual temperature rise indicates that aerobic energy supply is 467 

sufficient to support ATP turnover until very high temperatures (31°C) are reached. Transition 468 

to partial anaerobiosis during gradual warming is considered an indication of the upper critical 469 

temperatures of aerobic metabolism (TcritII) as which the aerobic scope of the organism 470 

disappears and only time-limited survival is possible (Sokolova et al., 2012, Sokolova & 471 

Bagwe, 2015). The upper critical temperatures of aerobic metabolism (17°C and 31°C) are 472 

lower than the upper thermal limits (31°C and 33°C in the freshwater and the saltwater 473 

populations, respectively) and are considered a better indicator of the ecologically relevant 474 

thermal limits that determine biogeographic distribution of a species (Pörtner & Knust, 2007, 475 

Deutsch et al., 2015).     476 

Even though anaerobic glycolysis is not engaged until 31°C in the saltwater population 477 

of amphipods, a strong decrease in glucose content in the absence of glycogen accumulation at 478 

the temperatures at or above 15°C indicate elevated catabolism of glucose. The most likely 479 

pathway for this catabolism is aerobic oxidation of glucose, which may explain an increase in 480 

ATP concentrations in saltwater amphipods during gradual warming.  This indicates that the 481 

saltwater population maintains high cellular energy status over the most environmentally 482 

relevant temperature range. In contrast, the freshwater population of amphipods experiences 483 

energy deficiency during gradual warming indicated by a decline in ATP content and (at the 484 

extreme temperature of 31°C) a decrease in AMP levels suggesting transamination of AMP.  485 

No significant change in glycogen levels and only a slight increase of glucose level at 486 

29°C is observed during gradual warming in the freshwater population of amphipods. This 487 

finding indicates that glucose used for lactate production at elevated temperatures must be 488 

replenished by gluconeogenesis from other sources besides the glycogen (such as amino acids) 489 

in the freshwater amphipods. Generically, these findings indicate that a decrease in the aerobic 490 



scope during the gradual warming in the freshwater amphipods goes hand-in-hand with the 491 

impairment of the cellular energy status indicated by the decrease in ATP levels..  492 

Overall, our data indicate that higher thermal sensitivity of the freshwater population of 493 

amphipods is associated with a lower baseline activity of antioxidant enzymes and a decreased 494 

ability to maintain energy balance and curb oxidative stress, compared to their saltwater 495 

counterparts, during exposure to acute and gradual temperature increase. High sensitivity of the 496 

freshwater population to warming was associated with energy limitations (indicated by low 497 

baseline glucose levels, downward shift of the critical temperature of aerobic metabolism and 498 

inability to maintain the steady-state ATP levels during warming), possibly reflecting a trade-499 

off between the energy demands for osmoregulation and protection against the temperature 500 

stress. These findings suggest that freshwater populations of amphipods may be more 501 

vulnerable to the global climate change than those from saline habitats. On the other hand, 502 

brackish waters may serve as potential refuges during the climate change for eurysaline 503 

amphipod species such as G. lacustris. 504 
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 702 

Fig.1. Mortality rates in Lake Shira and Irkutsk Lake populations under heat shock 703 

conditions. Data are fitted to the Weibull model. 704 

 705 

Fig.2. The control levels in tissues of G. lacustris from saltwater (Lake Shira) and freshwater 706 

(a lake in Irkutsk) populations at 7°C and 15°C.  A – peroxidase,  B – glutathione S-707 

transferase, C – catalase, D – glucose, E – glycogen, F – lactate, G – ATP, H – AMP, I – 708 

ADP. Different letters above the columns indicate differences between populations at a given 709 

time point (P<0.05). 710 

 711 



 712 

Fig.3. Peroxidase and glutathione S-transferase activity levels in G. lacustris from saltwater 713 

(Lake Shira) and freshwater (a lake in Irkutsk) populations. A, B – peroxidase activity, C, D - 714 

glutathione S-transferase activity. A, C -  acute exposure to 30°C (control 15°C). B, D – gradual 715 

warming (1°C h-1) (control 7°C). Different letters above the columns indicate differences 716 

between populations at a given time point. Asterisks (*) denote a significant change during the 717 

thermal exposure compared to the control animals from the same population (P<0.05). 718 

 719 

 720 

Fig.4. Catalase activities and lactate content in G. lacustris from saltwater (Lake Shira) and 721 

freshwater (a lake in Irkutsk) populations. A, B – catalase activity, C, D – lactate content. A, C 722 

-  acute exposure to 30°C (control 15°C). B, D – gradual warming (1°C h-1) (control 7°C). 723 

Different letters above the columns indicate differences between populations at a given time 724 

point. Asterisks (*) denote a significant change during the thermal exposure compared to the 725 

control animals from the same population (P<0.05). 726 



 727 

Fig.5. Glucose and glycogen content in amphipods G. lacustris from saltwater (Lake Shira) and 728 

freshwater (a lake in Irkutsk) populations.  A, B – glucose, C, D – glycogen. A, C -  acute 729 

exposure to 30°C (control 15°C). B, D – gradual warming (1°C h-1) (control 7°C). Different 730 

letters above the columns indicate differences between populations at a given time point. 731 

Asterisks (*) denote a significant change during the thermal exposure compared to the control 732 

animals from the same population (P<0.05). 733 

 734 

 735 

 736 

Fig.6. ATP and AMP levels in tissues of G. lacustris from saltwater (Lake Shira) and freshwater 737 

(a lake in Irkutsk) populations.  A, B – ATP, C, D – AMP. A, C - acute exposure to 30°C 738 

(control 15°C). B, D – gradual warming (1°C h-1) (control 7°C). Different letters above the 739 

columns indicate differences between populations at a given time point. Asterisks (*) denote a 740 



significant change during the thermal exposure compared to the control animals from the same 741 

population (P<0.05). 742 

 743 

Fig. 7. ADP and Adenylate energy charge (AEC) levels in tissues of G. lacustris from saltwater 744 

(Lake Shira) and freshwater (a lake in Irkutsk) populations.  A, B – ADP, C, D – AEC. A, C - 745 

acute exposure to 30°C (control 15°C). B, D – gradual warming (1°C h-1) (control 7°C). 746 

Different letters above the columns indicate differences between populations at a given time 747 

point. Asterisks (*) denote a significant change during the thermal exposure compared to the 748 

control animals from the same population (P<0.05). 749 


