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Abstract:  
 
Several bivalves, including mussels, suffered from mortalities particularly in summer. To look for the 
possible effect of environmental parameters on immune capacities, Mytilus galloprovincialis were 
collected monthly from August 2005 to July 2008 from the Palavas Laguna, French Mediterranean 
coast. Q-PCR was used to quantify the expression of three antimicrobial peptide genes (defensin, 
mytilin B and myticin B), in addition to lysozyme and HSP70. House keeping gene was 28S rRNA. 
Defensin, myticin B and lysozyme appeared more expressed in spring–summer than in winter. In 
contrast, HSP70 expression was higher in winter. Statistical studies using principal component 
analysis (PCA) and multiple regression models revealed positive influence of temperature on 28S 
rRNA, defensin, myticin B and lysozyme expressions, but not on mytilin B and HSP70. The positive 
influence was significant for defensin and lysozyme expression, but relationships cannot be quantified. 
Similarly, salinity appeared to influence defensin expression, but this relationship cannot be quantified 
neither. E. coli tissue content appeared without influence. Consequently, there was no clear 
relationship between environmental parameters and immune-related gene expressions, demonstrating 
anti-infectious capabilities cannot be evaluated using only the expression of such genes as markers.  
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1. Introduction 36 

 Effects of environmental parameters on immune functions of mussels have been 37 

extensively studied due to the sentinel role of such mollusk and numerous reports considered the 38 

effects of xenobiotics [1-4], but few considered bacteria [5-7] and none the in situ seawater 39 

micro fauna.  Physical and biological parameters of the environment where the mussels live are 40 

largely dependent on the season and fluctuations of numerous criteria were reported in mussels 41 

as related to seasons : enzyme activities [8], circulating hemocyte number [9], protein content of 42 

hemolymph, lysozyme and agglutinin activities [10], antibacterial response induced by LPS [11], 43 

lipid composition [12], cytolytic activity [13] and nitric oxide production [14], for instance. Also 44 

mortalities were frequently reported in relationships with the season, to such extend that they 45 

were called summer mortalities, not only in mussels [15, 16] but also in oysters [17-19]. 46 

Concerning immunity, we previously demonstrated in Northern blot that the expression of AMP 47 

genes, defensin, mytilin B and myticin B were constitutively expressed in winter, whereas 48 

expression only mytilin and myticin B were detectable also in summer [20]. In addition, 49 

expression of both defensin and mytilin B were decreased following bacterial injection in winter, 50 

heat-shock resulting in no change in mytilin B expression but in suppression of defensin 51 

expression in winter and its induction in summer.  52 

  Here, we evaluated by Q-PCR the expression of several immune-related genes (defensin, 53 

mytilin B, myticin B and lysozyme) and of HSP70 in mussels collected once a month at the same 54 

location during three consecutive years. Some environmental parameters (seawater temperature 55 

and salinity) and E. coli content of mussel tissues were joined to look for possible correlation 56 

with expression of such genes. 57 

  58 

2. Material and methods  59 

 60 

2.1. Mussels, hemolymph and hemocyte sampling 61 

 Adult mussels, Mytilus galloprovincialis (6-7 cm shell length), were purchased every 4 62 

weeks from August 2005 to July 2008, from the marine farm Les Compagnons de Maguelone 63 

located in the Prévost Laguna of Palavas (French Mediterranean coast). They were acclimated 64 

for 24 h in the laboratory (15 mussels in 25 l of sea water per aquarium) in a flow-through air 65 

system before hemolymph collection. 66 

 Hemolymph (0.8 ml per mussel) was collected from the posterior adductor muscle with a 67 

1 ml disposable syringe containing 0.2 ml of anti-coagulant modified Alsever’s solution (27 mM 68 

sodium citrate, 115 mM glucose, 336 mM NaCl, 18 mM EDTA, pH 7.0). Hemolymphs from 10 69 

mussels were pooled and hemocytes pelleted by 15 min centrifugation at 800 g, 4°C, then 70 
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resuspended in 1 ml Trizol Reagent (Invitrogen) and stored at -20°C until used. Four pools of 10 71 

mussels each, as replicates, were used for each sampling month. The full survey involved 1,440 72 

mussels. 73 

 74 

2.2. cDNA synthesis and quantitative PCR (Q-PCR) 75 

 Total RNA was extracted according to manufacturer’s instructions and resuspended in 45 76 

µl of Tris-EDTA buffer (TE: 10 mM Tris-HCl, pH 8.0, 1 mM EDTA). RNA concentrations were 77 

measured and quality controlled on spectrophotometer ND-1000 (NanoDrop Technologies). First 78 

strand cDNAs were synthesized on 5 µg of total RNA using hexaprimers (Invitrogen) and 79 

murine leukemia virus reverse transcriptase (Promega), purified through QIAquick Column 80 

(Qiagen) then kept in nuclease-free water at -20°C until use.  81 

 Q-PCR was performed using the SYBR Green chemistry on a LightCycler 480 384 well-82 

plate (Roche). Primer sequences and specificity controls were previously reported [21, 22]. Q-83 

PCR mixture contained the following: 1 µl first strand cDNA (10 ng), 0.75 µl of each specific 84 

primers at a concentration of 25 µM, 2.5 µl of mix (Roche) containing FastStart Taq DNA 85 

polymerase, reaction buffer 2x, dNTP mix, SYBR Green 1 dye and MgCl2. The PCR programme 86 

started with initial Taq polymerase activation at 95°C for 10 min, followed by 40 cycles at 95°C 87 

for 10 sec, 65°C for 10 sec and 72°C for 15 sec. Melting temperatures were measured by 88 

returning to 65°C for 30 sec and gradual heating to 95°C. Negative control reactions contained 89 

water in place of cDNA template and were included in each run to ensure the absence of 90 

contamination. Calibration curves were obtained using 10-fold serial dilutions of the 91 

corresponding amplicon in 10 µg/ml sonicated salmon sperm DNA (Sigma). House keeping 92 

gene was 28S ribosomal DNA, as previously validated [23]. 93 

 94 

2.3. Q-PCR data analysis 95 

 Crossing point values expressed in cycle numbers were measured according to the 96 

threshold position of 4.2 and converted into equivalent target amount (ETA) by the LightCycler 97 

480 built-in software (Roche) using statistical calibration curves. Expression level of gene of 98 

interest was calculated from the ratio of ETA for the considered gene on ETA for 28S rDNA 99 

within the same sample. Data were presented as arithmetical mean of the four replicates 100 

measured in duplicate ± SEM. Statistical significant differences between data were established 101 

by Student’s t-test using t-Ease 2.8 ISI software. Differences were considered as significant for 102 

p<0.05.  103 

 104 

2.4. Environmental parameters 105 
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 Seawater temperature (measured by electronic probe) and salinity (measured by in situ 106 

conductivity) values at the dates and unique location (43°31‘15 N - 03°54‘33 E) where mussels 107 

have been collected for gene expression measurements, came from the Ifremer’s network Réseau 108 

de surveillance du phytoplancton et des phytotoxines (REPHY). E. coli tissue contents of 109 

mussels at the same location, quantified by colorimetric enumeration based on β-glucuronidase 110 

activity [24] were from Ifremer’s network Réseau de contrôle microbiologique des zones de 111 

production de coquillages (REMI). Data were uploaded from 112 

http://www.ifremer.fr/envlit/surveillance, a website devoted to coastal environments. 113 

 114 

2.5. Statistics 115 

 Statistics analysis were done with R software available at http://www.R-project.org, using 116 

ade4 package [25] and ade4TkGUI package [26]. 117 

 2.5.1. Descriptive statistics: Principal component analysis (PCA) was used to describe 118 

data and to study the structures and correlations. Analysis was done on centred and scaled data. 119 

 2.5.2. Multiple regression models: To learn more about relationships between each gene 120 

expression and environmental data, we tried to define 6 multiple linear models on centred and 121 

scaled data. For each model, Fisher’s method was used to look for global influence of 122 

environmental parameters (Ho: regression coefficients = 0). Student’s method was used to reveal 123 

significant influence of each environmental parameter on expression (Ho: regression coefficient 124 

of each parameter = 0). In the situation of non nullity of one or several coefficients, normality of 125 

residuals of the model has been tested for validation using the Shapiro-Wilk’s method. 126 

 127 

 Results 128 

 129 

3.1. Expression of 28S rDNA  130 

 The intensity of expression of 28S rDNA was subjected to variations according to the 131 

month of collection. Lowest expressions were recorded from Aug 05 to Jan 06 (Fig. 1) with 132 

statistically significant difference between Oct 05 and Oct 06 (p=0.0002) for instance, but not 133 

between Oct 06 and Oct 07 (p=0.51). Similarly, statistically significant difference was observed 134 

between Feb 06 and Feb 07 (p=0.035), but not between Feb 07 and Feb 08 (p=0.087). Lower 135 

expressions were consistent during Apr-Aug 07, i.e. during spring-summer times, with 136 

expression statistically significantly lower in Jun 07 than in Jun 06 (p= 0.00016), but not than in 137 

Jun 08 (p=0.96). In addition, no difference in expression was observed between Sep 07 and Jul 138 

08.  139 

 140 
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3.2. Expression of AMPs and lysozyme 141 

   Global observation on Figure 2 was on variations of expressions. Evident is that 142 

defensin expression was higher in summer, with a maximum in Sep 05, Aug 06 and Aug 07, 143 

statistically significantly different between May and Aug 06 (p=0.0028), for instance. Such 144 

highest expressions ranged from 0.45 ETA (Sep 05) to 0.75 ETA (Aug 06) and 2.07 ETA (Aug 145 

07), i.e. 4.6-folds the expression measured in Sep 05. Particularly low expression of defensin was 146 

in winter, close to the detection sensitivity of the Q-PCR technology used, with no statistically 147 

significant difference between the minimum values recorded from Jan 06 (0.01 ETA), Jan 07 148 

(0.03 ETA) and Jan 08 (0.02 ETA).  149 

 Mytilin B expression did not seem to be regulated by the season, except during the winter 150 

05, with the highest recorded values of 30.68 ETA (Dec 05) and 22.27 ETA (Jan 06). Such 151 

increased expression was not observed during the winters 06 and 07 (p=0.0040 between Dec 05 152 

and Dec 06). Minimum expressions were from Apr 06 (0.85 ETA) to Apr 07 (0.86 ETA) with no 153 

statistically significantly difference. Similarly, no statistically significantly difference in mytilin 154 

B expression were recorded from May 07 (0.57 ETA) to Jul 08 (0.71 ETA), i.e. during 15 155 

consecutive months, with p=0.41 between Dec 07 and May 08, for instance. Meanwhile, 156 

expression in Dec 07 was 2.2-fold (p=0.0019) higher from expression in Dec 06. 157 

 Lower expression of myticin B was recorded during the winter times (Nov 05 and Jan 06, 158 

Dec 06 and Feb 07, Nov 07 and Jan 08), with no significant difference between Jan 06 (19.42 159 

ETA) and Feb 07 (14.28 ETA, p=0.23) or between Feb 07 and Jan 08 (34.26 ETA, p=0.09). 160 

Higher expressions were recorded during Dec 05 (151.67 ETA), Apr 06 (127.49 ETA), Oct 07 161 

(124.24 ETA) and more consistent between Feb 08 (133.35 ETA) and Jul 08 (250.42 ETA). 162 

 Lysozyme underwent clear seasonal variations of expression with maximum in Oct 05, 163 

Apr-Aug 06, May 07, Jul-Aug 07, Oct 07 and Apr-Jul 08, with no significant differences 164 

between the years, with p=0.41 between May 06 (10.17 ETA) and May 07 (7.78 ETA), and 165 

p=0.54 between May 07 and May 08 (9.56 ETA). Such higher expressions were statistically 166 

different from expressions in winter 06: p=0.004 between May 06 and Feb 06 (3.00 ETA), 167 

winter 07: p=0.029 between May 07 and Feb 07 (1.33 ETA), and winter 08: p=0.021 between 168 

May 08 and Mar 08 (4.38 ETA), for instance. Exception was for Oct 05 with the highest 169 

lysozyme expression recorded: 15.18 ETA. 170 

  171 

3.3. Expression of HSP70 172 

 Higher values for HSP70 expression were measured in Dec 05 (31.80 ETA), Jan 06 173 

(30.88 ETA), Aug 07 (25.24 ETA), Dec 07 (22.34 ETA) and Jul 08 (26.38 ETA), with 174 

statistically significantly difference with low expression generally recorded in summer (Fig. 2). 175 
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In addition to Aug 05 (6.51 ETA), low expressions were recorded constantly from Feb 06 (8.39 176 

ETA) to Apr 07 (5.04 ETA). 177 

 178 

3.4. Environmental parameters 179 

 Seawater temperature measured the day of mussel collection underwent expected 180 

variations ranged from 9.2°C (Jan 06) to 23°C (Jul 07) with normal Mediterranean seasonal 181 

rhythm (Fig. 2, upper panel). Salinity was simultaneously measured, revealing 4 low salinity 182 

periods corresponding to heavy rainfalls in Sep 05 (24.2 g/l), Sep-Dec 06 (about 30 g/l), May 07 183 

(27.5 g/l) and Jun 08 (21.3 g/l). The number of E. coli measured in 100 g of mussel tissues was 184 

remarkably low (130-250 bacteria) and constant during summer 06 and the full year 07 until Jun 185 

08, i.e. during 17 consecutive months. Four abnormally elevated contents were recorded in Sep-186 

Nov 05 (7,100-3,200 bacteria), Feb 06 (4,100 bacteria), Nov 06 (4,500 bacteria) and Jun 08 187 

(8,600 bacteria). 188 

 189 

3.5. Correlations between gene expressions and environmental parameters 190 

 3.5.1. Descriptive statistics. Six PCA have been performed to represent each gene 191 

expression according to salinity, temperature and E. coli tissue content. In each case, only the 192 

representation of variables on the main plan constructed by factorial axis 1 and 2, has been 193 

analyzed because representing 70-80 % of total inertia. On the first axe and for all analysis, 194 

negative correlation has been observed between salinity and E. coli tissue content. On the second 195 

axe, correlation existed between the expression of each gene and the temperature, with the 196 

exception of HSP70. The correlation was positive for 28S rDNA, defensin, myticin and lysozyme 197 

expression and negative for mytilin expression (Fig. 3). 198 

 3.5.2. Multiple regression models. Fisher’s test for each model concerning global nullity 199 

of coefficients was significant (p<0.05, Ho rejected) only for defensin and lysozyme expression, 200 

revealing significant influence of environmental parameters on the expression of these 2 genes. 201 

- Defensin model: Student’s test was significant (p<0.05, Ho rejected) revealing significant 202 

influence of temperature and salinity on defensin expression. Meanwhile, these relationships 203 

cannot be quantified because normality of residuals was rejected (p<0.05) and the model could 204 

not be validated. 205 

- Lysozyme model: Student’s test was significant (p<0.05, Ho rejected) revealing significant 206 

influence of temperature on lysozyme expression. Meanwhile, as for defensin model, this 207 

relationship cannot be quantified because normality of residuals was rejected (p<0.05) and the 208 

model could not be validated. 209 

 210 
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4. Discussion 211 

 212 

  The main criterion to decide for a house keeping gene is its constant expression all along 213 

the experiment. In previous reports, we found 28S rDNA a suitable house keeping gene to study 214 

the variations of several immune-related genes following various treatments [21, 22]. Such 215 

treatments were not statistically significantly affecting the expression of 28S rDNA. During the 216 

course of the present multi annual survey, we also focused on 28S rDNA for Q-PCR calculations. 217 

It was obvious that 28S rDNA expression was not constant all along the year, but followed some 218 

rhythms, with lower expression Aug 05-Jan 06 and Apr 07-Aug 07, and higher expression Jun 219 

06-Mar 07. One can speculate that such differences in expression must be related to the level of 220 

mussel metabolism which is known to fluctuate according to season [27] and reproduction [28].  221 

 The calculation mode based on the ratio of ETA for the considered gene on ETA for 28S 222 

rDNA, compensated the variations in the house keeping gene expression. Defensin expressed in 223 

summer, from Apr to Oct, and was nearly undetectable in winter, from Dec to Mar, which is 224 

contradictory to our previous observations done in Northern [7]. Mytilin B expression appeared 225 

constant with a low level from Apr 06 to Apr 07 and slightly higher values from May 07 to Jul 226 

08. Exception was during winter 05 with significantly up-regulation of mytilin B expression. 227 

Highest expression of myticin B and lysozyme occurred in summer whereas HSP70 expression 228 

appeared more erratic with maxima in Dec 05, Aug 07, Dec 07 and Jul 08. Consequently, the 229 

five genes behave differently according to the season, but they all underwent almost a year of 230 

low expression, starting Feb-May 06, particularly obvious for mytilin B and HSP70. We must 231 

notice the deviant comportments during the winter 05-06 with the highest expression of mytilin 232 

B, lysozyme and HSP70, the expression of the later being reported as showing significant 233 

correlation with the seawater temperature [29].  234 

 Highest E. coli tissue content of mussel tissues, reflecting human faecal contamination 235 

not correctly eliminated by public sewage systems, were observed at the time of lowest salinity 236 

corresponding to heavy rainfalls during Sep-Nov 05, Nov 06 and Jun 08. Meanwhile, other low 237 

salinity values (Apr 06, Sep 06 and May 07) were not associated with high E. coli tissue content. 238 

Reciprocally, high E. coli tissue content measured in Feb 06 was not related to low salinity, 239 

suggesting either not a strict relationship between the 2 phenomena or, most probably, a rapid 240 

clearance of E. coli from the mussel tissues, as we observed for Vibrio splendidus, V. 241 

anguillarum and Micrococcus lysodeikticus [30]. No particular relationship has been observed 242 

between E. coli tissue content and seawater temperature, obviously more elevated in summer, 243 

with a maximum of 23°C, than in winter, with a minimum of 8.5°C. When compared to the 244 

constant E. coli tissue content during 07 and early 08, the up-regulations of gene expressions 245 
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observed in summer cannot be correlated to the reaction against more numerous bacteria. 246 

Moreover, the two highest E. coli tissue content observed in Feb 06 and in Nov 06 corresponded 247 

to the lowest expressions of defensin, myticin B and lysozyme, rejecting the hypothesis of 248 

correlation between expression of these immune gene and the presence of bacteria. Highest 249 

concentration of E. coli tissue content in Jun 08, not correlated to particularly high immune gene 250 

expression, confirmed the above assertion. Meanwhile, both lysozyme and mytilin B were up-251 

regulated at the end of 2005 at the time salinity was increasing and E. coli tissue content 252 

elevated, but decreasing. But such relationships were less obvious in Jun 08, and not confirmed 253 

at the end of 2006. Statistical studies with PCA and multiple regression models revealed positive 254 

influence of temperature on 28S rDNA, defensin, myticin B and lysozyme expressions, but 255 

negative influence on mytilin B expression. The positive influence was significant for defensin 256 

and lysozyme expression, but relationships cannot be quantified. Similarly, salinity appeared to 257 

influence defensin expression, but this relationship cannot be quantified neither. 258 

 General observations in M. galloprovincialis were on the highest concentrations/activities 259 

during summer times, with correlations to highest water temperature: hemolymph protein 260 

concentration, lysozyme and agglutinin activities [10], total hemocyte count (THC) [9], NO 261 

production [14], and HSP70 and multi xenobiotic resistance (MXR) protein accumulations [31], 262 

for instance. However, intensity of cytolytic activity correlated to water temperature, but 263 

experiments in aquaria demonstrated this parameter is not the main cause of the fluctuation [13]. 264 

Also in M. edulis, activities such are glutathione (GSH), GHS-peroxidase and catalase were the 265 

highest in summer [8]. Other observations in M. galloprovincialis were on higher prevalence of 266 

gonad neoplasm between Apr and Jun [32] and on higher percentage of inflammatory lesions 267 

caused by parasites in summer than in winter [27], exactly as reported for the Japanese pearl 268 

oyster, Pinctada fucata, infected by the marine birnavirus (MABV) [33]. In contrast, greater 269 

concentrations of HSP70 in winter in the horse mussel, Modiolus modiolus, suggested 270 

adjustment of such chaperone functions to cold temperature (5° versus 15°C) [34]. Correlation 271 

between maxima seawater temperatures and occurrence of mortalities was proposed concerning 272 

the European abalone, Haliotis tuberculata (Mollusk, Gastropod) [35] due to emerging vibriosis 273 

[36]. In addition, diseases are known to be linked to reproductive cycle because reproduction is a 274 

stressful event using energy that would otherwise be available for other functions. Such 275 

relationships between spawning and mortality have been reported in oyster [37], mussels [28], 276 

abalone [38] and Manila clam Ruditapes philippinarum [39]. One can expect the immune gene 277 

expressions to be down-regulated during gonad maturation, lasting until spawning. In the present 278 

report, up-regulation of mytilin B and HSP70 was observed during the first reproductive period 279 

of Dec 05-Jan 06, but not confirmed during the second reproductive period Sep-Oct 06, and 280 
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during the following years. Consequently, relationships between environmental parameters and 281 

immune-related gene expression appeared not simple, demonstrating anti-infectious capabilities 282 

cannot be evaluated using only such genes as markers. 283 

 In conclusion, different levels of expression have been observed for several immune 284 

genes along the 3-years survey, with some seasonal variability. Statistical studies revealed 285 

positive influence of temperature on 28S rDNA, defensin, myticin B and lysozyme expressions, 286 

but not on mytilin B and HSP70. Salinity positively influenced defensin expression only, whereas 287 

E. coli tissue content appeared without influence.  288 

 289 
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 410 
Figure captions 411 
 412 
Figure 1 – Expression of 28S rDNA as measured in Q-PCR from samples monthly collected from 413 
August 05 to July 08. Values were inferred from 4 replicates measured in duplicate ± SEM (bar). 414 
See the text for statistical analysis. Note the lowest expression Aug 05-Jan 06 and the highest 415 
expressions Jun 06-Mar 07, then Sep 07-Jul 08. 416 
 417 
Figure 2 - Salinity and temperature of seawater, and E. coli tissue content of mussels. Expression 418 
of HSP70, defensin, mytilin B, myticin B and lysozyme as measured in Q-PCR from samples 419 
monthly collected from August 05 to July 08. Values were inferred from 4 replicates measured 420 
in duplicate ± SEM (bar). See the text for some statistical analysis. Note the 4 lowest salinities 421 
corresponding to heavy rainfalls in Sep 05, Sep-Dec 06, May 07 and Jun 08, and the 4 peaks of 422 
E. coli tissue content in Sep 05, Feb 06, Nov 06 and Jun 08. Note the existence of some 423 
modulations of gene expressions, not identical between the five genes, and the global lower 424 
expressions during winters 06 and 07. 425 
 426 
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Figure 3 – Representation of variables on the main plan by correlation circles related to defensin 427 
(A) and to lysozyme (B). Note the negative correlations on axe 1 between salinity (SAL) and E. 428 
coli tissue content (ECOLI) in both cases. Note also the positive correlations on axe 2 between 429 
defensin (DEF) and temperature (TEMP)(A) and between lysozyme (LYS) and temperature (B). 430 
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