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ABSTRACT 12 

Salted cod is a product highly appreciated by consumers, especially in Southern Europe 13 

and Latin America. In recent years there has been increasing consumer demand for 14 

products with low sodium content, and this has led the salting industry to seek new salt 15 

mixtures to help to reduce Na+ levels without producing alterations in the properties of the 16 

final product. In this study, Atlantic cod (Gadus morhua) was initially brined with various 17 

mixtures of salts based on NaCl, at various pH levels and including KCl, MgCl2 and/or 18 

CaCl2. After subsequent dry salting with NaCl, the Na+, K+, Ca2+ and Mg2+ cation contents 19 

were evaluated, and also their effect on water loss, salt uptake, entry of chloride, water 20 

holding capacity (WHC), water extractable protein (WEP) and hardness of the end 21 

product. A greater presence of K+ in muscle was associated with greater water loss, salt 22 

uptake and hardness of the dry salted product. Moreover, incorporation of Ca2+ and Mg2+ 23 
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negatively affected water holding capacity. These changes were not dependent on brine 24 

pH and might significantly alter the acceptability of the final product. 25 

 26 
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1. Introduction 29 

 Salting played a fundamental part in human nutrition in the course of history until 30 

well into the twentieth century. Initially, the aim of salting was the preservation of fish. 31 

Now, despite the development of other preservation methods, its low production cost, the 32 

simplicity of the process and demand for the product have meant that salted products, and 33 

in particular salted fish (especially cod) continue to be sold in high quantities. Nowadays, 34 

the main countries that produce salted cod are Iceland and Norway (Thorarinsdóttir, 35 

Bjørkevoll, & Arason, 2010b), whereas the main consuming countries are those of 36 

southern Europe (mainly Portugal and Spain) and some Latin American countries, such as 37 

Brazil. 38 

 The typical salting process is dry salting or “kench salting”, where the fish is 39 

filleted or “butterfly” split and stacked with alternating layers of salt (Thorarinsdottir, 40 

Arason, Bogason, & Kristbergsson, 2004). In recent years, presalting followed by dry 41 

salting has become the most popular production method (Thorarinsdottir et al., 2004; 42 

Martínez-Alvarez & Gómez-Guillén, 2006; Brás & Costa, 2010; Gudjónsdóttir, Arason, & 43 

Rustad, 2011). The aim of presalting is to increase both the water holding capacity and the 44 

yield of the salted product. Presalting can be carried out by brine injection and/or 45 

immersion in brine (Thorarinsdottir, Arason, Thorkelsson, Sigurgisladottir, & Tornberg, 46 
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2010a; Thorarinsdottir, Arason, Sigurgisladottir, Valsdottir, & Tornberg, 2011). Salting by 47 

injection consists in injecting a saline solution into the muscle, thus reducing the salting 48 

time, which in turn favours rapid, homogeneous distribution of salt in the muscle. Brining, 49 

on the other hand, consists in immersing the fish for 1–4 days in a solution of salt and 50 

water (brine). The final product, lightly salted cod (approx. 2 g NaCl /100 g of product), 51 

can be marketed as it is (Lauzon, Magnússon, Sveinsdóttir, Gudjónsdóttir, & 52 

Martinsdóttir, 2009; Gudjonsdottir et al., 2010; Thorarinsdóttir et al., 2010b), although 53 

usually it is then dry salted, losing water and gaining salt until an equilibrium is reached, 54 

and at the same time acquiring its characteristic organoleptic characteristics. The dry 55 

salted product may be subjected to a drying process prior to distribution, finally being 56 

rehydrated by the consumer before consumption. The advantages of a prior brining step 57 

are that the final product is less hard (Brás & Costa, 2010), salting is quicker and the yield 58 

is greater (Thorarinsdottir et al., 2004; Brás & Costa, 2010), although during the first 4–5 59 

days of brining there is a loss of water accompanied by soluble protein (Del Valle & 60 

Nickerson, 1967; Martínez-Alvarez & Gómez-Guillén, 2005). 61 

 During brining there is an increase in the salt content of the muscle, owing to 62 

diffusion of the NaCl present in the brine solution. There is also diffusion of water into the 63 

brine, brought about by the difference in NaCl concentration between the muscle and the 64 

surrounding brine/salt (Thorarinsdottir et al., 2010a). When the salt concentration in the 65 

muscle is slightly higher than the physiological ionic strength (>0.15 M), the inter-fibrillar 66 

spaces become larger owing to electrostatic shielding effects from salt ions binding to 67 

charged parts of the filaments, increasing the water absorption capacity of the proteins 68 

(Offer & Trinick, 1983; Offer et al., 1989; Barat, Rodríguez-Barona, Andrés, & Fito, 69 
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2002). At concentrations >0.5 M, the thick filaments depolymerise, which leads to a 70 

significant swelling of myofibrils, reaching a maximum at salt concentrations of 0.8–1 M, 71 

in a process known as “salting in” (Offer & Knight, 1988; Fennema, 1990). At higher 72 

concentrations (>1 M), the muscle proteins begin to aggregate irreversibly, and this causes 73 

a lateral contraction of the myofibrillar compartment. As a result, the muscle hardens and 74 

retracts. The water holding capacity of the cells decreases and the muscle begins to lose 75 

water, in a process known as “salting out” (Kelleher & Hultin, 1991; Stefansson & Hultin, 76 

1994). During the dry salting process, the entry of salt into the muscle increases as a result 77 

of a diffusion mechanism, and extraction of water from the tissues increases, which leads 78 

to dehydration of the fish, resulting from the greater difference in concentrations between 79 

the sample and the medium, the pressure effect due to the weight of the salt, and the 80 

capillary effect in the salt bed (Barat, Rodrı́guez-Barona, Andrés, & Fito, 2003). This 81 

water loss affects the conformation of muscle proteins, causing denaturation and 82 

aggregation, and therefore changes in functional properties. 83 

 In recent years, the relationship between excessive consumption of sodium and 84 

hypertension (Winter, Tuttle & Viera, 2013) has increased demand for low-salt products, 85 

and this has encouraged the food industry to reduce the sodium content in processed 86 

products. The alternatives to salting of fish include partial substitution of NaCl by KCl, 87 

the incorporation of other salts such as calcium chloride or magnesium chloride, or the use 88 

of salt solutions with a different pH during brining (Aliño, Fuentes, Fernández-Segovia, & 89 

Barat, 2011; Lee, 2011; Braschi, Gill, & Naismith, 2009; Rodrigues, Ho, López-Caballero, 90 

Bandarra, & Nunes, 2005; Martínez-Alvarez, Borderías, & Gómez-Guillén, 2005). 91 

However, the incorporation of KCl or divalent salts in the salt mixtures used could cause 92 
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changes in the sensory properties of the product (Gelabert, Gou, Guerrero, & Arnau, 2003; 93 

Lauritzsen & Akse, 1995; Reddy & Marth, 1991; Arganosa & Marriott, 1990). Also, these 94 

salts could alter the functional properties of muscle proteins (Kinsella, 1982; Morrissey, 95 

Mulvihill, & O’Neill, 1987), affecting the quality of the final product to a greater or lesser 96 

extent. Thus, the replacement of NaCl with other salts such as KCl, MgCl2 or CaCl2 may 97 

have a negative effect on water holding capacity (Weinberg, Regenstein, & Baker, 1984), 98 

and/or on texture (Martínez-Alvarez et al., 2005). The effect of salts on the conformational 99 

stability and solubility of proteins is a strong function of the ionic species present (Zhang 100 

& Cremer, 2006; Baldwin, 1996). Thus, interactions of protein with water are correlated 101 

with the size of the hydrated radius of the ion, so that the greater the radius, the greater the 102 

dehydration caused in the protein and vice versa. It is likely that these effects are 103 

influenced by surface load intensity, which is in turn influenced by atomic radius 104 

(Kinsella, 1982; Eagland, 1975). In general, in accordance with the Hofmeister series, 105 

cations determine effectiveness in protein hydration, at a given (low) ionic strength, in the 106 

following decreasing order: Ca2+>Mg2+>Li+>Cs+>Na+>K+>NH4
+ (Baldwin, 1996; 107 

Morrissey et al., 1987; Von Hippel & Wong, 1964). During the salting of the fish, the 108 

entry of salts causes conformational changes in the proteins, which give rise to changes in 109 

solubility to a greater or lesser extent, depending on the salts used, the pH of the brine and 110 

the degree of salting achieved, among other factors. Furthermore, the pH of the medium 111 

can also cause changes in the functional properties of the muscle proteins in the salted 112 

product. Alteration of the net load of the protein molecule may increase or reduce protein–113 

water and protein–protein interactions (Stefansson & Hultin, 1994), consequently 114 

affecting protein functionality (Lauritzsen, Akse, Gundersen, & Olsen, 2004). 115 
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 The aim of this study was to relate muscle Na+, K+, Ca2+ and Mg2+ contents with 116 

parameters such as water loss, salt uptake and chloride content, and with physical and 117 

physicochemical properties, such as hardness, water-holding capacity (WHC) and water-118 

extractability protein (WEP) of dry salted cod fillets (Gadus morhua). 119 

 120 

2. Materials and methods 121 

 Following capture off the coast of Iceland by a commercial fishing boat, cod 122 

(Gadus morhua) specimens were headed, gutted, washed and placed in bins, covered with 123 

ice. The bins were immediately transported to the Icelandic Fish Processing School. Cod 124 

specimens were cut lengthwise into two parts, each weighing between 500 and 900 g, and 125 

salted by immersion in brine for 36 hours: fish/brine ratio 1/1.4, temperature 4 °C. The salt 126 

concentration in all brines was the same (18 g of salt in 100 mL of water). The brines 127 

consisted of distilled water and a mixture of salts containing variable quantities of sodium 128 

chloride, potassium chloride, calcium chloride and magnesium chloride (Table 1). The 129 

initial pH of the brines was adjusted to the level shown in Table 1 by addition of citric 130 

acid (19.2 g/L) or sodium hydroxide (4 g/L). Sodium chloride (NaCl) was supplied by 131 

Supreme Salt Co., Ltd.; potassium chloride (KCl) was supplied by Saltkaup Ltd.; 132 

magnesium chloride (MgCl2) hexahydrate and calcium chloride (CaCl2) dehydrated were 133 

supplied by Merck. 134 

 The fillets were then dry salted for 25 days by covering in Torrevieja salt (99.4 g 135 

NaCl/100 g of Torrevieja salt , max. 0.1 g Ca2+/100 g, max. 0.09 g Mg2+/100 g, max. 0.45 136 

g sulphate/100 g) from Unión Salinera de España (Barcelona, Spain). The temperature 137 

throughout the process was 4 °C. The fillets were then shipped to Spain by refrigerated 138 
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transport. The final water content of the dry salted samples was 53.82–57.46 g/100 g of 139 

sample. Protein content was 20.88–23.66 g/100 g, and ash content was 19.69–23.08 g/100 140 

g. The dorsal part of each skinless fillet was chopped into 150–200 gram portions 141 

(approximate dimensions: length 9±2 cm, width 5±1 cm, and thickness 3±1 cm). All these 142 

portions were then mixed together and stored at low temperature until used. 143 

 144 

2.1. Determination of water loss 145 

 Moisture of samples before and after brining or dry salting was firstly determined 146 

on approximately 5 g of minced muscle, by oven drying at 110 °C to constant weight, 147 

following technique 950.46 (AOAC, 2000). Results were expressed as water loss (g/100 148 

g) in brined (WLb) and salted (WLs) fillets. 149 

 WLb = Mb – Mr, where Mb = Moisture of brined sample and Mr = Moisture of 150 

raw sample. 151 

 WLs = Ms – Mb, where Ms = Moisture of dry salted sample and Mb = Moisture of 152 

brined sample. 153 

 154 

2.2. Determination of ions: Sodium, potassium, calcium and magnesium 155 

 Approximately 5 g of muscle was reduced to ashes and homogenised in 5 mL 156 

suprapure nitric acid diluted with Milli-Q water (final concentration of 30 mL/100 mL of 157 

water). Samples were topped up to 100 mL, also with Milli-Q water. A Perkin-Elmer 158 

model 5100 PC atomic absorption spectrophotometer (Massachusetts, USA) was used to 159 

determine calcium, (Ca2+), magnesium (Mg2+), sodium (Na+) and potassium (K+) cations 160 

in these solutions. Results were expressed in mg/g of muscle. 161 
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 162 

2.3. Determination of chloride content 163 

 Five g of minced muscle was homogenised with 100 mL of nitric acid (1 mL/100 164 

mL of water) in an Omnimixer-Homogenizer (model 17106, OMNI International, 165 

Waterbury, USA). Sample was then filtered through No. 1 Whatman paper. The chloride 166 

content was measured at ambient temperature with constant stirring in an ORION 920A 167 

ion analyser (Barcelona, Spain), with an ORION 900200 reference electrode and an 168 

ORION 9417XXX chloride electrode. Results were means of three determinations and 169 

were expressed as g/100 g of muscle. 170 

 171 

2.4. Determination of salt uptake 172 

 Ash content of each sample was determined following AOAC 923.03 (AOAC, 173 

2000). Results were expressed as salt uptake (g/100 g) in brined (SUb) and salted (SUs) 174 

fillets. 175 

 SUb = Sb – Sr, where Sb = Ash content in brined sample and Sr = Ash content in 176 

raw sample. 177 

 SUs = Ss – Sb, where Ss = Ash content of dry salted sample and Sb = Ash content 178 

of brined sample. 179 

 180 

2.5. Water holding capacity, Water extractable protein and Shear strength (hardness) 181 

 WHC, WEP in distilled water and shear strength of salted samples were 182 

determined as described in Martínez-Alvarez and Gómez-Guillén (2006).  183 
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For WHC, 2 g of chopped cod muscle were placed in a centrifuge tube with 3 dried pipette 184 

filters (Gilson, Viliers-le bel, France), previously weighed, to act as absorbents. Each 185 

sample was centrifuged for 10 min at 6000g (Sorvall, RT6000B; Du-Pont Co., 186 

Wilmington, Del., USA) at room temperature, and the pipette filters were further weighed. 187 

Results were means of three determinations and were expressed as g of water retained per 188 

g of muscle protein. 189 

WEP was extracted in distilled water (low ionic strength), making it possible to see which 190 

proteins were solubilized as a result of adding salt to the muscle. Two g of minced muscle 191 

were homogenized at low temperature in 50 mL of distilled water. The homogenates of 192 

these solutions were stirred constantly for 30 min at 2 °C then centrifuged (6000g) for 30 193 

min (Sorvall model RT 6000B centrifuge, Du Pont Co., Delaware, USA) at 3 °C. Protein 194 

concentration was determined in the supernatant by the colorimetric method of Lowry, 195 

Rosebrough, Farr, & Randall (1951), and the standard curve was determined with various 196 

known concentrations of bovine serum albumin (BSA). Results were means of three 197 

determinations and were expressed as g of soluble protein per g of total protein in muscle. 198 

Shear strength was determined on a bone-free muscle sample, 4 cm long and 2 cm wide. 199 

This was divided in half lengthwise and spread on a Kramer cell with the myotomes 200 

perpendicular to the cell. A computer-controlled Instron Universal texturometer model 201 

4501 was used (Instron Engineering Corp., Canton, MA, USA) with a cell load of 5 kN at 202 

a setting of 100 mm/min. Results were means of three determinations and were expressed 203 

as Newtons per g of muscle at the point of maximum load before sample breaking. 204 

2.6. Statistical analyses 205 



10 
 

 The significance of differences between mean value pairs was evaluated using one-206 

way ANOVA. Tukey HSD test was used to identify significant differences among main 207 

effects. The level of significance setting was P ≤ 0.05. The data from the different 208 

variables analysed in dry salted cod were used as the data matrix in a principal component 209 

analysis (PCA). Further discriminant analyses were also performed. All statistical analyses 210 

were performed with Statgraphics Plus software. 211 

 212 

3. Results 213 

 The brining process caused a water loss of approximately 2–5 g/100 g of muscle. 214 

This water loss was dependent on the pH of the brine, and also on the combination of salts 215 

used, in agreement with what has been reported previously (Martínez-Alvarez et al., 216 

2005). The dry salting process also caused a decrease in the water content in all the 217 

samples, losses reaching approximately 20–23 g/100 g with respect to the brined cod 218 

(Figure 1). This decrease in the water content has been explained by a loss of myofibril 219 

water holding capacity owing to salting out of proteins (Offer & Trinick, 1983; Xiong, 220 

2005). The pH of the brine used for brining did not affect the water loss during the dry 221 

salting process to a greater or lesser extent. However, the incorporation of KCl, MgCl2 222 

and/or CaCl2 in the brines caused a significantly (p ≤ 0.05) greater loss of constituent 223 

water in most cases, the most pronounced changes being observed at pH 6.5 (Fig. 1a). 224 

 Brining produced a noticeable increase in salt uptake, in some cases close to 8 % 225 

with respect to the unsalted cod (Figure 2). This increase was associated with the increase 226 

in chloride content, as reported previously (Martínez-Alvarez et al., 2005). The subsequent 227 

dry salting process caused a significant increase in salt uptake, especially in the samples 228 
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brined at pH 6.5, owing to the massive entry of NaCl into the muscle. The incorporation of 229 

KCl, MgCl2 and/or CaCl2 in the pH 6.5 brines was associated with a significant increase in 230 

salt uptake after dry salting. In the case of the dry salted cod previously brined at pH 8.5, 231 

replacement of part of the NaCl in the brines with KCl caused an increase in salt uptake, 232 

significant in some cases (p ≤ 0.05). 233 

 The dry salting process noticeably increased the muscle chloride content, reaching 234 

values of 16.90–19.87 g/100 g of sample (Table 1). In most cases, the muscle salt content 235 

was higher in the samples previously brined at pH 6.5. The differences attributable to pH 236 

were significant when the brining was done with NaCl and CaCl2 or else with NaCl, KCl 237 

and CaCl2 (Table 1). However, when the wet salting was done with mixtures that included 238 

MgCl2, the salt content was almost always less at pH 8.5, although this behaviour might 239 

be due to the lesser degree of salting of these samples after brining. 240 

 The Na+, K+, Ca2+ and Mg2+ ion contents (Table 1) increased strikingly in 241 

comparison with the contents reported for brined cod (Martínez-Alvarez et al., 2005). In 242 

general, dry salting with common salt from Torrevieja led to an increase of 40 -75 % in 243 

Na+ content, which was attributed not only to the treatment with that salt, which is very 244 

rich in NaCl, but also to the evident dehydration that the muscle had undergone. The 245 

muscle Na+ content, very variable in the case of brined cod (Martínez-Alvarez et al., 246 

2005), was fairly uniform after dry salting, although a smaller incorporation of Na+ was 247 

observed when NaCl was partially replaced with KCl in the preliminary brining. This 248 

decrease, however, was not statistically significant. 249 

 The K+ content was higher in the samples previously salted with brines that 250 

included KCl. This is important, since an increase in potassium intake has been associated 251 
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with a decrease in arterial tension (Martin & Fischer, 2012; He & MacGregor, 2008). In 252 

general, the cod previously brined at pH 6.5 with mixtures that included KCl gave a final 253 

product with a lower K+ content in comparison with the cod previously brined at pH 8.5 254 

(Table 1), these differences being significant (p ≤ 0.05) in all the cases in which they were 255 

present, accompanying KCl, CaCl2 and/or MgCl2. 256 

 In the samples previously brined with mixtures that included CaCl2 there was 257 

generally a greater muscle Ca2+ content, as observed in the samples brined with the same 258 

salt mixtures (Martínez-Alvarez et al., 2005), which might indicate that in general the 259 

interactions of the cation with the muscle protein were maintained during the dry salting. 260 

However, the differences in comparison with the samples brined without CaCl2 were not 261 

always statistically significant (Table 1). The quantity of Ca2+ present in the dry salted 262 

muscle also did not produce significant differences as a function of the pH of the brine 263 

used. In most cases the Mg2+ content was higher in the dry salted samples previously 264 

brined with mixtures that included MgCl2 (Table 1). This fact was also observed in the 265 

brined muscle before salting (Martínez-Alvarez et al., 2005), although these authors did 266 

not describe the increment in Mg2+ content in muscle as significant, and shows that the 267 

differences observed in the Mg2+ content in muscle were maintained after the dry salting. 268 

The Mg2+ content was significantly higher (p ≤ 0.05) in the case of the samples previously 269 

brined with mixtures with MgCl2 and without CaCl2 at pH 6.5. This fact was not observed 270 

before salting (Martínez-Alvarez et al., 2005), and suggests that the presence of Ca2+ in 271 

muscle negatively affected retention of Mg2+ in muscle during the dry salting. In contrast, 272 

the incorporation of CaCl2 in basic brines including MgCl2 resulted in a higher retention 273 
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of Mg2+ in dry salted muscle, being this effect significant when both divalent salts were 274 

accompanied by KCl and NaCl.  275 

 276 

 The composition of the brines used for the salting prior to dry salting caused 277 

substantial changes in the functional properties of the muscle proteins in the dry product, 278 

expressed as water holding capacity and water extractable protein, as discussed in a 279 

previous paper (Martínez-Alvarez & Gómez-Guillén, 2006). In that study there is also a 280 

description of the distribution of molecular weights in the soluble fraction, and the 281 

differences observed in the shear strength (hardness) of the samples. 282 

 283 

4. Discussion 284 

 In a previous study we showed that the brining process at various pH levels and 285 

with various combinations of salts conditioned the quality of the brined product 286 

(Martínez-Alvarez et al., 2005). Although the product may then be ready for consumption, 287 

the brining step is normally accompanied by dry salting with NaCl. In another study 288 

(Martínez-Alvarez & Gómez-Guillén, 2006), we reported that the composition of the 289 

brines can produce substantial changes in the functional properties of the muscle protein 290 

of dry salted cod, especially in its composition. In the present study, we have shown that 291 

the main cations (Na+, K+, Ca2+ and Mg2+) employed during the preliminary brining 292 

process are incorporated in the muscle, and that they affect the water loss and salt uptake 293 

of the cod after dry salting. Equally, the incorporation of these cations in the muscle may 294 

affect the functional properties of the muscle protein, and the hardness, to a greater or 295 

lesser extent after dry salting.  296 
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The obtained results were subjected to a principal component analysis of factors. These 297 

analyses were performed separately for samples previously brined at pH 6.5 and at pH 8.5. 298 

The aim here was to identify significant differences that might have been overlooked 299 

previously in simple ANOVA. From these analyses, it was possible to gain a better 300 

understanding of the possible relationships of  the muscle cation contents with both the 301 

salt uptake and the water loss produced, and also with the alterations in the functional 302 

properties of the muscle protein produced during the dry salting. The corresponding 303 

principal component analyses (PCA) data matrix are shown in Fig. 3 and 4. 304 

 305 

 In the case of the cod previously salted at pH 6.5, four principal components (PCs) 306 

were extracted. Together they account for 89.9 % of the variability in the original data. Of 307 

these factors, Figure 3 shows only the first two, which together account for 68.9 % of the 308 

total explained variance. 309 

 Factor analysis (Figure 3a and Table 2a) showed that the contents in muscle of 310 

various cations correlated strongly with water loss and salt uptake, and also with the 311 

functional properties and hardness of the dry salted cod. The first component (PC 1), 312 

which explained 45.3 % of the total variance, showed an inverse relationship between 313 

muscle Na+ content and water loss. In other words, a greater muscle Na+ content, within 314 

values of 67–75 mg/g of Na, was associated with a smaller constituent water loss. Equally, 315 

Na+ content correlated negatively with hardness and salt uptake. These last two 316 

components correlated positively, given that the salting (Barat et al., 2002) and drying 317 

(Lauritzsen et al., 2004) steps are known to increase hardness, as well as protein 318 

denaturation. 319 
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 Muscle K+ content correlated negatively with muscle Na+ content, and positively 320 

with the hardness of the dry salted product. This result has also been described in ham 321 

(Aliño, Grau, Fuentes, & Barat, 2010a; Aliño, Grau, Toldrá, & Barat, 2010b) and is 322 

probably the result of greater water loss and poor functional properties of the muscle 323 

protein (Martínez-Alvarez et al., 2005; Brás & Costa, 2010), this latter characteristic being 324 

the result of the greater capacity of K+, with respect to Na+, to change the native protein–325 

water structure (Kolodziejska & Sikorski, 1980). Interestingly, in a previous study we 326 

showed that the effect of KCl on the hardness of brined cod was the opposite (Martínez-327 

Alvarez et al., 2005), which seems to indicate that subsequent salting with NaCl 328 

counteracts this effect. Muscle K+ content correlated positively with salt uptake. 329 

Moreover, muscle Mg2+ content, and to a lesser extent muscle Ca2+ content, also 330 

correlated positively with salt uptake, and negatively with Na+ content, possibly because 331 

of the capacity of divalent salts to reduce the penetration of NaCl (Iyengar & Sen, 1970). 332 

Moreover, the Ca2+ and Mg2+ contents correlated negatively with WHC. These cations 333 

reduce the hydrating capacity of proteins because they cause compacting of the structure, 334 

forming bridges between the peptide chains of a given component (actin, myosin) or else 335 

between chains of actin and myosin (Stanley & Hultin, 1968; Haurowitz, 1950). Equally, 336 

in the first component the factor analysis also showed a direct correlation between 337 

hardness and water loss, similar to what was observed in brined cod at the same pH prior 338 

to dry salting (Martínez-Alvarez et al., 2005). 339 

 In the second component (PC 2), which explained approximately 24 % of the 340 

variance, it was seen that chloride content and K+ cation content correlated inversely with 341 

WEP (Figure 3a and Table 2a). The massive entry of chloride into the muscle during dry 342 
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salting must have caused contraction of myofibrils (Offer & Knight, 1988) and 343 

dehydration of proteins, causing them to be in a highly aggregated state owing to salting 344 

out (Thorarinsdottir et al., 2011; Thorarinsdottir et al., 2010a; Stefansson & Hultin, 1994; 345 

Kelleher & Hultin, 1991; Offer & Trinick, 1988). This highly aggregated state is probably 346 

responsible for the lower solubility of the protein in the studies conducted. However, it is 347 

important to emphasise that after brining but before dry salting a positive correlation was 348 

observed between chloride content and WEP (Martínez-Alvarez et al., 2005), which might 349 

be because the chloride concentration in the muscle that had only been brined was low, 350 

and not high enough to cause protein denaturation, resulting in cross-linking between 351 

proteins increasing shrinkage and consequently loss of water from the muscle. Finally, the 352 

second component also showed a negative correlation between water loss and WEP, 353 

which could be explained by the fact that the water released during dry salting might have 354 

been accompanied by soluble protein. 355 

 Figure 3b shows the principal component analysis for the samples brined at pH 8.5 356 

and then dry salted with NaCl. Four principal components (PCs) were extracted, together 357 

accounting for 87.6 % of the variability in the original data. The contents in muscle of the 358 

various cations analysed also caused significant changes in water loss and salt uptake, and 359 

in functionality of the muscle protein after dry salting. 360 

 The first component (PC 1), which explains 43.4 % of the total variance, showed a 361 

strong direct correlation between Na+ content and chloride content, and an inverse 362 

correlation between Na+ content and hardness, water loss, salt uptake, K+ Ca2+ and Mg2+ 363 

contents, similar to what was observed in the samples previously brined at pH 6.5 (Figure 364 

3b and Table 2b). An inverse correlation between K+ and chloride content was also 365 
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observed, similar to what was observed in cod that had only been brined (Martínez-366 

Alvarez et al., 2005), and so it seems that this effect was maintained during the dry salting. 367 

Moreover, K+ content, muscle hardness and salt uptake were positively correlated, as 368 

previously observed in Fig. 3a. 369 

 The second component (PC 2), which explains 20.9 % of the total variation, 370 

showed an inverse correlation between WHC and Ca2+ and Mg2+ contents (Figure 3b and 371 

Table 2b), similar to that observed in dry salted cod previously brined at pH 6.5. It is also 372 

important to note the slight direct correlation between divalent cation content and WEP, 373 

and the absence of a clear relation between WEP and hardness. Better functional quality of 374 

muscle protein is usually associated with less hardness, but this relationship was not 375 

reflected in the cod previously brined at pH 8.5. In this case, greater hardness seems to be 376 

related more with salt uptake, as the first component showed. It is also important to 377 

emphasise that the loss of constituent water was not correlated with a loss of water 378 

extractable protein. The reason could be the physical and chemical nature of the muscle 379 

surface of these samples, which may affect drainage of soluble protein during the salting 380 

process (Lauritzsen et al., 2004). 381 

 Finally, discriminant analyses were performed to confirm the effect of the ion 382 

contents on the properties of the final product. Two kinds of discriminant analysis were 383 

performed: (i) as a function of the absence or presence of KCl at pH 6.5 or pH 8.5; (ii) as a 384 

function of the absence or presence of CaCl2 and/or MgCl2. 385 

 Analysis as a function of the presence of KCl at both pHs (Figure 4) produced 386 

three canonical discriminant functions (canonical correlations: 0.998, 0.813 and 0.711), 387 
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the first of which explained 99.04 % of the variance and was statistically significant at the 388 

95.00 % confidence level. One hundred per cent of the cases were correctly classified. 389 

 The first component (99.04 % of total explained variance) clearly differentiated 390 

between the groups previously brined in the presence of KCl and those brined without 391 

KCl. The second canonical function was of minor importance and tended to separate the 392 

groups brined in the presence of KCl according to the pH of the brine. Therefore, this 393 

analysis clearly shows the influence of the incorporation of KCl into the brines on the 394 

functional and compositional characteristics of the cod after subsequent dry salting. This 395 

effect has been clearly shown in brined cod (Martínez-Alvarez et al., 2005) and 396 

demonstrates that the global effect of KCl on brined cod cannot be reverted by a dry 397 

salting process with NaCl. 398 

 Analysis as a function of the presence/absence of divalent salts in the brines 399 

(Figure 5) produced three canonical discriminant functions (canonical correlations: 0.980, 400 

0.954 and 0.769), the first of which explained 67.82 % of the variance and was statistically 401 

significant at the 95.00 % confidence level. One hundred per cent of the cases were 402 

correctly classified. 403 

 The first canonical function (67.82 % of total explained variance) clearly 404 

differentiated the samples previously brined with mixtures including CaCl2 from the ones 405 

brined with mixtures that included MgCl2 as the only divalent salt (Figure 5). This helps to 406 

confirm that the effect of the two divalent salts is different. Furthermore, the second 407 

canonical function (28.19 % of total explained variance) distinguished the samples brined 408 

with mixtures including both divalent salts (CaCl2 and MgCl2) from the other samples. As 409 

shown before, this effect was observed in brined cod (Martínez-Alvarez et al., 2005) and 410 



19 
 

demonstrates that the incorporation of MgCl2 and CaCl2 together into the brines also 411 

affects the characteristics of cod after subsequent dry salting with NaCl. However, it can 412 

be concluded that dry salting with NaCl seems partly to counteract the clear differences in 413 

the characteristics of brined cod, already described in a previous paper (Martínez-Alvarez 414 

et al., 2005), attributable to the presence or absence of divalent salts in the brines. 415 

 416 

5. Conclusions 417 

 To sum up, this study confirms that salt uptake, water loss and functional 418 

properties of myofibrillar proteins of salted cod may be influenced by the content in 419 

muscle of cations derived from the salt mixtures included in the brines used for presalting. 420 

Thus, a greater presence of K+ in muscle is associated with an increase in the hardness of 421 

the product, and with an increase in salt uptake, especially if the pH of the brine used 422 

previously was 8.5. Its incorporation also causes a decrease in the muscle sodium content 423 

in the dry salted product. Equally, the incorporation of small quantities of CaCl2 and 424 

MgCl2 in the brines used previously seems to give rise to a greater constituent water loss 425 

and a smaller entry of Na+ into the muscle, and also has an effect on salt uptake, differing 426 

as a function of the pH of the brine used previously. 427 
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Table 1: Sodium, potassium, calcium, magnesium and chloride content in dried salted cod previously brined with different brines. 

Brine composition NaCl 

(g/100 g salt)

KCl  

(g/100 g salt)

CaCl2 

(g/100 g salt)

MgCl2 

(g/100 g salt) 

Brine  

pH 

Na+ 

(mg/g) 

K+ 

(mg/g) 

Ca2+ 

(mg/g) 

Mg2+

(mg/g) 

Cl – 

(g/100 g) 

NaCl 100    6.5 74.00a 3.03a 1.77a 1.01a 18.40abcd 

NaCl 100    8.5 75.21a 4.40b 2.21ab 1.40bcd 17.40ab 

NaCl+KCl 50 50   6.5 69.32a 15.39fgh 3.43abc 1.10ab 18.87bcd 

NaCl+KCl 50 50   8.5 69.46a 15.80gh 2.55abc 1.50bcde 18.03abc 

NaCl+CaCl2 99.2  0.8  6.5 72.94a 4.23ab 3.27cd 1.39abcd 19.83d 

NaCl+CaCl2 99.2  0.8  8.5 73.01a 4.13ab 3.26bcd 1.23abc 18.03abc 

NaCl+KCl+CaCl2 50 49.2 0.8  6.5 70.05a 13.30d 3.10bcd 1.38abcd 19.87d 

NaCl+KCl+CaCl2 50 49.2 0.8  8.5 70.50a 17.07i 3.37cd 1.21ab 18.10abc 

NaCl+MgCl2 99.6   0.4 6.5 69.19a 4.11ab 2.45abc 1.63cde 19.10cd 

NaCl+MgCl2 99.6   0.4 8.5 72.87a 4.41b 2.61abc 1.55bcde 18.07abc 

NaCl+KCl+MgCl2 50 49.6  0.4 6.5 70.56a 14.93efg 2.55abc 1.66cde 1.757abc 

NaCl+KCl+MgCl2 50 49.6  0.4 8.5 70.15a 16.45hi 2.43abc 1.44bcd 18.10abc 

NaCl+CaCl2+MgCl2 98.8  0.8 0.4 6.5 71.86a 4.02ab 4.04d 1.41abcd 16.90a 

NaCl+CaCl2+MgCl2 98.8  0.8 0.4 8.5 69.82a 3.84ab 3.23bcd 1.60cde 17.50ab 

NaCl+KCl+CaCl2+MgCl2 50 48.8 0.8 0.4 6.5 66.89a 14.16def 3.33cd 1.36abcd 17.60abc 

NaCl+KCl+CaCl2+MgCl2 50 48.8 0.8 0.4 8.5 67.27a 16.59hi 3.31bcd 1.74e 18.40abcd 
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Table 2: Tables of component weights. (a) pH 6.5; (b) pH 8.5. 

a) PC 1 PC 2 b) PC 1 PC 2 
Salt uptake 0.416 –0.176 K+ 0.457 –0.165 
Hardness 0.414 0.104 Hardness 0.450 –0.159 
Water loss 0.370 0.213 Salt uptake 0.414 –0.286 
Mg2+ 0.364 –0.287 Water loss 0.298 0.208 
K+ 0.319 0.276 Mg2+ 0.168 0.259 
Ca2+ 0.214 –0.288 WHC 0.142 –0.628 
Cl– –0.059 0.280 WEP 0.113 0.227 
WEP –0.087 –0.591 Ca2+ 0.067 0.383 
WHC –0.241 0.432 Cl– –0.329 –0.337 
Na+ –0.412 –0.239 Na+ –0.395 –0.221 
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FIGURE CAPTIONS:  

Figure 1. Water loss (Means±SD, n = 3) in brined cod (grey bars) and in brined+dry salted 

cod (black bars). (a) Samples brined at pH 6.5; (b) samples brined at pH 8.5. Different 

letters (v, w, x… or a, b, c…) indicate significant differences between samples brined or 

between samples brined and dry salted, respectively. The level of significance setting was P 

≤ 0.05. 

Figure 2. Salt uptake (Means±SD, n = 3) in brined cod (grey bars) and in brined+dry salted 

cod (black bars). (a) Samples brined at pH 6.5; (b) samples brined at pH 8.5. Different 

letters (v, w, x… or a, b, c…) indicate significant differences between samples brined or 

between samples brined and dry salted, respectively. The level of significance setting was P 

≤ 0.05. 

Figure 3. Principal component (PC) analysis of ion concentration and different variables 

analysed in salted cod previously brined at pH 6.5 (a) or 8.5 (b). 

Figure 4. Discriminant analysis of the different variables analysed in salted cod as a 

function of the absence or presence of KCl in the brines previously used. (a) pH 6.5 without 

KCl; (b) pH 6.5 with KCl; (c) pH 8.5 without KCl; (d) pH 8.5 with KCl. 

Figure 5. Discriminant analysis of the different variables analysed in salted cod as a 

function of the absence or presence of divalent salts in the brines previously used. (a) 

without MgCl2 and CaCl2; (b) with CaCl2; (c) with MgCl2; (d) with MgCl2 and CaCl2. 
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